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Chapter 1: Introduction

Background

Recent years have seen a great increase in oil and gas industry interest in the deepwater
Gulf of Mexico. Contributing factors have included significant hydrocarbon discoveries,
passage of the Deepwater Royalty Relief Act, the availability of infrastructure, and the
emergence of innovative technologies to find, develop, and produce oil and gas in the
deepwater environment (Cranswick and Regg 1997). This deepwater development poses
a number of environmental, socioeconomic, and technological issues. Some are new, and
others are similar to those associated with oil and gas activities on the shelf. However, as
Carney (1998) noted, “deepwater oil and gas development is a reality at the same time
that deepwater environmental research is at a low.”

The Minerals Management Service (MMS) is the primary Federal agency responsible for
ensuring that oil and gas related activities on the Outer Continental Shelf (OCS) are
conducted in a safe and clean manner. The MMS has a strong environmental mandate
and conducts an Environmental Studies Program to obtain information for regulatory and
leasing decisions (MMS 1999). As part of that program, an MMS-sponsored “Workshop
on Environmental Issues Surrounding Deepwater Oil and Gas Development” was held in
1997. Workshop participants identified synthesis of existing environmental and
socioeconomic data as an important priority (Carney 1998).

This synthesis report addresses the need for a comprehensive search and integration of
environmental and socioeconomic data for the deepwater Gulf of Mexico. As such, it is
one of several ongoing and planned MMS studies pertinent to deepwater oil and gas
activities. These include two other “desktop” studies—a reanalysis and synthesis of
deepwater physical oceanographic data and a literature review of environmental risks of
chemical products used in deepwater operations—as well as new field studies of the
continental slope benthos, synthetic drilling fluids, and benthic effects at selected
continental slope sites.

Objectives

The general purpose of this program was to gather environmental and socioeconomic
information related to the deepwater environment, in order to

e describe the ecosystem;
¢ understand the environmental processes that drive the system; and

¢ understand processes potentially sensitive to anthropogenic activities, particularly oil
and gas operations.



Introduction

For the purposes of this program, the deepwater environment is defined geographically as
extending from a depth of 305 m (1,000 ft) to the border of the U.S. Exclusive Economic

Zone (Figure 1.1). This includes the deepwater portion of all three Gulf of Mexico OCS

planning areas (Western, Central, and Eastern).

Specific objectives were to develop (1) a synthesis report that summarizes available
information by topic and synthesizes it in a framework to describe the deepwater Gulf
ecosystem, dominant environmental processes, biologically sensitive pathways, and
socioeconomic activities in the area; and (2) a computer-searchable database (annotated
bibliography) incorporating existing literature, relevant data, and ongoing research
pertaining to geological, physical, chemical, and biological processes of the study area,
social and economic data and literature, and deepwater technology.

Methods

The synthesis effort was organized by discipline, with specialists in each discipline
serving as chapter authors. Computer searches were conducted using the DIALOG
information retrieval system to identify published literature, unpublished reports, data
sets, and ongoing or planned studies. Chapter authors helped to select databases and
keywords for the searches. Preliminary bibliographies were circulated to the authors,
each of whom was familiar with the literature in their respective area of expertise.
Additional references were provided by the chapter authors to complete the bibliographic
listing. Subsequently, annotations were downloaded using DIALOG and imported into
Pro-Cite, a bibliographic computer program. Further details on the annotated
bibliography are provided in Volume II.

After the completion of the computer searches, a synthesis planning meeting was held

during April 1999. Chapter authors presented preliminary overviews of their respective
topic areas, and discussed approaches for producing the synthesis report.

Report Organization

The report is divided into chapters for the following topic areas:

¢ 2-Deepwater Technology e 7-Non-Seep Benthos

e 3-Geology o 8-Seep Communities

¢ 4-Physical Oceanography o 9-Protected Species

e 5-Chemical Oceanography ¢ 10-Fishes and Fisheries
e 6-Water Column Biology e 11-Socioeconomics
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A final Synthesis Chapter draws together information from preceding chapters to identify
significant findings, key issues associated with oil and gas related activities in the
deepwater environment, and critical information needs.

A table of contents is provided at the beginning of each chapter to orient the reader.
References cited in each chapter are listed at the end of that chapter. The Annotated
Bibliography, provided as a separate Volume II, includes both references cited in the
report and other relevant citations.
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Chapter 2: Deepwater Technology

EG Ward
INtrOQUCTION ...ttt e e et meteeeeaeeme e eeeennea 5
Shallow Water Production from Fixed Platforms..........cocovevinieieneie e 5
Deepwater Production t0 DAte .........ccoverreieeeiriieciceeee e 6
Deepwater Development ACtiVities 10 DALe.......ccoovveveeeviviniirisi i 7
Deepwater Production SYSTEIMIS.......cccarivrmurririnisinssesieeeecasreseseeessemeseesesetesessenesessesssssssesans 7
Floating Production SYSTEIMIS........cieeiiiieiitec ettt e eeee e e e s reseres et steanseeene 9
Subsea Production SYStEIMIS........ccovirieeririecire ettt bt 14
Transportation SYSIEINS ..ot et st s ee e 15
Future Deepwater Development ACHVILIES .....oiveveveveeereeiiiaeieieeeeceeceeeeeeeea e srrae e 16
Future Deepwater ProdUCHION. ......cc.coceevririieeciierce sttt eeee e e eeeeeeeeeeenaeenes 16
Floating Production Structures........cccoocoavvniinioniiiriennins TP RUR RO 16
Subsea Production SYSIEIMIS. ... c.vcuriiriersienieiece et e ettt re e be e vaneaseresres 18
TTranSPOrtation SYSIEIMS .. ....oc ittt et ee et e et eae et et e e e eaeeseseaeeeeneeeeaeeseaeenes 19
Future Technology Challenges. ...t s e eanesaneenns 20
LIterature CHEd.....ce et et e et s e s eeeee e e e eeeaeeeeasee e s eananeneeseennna 20
Introduction

In many respects, offshore oil and gas production has its roots in the Gulf of Mexico. Oil
and gas production in the Gulf of Mexico started in 1947 in about 5 m water depth.
Much of the technology and experience developed for the Gulf established standards and
practices for subsequent offshore oil and gas developments throughout the world.

Shallow Water Production from Fixed Platforms

The first offshore platform was installed in the Gulfin 1947 in about 5 m of water. There
has been a steady march toward ever-increasing depths since that time. In the 1960°s,
depths had just exceeded 100 m. In 1978, the Cognac platform was installed in 300 m.
The Bullwinkle platform was installed in 413 m of water in 1989, and is the deepest fixed
platform. During this 40-year span, some 7,000 platforms have been installed and have
served the industry and public well in providing a reliable and economical means of
developing and producing oil and gas. About 4,000 platforms are currently in place and
producing.

Exploratory drilling precedes the installation of a production platform. Mobile Offshore
Drilling Units (MODUJs) are used to drill exploratory wells. Following a discovery of
hydrocarbons, one or more delineation wells may be drilled to confirm the commercial
significance of the discovery. A production platform is installed once a discovery is
judged to be commercially viable.

The function of these platforms is to provide a workspace that can be used to support the
development drilling of production wells and production equipment. A drilling rig on the
platform is used to drill and complete the production wells. The well system and drilling
operations are functionally similar to that used onshore. A number of wells are drilled
from each platform. Flow rates for wells completed in reservoirs typical of shallow water
locations have typically been in the range of up to 2,500 barrels of oil per day (BOPD).
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The production equipment separates the produced oil, gas, and water, and the oil and gas
are transported to shore through separate pipelines laid on the seafloor. Onboard pumps
and compressors provide the necessary energy to transport the oil and gas to shore. The
produced water is passed through an oil-water separator and discharged into the ocean.

These bottom-founded platforms are fixed to the seafloor by a foundation consisting of
pilings driven deep into the ocean floor. The decks upon which the equipment is placed
are located at an elevation high enough above sea level to avoid being inundated by
severe waves. The strength of the platform and its pile foundation are designed to resist
the lateral forces and overturning moments caused by severe hurricane waves, currents,
and winds. These platforms tend to be quite stiff and the response to loads is mostly
static.

Deepwater Production to Date

As reservoirs have been discovered and produced in shallower waters, the search for new
hydrocarbon reserves has turned to ever-increasing depths. For the purposes of this
report, we will adopt a depth of 305 m (~1,000 ft) as the delineation between “deep” and
“shallow” water. Lease sales in the 1980°s began to focus on deepwater acreage, and
exploration drilling soon followed. Discoveries were made, but development activities
lagged a bit due to the downturn in oil prices in the mid-1980’s and the time to develop
and implement the technology needed to produce oil and gas in water depths of several
thousand feet.

Deepwater discoveries and production have increased very rapidly during the 1990°s as
shown in the following Figure 2.1. Production statistics are shown for 1994-1998
(Congdon and Fagot 1999). The production rate shown for 1999 is an extrapolation, but
agrees with an earlier estimate (Morrison 1997). The estimated 1999 production
represents a five-fold increase in 5 years.
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Figure 2.1. Deepwater production in the Gulf of Mexico (thousands of
barrels oil equivalent per day, MBOEPD).
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Deepwater Development Activities to Date

Deepwater oil and gas development has evolved and built upon the technology and
operational experience that have been successfully employed in shallower waters in the
Gulf of Mexico. Production systems have now been installed in water depths
approaching 1,500 m. Lessons learned include the following:

o Large, productive reservoirs exist in the Gulf. A well at Ursa recently produced over
50,000 BOPD (Smith 1999). Such daily production rates in the Gulf were unheard of
a few years ago and are due to the characteristics of deepwater reservoirs and large
advances in well technology. The largest estimated reserves are 1,000 million barrels
oil equivalent (MMBOE) for a prospect named Crazy Horse in about 1,800 m depth
(DeLuca 1999b).

¢ The industry has proved that it can develop reserves in a safe, environmentally sound,
and an economic manner in depths approaching 1,800 m.

In the following section, we will discuss the technology involved in these developments
and its implementation.

Deepwater Production Systems

A number of different systems have been developed for deepwater production. These
include bottom-founded structures (fixed platforms and compliant towers), floating
systems (tension leg platforms [TLPs], spars, semisubmersibles), and subsea systems.
These systems are shown in Figure 2.2 (Cranswick and Regg 1997). The systems
installed on specific projects and the water depths are listed in Table 2.1 (Cranswick and
Regg 1997, Offshore Magazine, various articles 1997—1999).
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Figure 2.2. Deepwater production systems in the Gulf of Mexico.
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Table 2.1. Production systems for current deepwater projects in the Gulf of Mexico

Project Water Depth (m) Production System Type First Production
Baldpate 611 Compliant Tower 1998
Petronius 536 Compliant Tower 2000
Amberjack 315 Fixed platform 1991
Bullwinkle 414 Fixed platform 1989
Cognac 313 Fixed platform 1979
Pompano I 394 Fixed platform 1994
Lena 311 Guyed Tower 1983
Cooper 670 Semisubmersible 1995
Genesis 794 Spar 1999
Hoover 1,468 Spar (w/Diana) 2000
King 1,005 Subsea 2000
Oyster 367 Subsea 1997
Shasta 318 Subsea 1995
Tahoe 459 Subsea 1994
Tahoe IT 459 Subsea 1996
VK 862 319 Subsea 1995
Zinc 452 Subsea 1993
Popeye 612 Subsea (shelf) 1996
Macaroni 1,101 Subsea (Auger) 1999
Angus 612 Subsea (Bullwinkle) 1999
Rocky 546 Subsea (Bullwinkle) 1997
Troika 832 Subsea (Bullwinkle) 1998
Diana 1,346 Subsea (Hoover) 2000
Europa 1,189 Subsea (Mars) 2000
Pompano II 570 Subsea (Pompano I) 1995
Mensa 1,644 Subsea (shelf) 1997
Auger 875 TLP 1994
Brutus 880 TLP 2001
Jolliet 526 TLP 1989
Marlin 990 TLP 1999
Mars 899 TLP 1996
Ram-Powell 995 TLP 1997
Ursa 1,230 TLP 1999
Allegheny 974 TLP (Seastar) 1999
Morpeth 498 TLP (Seastar) 1998
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Fixed platforms have been installed in depths to 413 m. While it is technically feasible to
extend the fixed platform concept to the 500 to 750 m water depth range, the large capital
costs for these platforms result in projects that are not economically feasible. The
compliant tower, another bottom-founded structure that has some similarities to a fixed
platform, has also been developed and implemented. Compliant towers can be a cost
effective alternative in water depths in the range of 500 to 750 m. However, the number
of applications appears to be limited by the limited acreage in the Gulf in this water depth
range. Because of these water depth limitations, the major emphases have been on
various floating production systems and subsea production systems. Floating production
systems and subsea systems have ushered in the development of deepwater production in
the Gulf. Floating production systems in the Gulf include TLPs, spars, and
semisubmersibles. These systems provided the flexibility of being cost effective over the
range of water depths being developed in the 1990’s, and can be extended to even deeper
water. We will next review the deepwater technology that has been developed and
implemented to date.

Floating Production Systems
General Attributes of Floating Systems

Floating production systems generally have a number of functionally similar components
or elements. Major components include the hull, deck, topside equipment, well system,
mooring system, and transportation system for the produced oil and gas. These are
described below to provide a context for understanding, comparing, and contrasting the
specific systems.

Hull and Deck. The hull provides the necessary buoyancy to support deck, topsides,
mooring system, and well risers. The deck (actually several stacked or multilevel decks)
sits atop the hull and supports the topsides, drilling equipment (if any), and personnel
quarters.

Topsides. The topsides includes production facilities and equipment to separate produced
oil, gas, and water; water treatment facilities to clean the produced water so that it can be
discharged overboard; and control and safety systems to monitor, control, and meter
production. The topsides also include power generation equipment and the pumping and
compression equipment needed to send the production to shore. The topsides may also
include drilling equipment. For floating production systems without drilling equipment,
wells are pre-drilled by MODUs, and MODUs are required to return for well
maintenance and recompletions. Such wells are completed as subsea wells that are tied
back to the floating production system by flowlines and risers.

Well Systems. There are two types of well systems used on floating production
systems——surface wells and subsea wells. Surface well systems have a dry wellhead and
tree that is located on the deck of the floating system. A vertical rigid production riser
connects the surface wellhead and tree to the well at the seafloor. Relative movement
between the riser and the floating production system is accommodated by a riser



Ward: Deepwater Technology

tensioning system that provides a constant top tension through either mechanical means
or buoyancy. Surface well systems on floating production systems are a direct extension
of the well systems used on platforms, with the main difference being the complexity and
dynamic response of the riser. Surface well systems are limited to floating systems with
little vertical motion and thus little relative motion between the floater and the bottom-
fixed riser. Advantages of surface well systems include the relative ease of drilling,
maintaining, and servicing wells from a drilling or workover rig on the floating
production system, simpler well monitoring and control equipment, and the ability to
receive the produced oil and gas directly onboard for immediate processing without the
produced fluids having to flow unprocessed through a flowline.

Subsea wells have a wet wellhead and tree that is located on the seafloor. The wells are
offset from the floating production system typically by at least several miles. A subsea
well is connected back to the floating production system by seafloor flowlines and a
compliant flexible production riser. The relative motion between the fixed subsea well
and the floating production system can be accommodated by the flexibility that is
provided by the riser length and shape (e.g., catenary or lazy wave) and/or the riser
material. No riser tensioning system is used. The inherent flexibility of such riser
systems allows subsea wells to be used on floating production systems with significant
vertical motion. Subsea wells have to be drilled, maintained, and serviced by a MODU.
This decouples the drilling and well servicing equipment and operations from the floating
production system. This can result in simpler floating production system and less impact
of simultaneous drilling and production operations. Also, the wells can be spread out and
distributed to penetrate the reservoir where needed resulting in simpler, shorter, more
direct wells which are cheaper to drill. (Compare this to having to drill deviated wells
from a common surface location that have to include significant horizontal segments to
reach different parts of the reservoir.)

A major challenge is ensuring continuous flow of unprocessed oil and gas from subsea
wells through the flowlines on the seafloor. These flowlines lie on the seafloor and are
thus subjected to the cold temperatures at the ocean bottom. The produced oil and gas
are cooled as they flow through the flowlines. Paraffin and asphaltene compounds in
produced oil and hydrates in produced gas, which are normally in solution at reservoir
temperatures and pressures, can be deposited as they cool and eventually plug the
flowlines. Once they are plugged, it can be very difficult and costly to clean out the
flowlines and reestablish production. Several techniques are used to assure flow. Flow
assurance measures include the injection of chemicals at the well head to inhibit the
formation of paraffin, asphaltene, or hydrate plugs; insulated flowlines to maintain a
higher temperature; and periodic cleaning by pumping mechanical devices through the
flowlines. These flow assurance measures add significant capital and operational costs to
the subsea wells, often negating savings due to other advantages. Other disadvantages
include more complex well monitoring and control equipment, and the need for an
umbilical to provide power, control, and chemicals to the subsea wells.

10
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Mooring Systems. Mooring systems connect the floating production system to piled
foundation systems or anchors on the seafloor. The mooring system provides the lateral
restoring forces to resist the horizontal wave, wind, and current forces trying to offset the
floating production system. The significant offset motions are due to wind, current, and
wave drift, and generally have periods of several minutes. Mooring systems are
generally designed to restrict the lateral offset of the floating production system to about
10% of the water depth, e.g. about 30 m in 300 m of water. Both top-tensioned risers and
catenary risers can be designed to accommodate such motions. The mooring system can
be a tendon system, a catenary mooring system, or a taut mooring system.

A tendon system utilizes a number of vertical tendon members. Several tendons are
attached to each corner of the system and are affixed to pile foundations at the seafloor.
The tendons are made of heavy pipe. The tendons are installed in a manner that leaves
them under a very large pre-tension. As the production system is offset, a restoring force
1s developed due to the horizontal component of the tendon tensions. (The effect is like
an inverted pendulum.) The seafloor footprint generated by this mooring system is
small—no larger than the structure itself. However, the vertical load on the structure due
to the pretension and the weight of the tendons is quite large and increases the buoyancy
requirements for the floating system.

A catenary mooring system uses a number of legs made up of steel wires and chain
segments. Several legs are attached to each corner of the system in a symmetrical
pattern. Each leg is made up of a segment wire line, which is attached to the floating
production system, and a heavy chain segment lies along the bottom and attached to an
anchor of pile at its end. The length of each leg is on the order of 1.5 or more times the
water depth, and drapes down from the floating system in a catenary shape to a point near
the chain touch down point, and then lies on the seafloor and stretches to the end attached
to the anchor or the pile. As the production system is offset, a portion of the chain is
pulled off of the bottom and its hanging weight increases the tension in the upstream legs
and thus provides a restoring force. This is a relatively simple mooring system that has
been used for decades on semisubmersible MODUs. Disadvantages include the weight
of the mooring system and the congestion on the seafloor caused by the large horizontal
footprint of the mooring system.

Tension Leg Platforms

TLPs are the dominant deepwater floating production system in the Gulf to date. Six
TLPs have been installed in depths ranging from 525 to 1,230 m (Chianis and Poll 1997).
The hulls have four columns (up to 26 m diameter) that are connected by pontoons
(Figure 2.3). The first TLP in the Gulf, Jolliet, was a small TLP with no onboard drilling
capability and a modest production facility. Auger (Bourgeois 1995) and subsequent
TLPs have been much larger and include drilling and extensive production facilities. The
decks are large (up to 90 m square) and can support extensive topside facilities (Zimmer
et al. 1999). The large size of the decks provides flexibility, and the facilities on some
TLPs have been expanded or modified to increase the production capacity (Judd and
Wallace 1996). The largest capacity facility is on Ursa and is rated at 150 thousand
barrels of oil per day (MBOPD) and 400 million standard cubic feet of gas per day
(MMSCEFPD) (Jefferis et al. 1999; Smith et al. 1999).

11
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major components of a TLP. major components of a spar.

The mooring system is made up of three or four tendons attached to each corner. The
tendons are made of large, high strength, thick-walled pipe that is about 1 m in diameter
and 25 mm thick. These are connected to foundation elements that are affixed to the
seafloor by long piles driven into the seabed. These TLPs have little vertical motion due
to the low natural frequencies of vertical motions resulting from the high tendon tensions.
The high tension is produced by excess buoyancy designed into the hull. The small
vertical motions facilitate the use of surface well systems with top-tensioned risers.

TLPs in the Gulf to date have utilized a surface well system. All TLPs except for Jolliet
are equipped with an onboard drilling rig for drilling and servicing production wells.
Subsea wells located at some kilometers away have been tied back to TLPs (DeLuca
1999a).
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Two mini-TLPs of the Seastar design been installed in depths of 500 and 975 m (Kibbee
1996; Kibbee et al. 1999; Furlow 1999a). These smaller systems are designed to produce
smaller fields than would be economically feasible with larger and more costly TLPs.
These mini-TLPs receive production from a few nearby subsea wells that were drilled by
MODUs. These mini-TLPs support full, but small, production processing facilities.

The hull on these mini-TLPs is a shallow draft column. The mooring system has tendons
that are attached to a cruciform structure at the bottom of the hull. These mini-TLPs have
the attractive motion characteristics of the larger TLPs, which facilitates the use of
catenary risers for both the production risers from the wells and the export risers.

Spars

Two spars have been recently installed in the Gulf of Mexico (Meyer et al. 1998; Krieger
et al. 1999), and a third is being installed in late 1999—early 2,000 (Furlow 1999c¢).
Depths range from 590 to 1,468 m. The spar hulls are a large diameter, deep-draft
column (Figure 2.4), with diameters ranging up to about 40 m and lengths of 215 m. The
deep draft naturally provides small vertical motion so that surface well systems can be
used. Deck sizes range up to about 90 m square. The Hoover-Diana spar has the largest
topside facilities and can process 100 MBOPD and 325 MMSCFPD.

Surface well systems are used on the larger spars, Genesis and Hoover-Diana, which also
have onboard drilling capability. The hulls have a central opening or moon pool through

which the production risers pass. Subsea wells can also be tied back to the spars (Meyer

et al. 1998).

The mooring systems are a multi-leg catenary system. Each of the legs is made up of
wire rope and chain segments, which are affixed to the seafloor with driven piles or
suction caissons. The length of each mooring leg is typically about 1.5 times the water
depth.

Semisubmersible-Based Floating Production Systems

One semisubmersible-based floating production system is currently active in the Gulf.
Another was installed, but removed when the project was abandoned due to poor
reservoir performance. Semisubmersibles have a long and successful history as
successful drilling rigs for exploratory drilling, and new rigs have been recently built that
can drill in depths over 3,000 m (DeLuca 1999d). Semisubmersible-based floating
production systems were thought to be an attractive option for deepwater a few years ago.
Particularly, the conversion of an existing semisubmersible drilling rig to a floating
production system was seen to have the advantages of building on proven technology and
saving time and money. However, the demand for drilling rigs increased with the need to
explore all the newly leased acreage, and the availability of used, capable rigs that could
be purchased and converted at a reasonable costs diminished drastically. Further,
semisubmersibles have larger vertical motions in storms. This is not a problem during
exploratory drilling since the drilling riser can be disconnected and the well can be
temporarily abandoned for a storm. However, production and export catenary risers must
remain attached during storms, and the large vertical motions create significant technical
and costly design challenges (Hays 1996). Thus, other production systems have been
favored to date.

13
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Subsea Production Systems

A Subsea Production System is simply one or more subsea wells and related equipment
that produce oil and/or gas to a host facility. Subsea well systems have been discussed
previously in the Well Systems section since any Floating Production System can host
one or more subsea wells. Other equipment in a Subsea Production System can include a
subsea manifold, a template, jumpers, flowlines and production risers, umbilical, and
pipelines (Kirkland et al. 1996). The complexity and amount of equipment is determined
proportional to the number of wells in the system. Wells may be individually tied back to
a host, or several wells may be connected to a manifold by short jumper lines, with the
manifold being connected by a flowline to the host.

Technology is not presently available for subsea processing of oil and gas produced from
subsea wells. Thus, the oil and gas must flow unprocessed through the flowlines to the
manifold and the host. As discussed previously, waxes in oils and hydrates in gas can
cause flow restrictions or complete plugging of flowlines and pipelines. Wax and hydrate
inhibitors are pumped from the host through umbilical lines and injected into the
flowlines at the wells or manifold. The umbilical lines also provide power and control
functions from the host to the wells and manifold.

There are many variations in the way the components can be configured for specific
project needs (Beckmann et al. 1996; Prichard et al. 1996; Mason and Upchurch 1996;
McLaughlin and Alford 1996). Figure 2.5 shows a schematic for a subsea system with
three wells and a manifold that is connected to a fixed platform host. Figure 2.6 shows
an artist’s rendition of the components of a two well system with a manifold. The
equipment is large: wellheads and trees can be 5 m high, and a manifold can be 10 m
high. Sometimes the equipment and wellheads for a subsea system are integrated into a
single template structure placed on the seafloor. The deepest subsea system in the Gulf is
Mensa in 1,644 m of water (McLaughlin 1998).

Figure 2.5. Subsea production Figure 2.6. Subsea production system
system configuration. components.

14



Ward: Deepwater Technology

Transportation Systems

Processed oil and gas are transported from the floating production systems to shore in
separate pipelines. The pipeline transportation system for deepwater production is
functionally very similar to that which had been developed and used for production from
shallow water platforms for decades. The pipelines either go directly to shore and
connect to other pipelines there, or go to a shallow water platform that is connected to the
existing pipeline infrastructure that goes to shore. The oil and gas 1s processed
sufficiently to be of sales quality as it leaves the floating production system and is
commingled in the existing pipeline infrastructure. Pumps and compressors add energy
to the oil and gas, respectively, to ensure that it will flow to its destination or to the next
pumping or compression station. Chemicals to inhibit corrosion and to improve the flow
properties may be added as the production leaves the platform. The capability to pump
“pigs” through the pipelines to mechanically scrape and clean the pipe interior is
provided.

However, the sizes and lengths of deepwater pipelines and the seafloor terrain upon
which they rest have created technical and economic challenges. In deepwater, the sizes
of the equipment and pipelines tend to be larger to handle the high production rates from
deepwater production systems, and thicker walled pipe is necessary to resist the higher
water pressures and operating pressures. Thus, the pipelines have become very heavy,
and different installation methods, such as J-lay and significant changes to the S-lay
system originally developed for shallow water, had to be developed. These heavy and
thick-walled pipes can buckle easily during installation as the pipe is laid on the seafloor,
and the laying process has to be carefully controlled. The thick-walled pipe also has
required the development of new welding techniques. The seafloor terrain in deepwater
1s much rougher than relatively smooth, uniform, and gradually sloping seafloor
characteristic of the shelf. Hills, valleys, and ridges along with areas with relatively soft,
unstable bottoms and other areas with hard bottoms characterize the topography. The
features can cause instabilities and movement in installed pipelines. Pipeline routes must
be selected to avoid such areas, and the pipelaying process must be carefully controlled to
ensure that the pipeline avoids the features. Deepwater pipelines have been successfully
installed to water depths of about 1,800 m in the Gulf.

Deepwater pipelines are very expensive, and have been estimated to cost more than

$1 million per mile (DeLuca 1999d). Thus, pipeline costs can be a significant factor in
the overall cost of a deepwater development, particularly when the development is a long
way from the existing infrastructure of pipelines.

15
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Future Deepwater Development Activities

Future Deepwater Production

Referring back to Figure 2.1, deepwater production during 2000 should easily exceed
1 million barrels per day (MMBOEPD). If the linear trend continues, production could
increase six times the 1994 value, a six-fold increase in just 6 years.

Lease acquisitions, exploration drilling, and discoveries all suggest a continuing strong
increase in deepwater production from ever-increasing water depths (Ray 1998). The
Minerals Management Service (MMS) has estimated that total Gulf oil production in
2002 could reach about 2,000 MBOPD and that roughly 70% would of the total oil and
gas production would be from deepwater. Deepwater leasing has been strong since 1994
and set record highs in 1997. Deepwater drilling has been active in 1999 and there have
been 12 new deepwater discoveries in the Gulf as of September (DeLuca 1999b).
Further, there are 26 new deepwater drilling rigs expected to be delivered by the end of
2000, and 10 of these will begin in the Gulf (DeLuca 1999c¢).

Estimates of the potential volumes of recoverable deepwater reserves range from 8 to

15 billion barrels of oil (Morrison 1997). The MMS’s most recent (1995) forecast of
Gulf of Mexico deepwater oil and gas potential was about 13 billion BOE (Bacigalupi et
al. 1995). As noted at a recent MMS Information Transfer Meeting (Oyne, December
1999), 370 deepwater wells have been drilled since 1993, with a number of significant
discoveries. The MMS announced the initiation of a new study to revise the estimated
potential in light of recent activities and experience, and it is expected that the estimated
potential will increase substantially. (Note that the estimated potential includes no
reserves from the relatively untested MMS Eastern Planning Area in the northeastern
Gulf).

The above indicates that the deepwater Gulf of Mexico will continue to be an important
oil and gas area. The ever-increasing water depths and the increasing distance from
infrastructure will continue to provide both technical and economic challenges. We next
examine some of the expected impacts on deepwater production systems.

Floating Production Structures
Spars

Spars have been studied for applications to deeper depths, and compared to TLPs (Huang
et al. 1999). Although the number of applications and experience is limited as of this
date, spars appear to be quite flexible and show a low cost sensitivity to increases in
water depth. Spars are significantly more cost effective than large TLPs at depths beyond
2,000 m, and thus are presently the favored concept for a production system with surface
wells for deeper water projects. The applications of a taut mooring system using
lightweight synthetic (for example, polyester) rope and/or the use of a truss spar may
further reduce the cost and increase the effectiveness of spars.
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Tension Leg Platforms (TLPs)

Large TLPs can be extended beyond the present deepest depth of 1,230 m. Itis
theoretically possible to extend them to 3,000 m with the present tendon systems, but
spars are likely more cost effective in depths beyond 2,000 m (Huang et al. 1999). To
maintain the small vertical motions that are a major TLP advantage, the tendon area and
weight must increase as depth increases to maintain a high vertical stiffness. The tendon
wall thickness must also increase to resist collapse in deeper water. Increases in the
weight of the conventional tendon system require a larger TLP hull to provide the
additional buoyancy, and the hull and tendon weights (and the TLP costs) increase
rapidly beyond 2,000 m. Several ideas for having lighter tendons (stepped diameter steel
tendons, composite tendons) for deepwater TLPs are being studied (Offshore Engineer
1999; Chianis and Poll 1997) and have the potential to significantly increase the depth at
which TLPs are cost effective choices.

‘The median discovery volume is about 100 MMBOE for the deepwater Gulf (Ray 1998).
Smaller reservoirs in about 1,000 m depth cannot be economically developed with large
TLPs, and the economics get worse with increasing depths. Several mini-TLP concepts
are being pursued to provide cost effective TLPs for these smaller reservoir volumes.
The Seastar concept has already been deployed in depths to 1,000 m, and the concept is
being studied for projects in depths to 1,850 m (Matten et al. 1999; Furlow 1999a).
Mini-TLPs with three columns have been studied (Huang et al. 1999).

Floating Production Systems with Storage and Offloading (FPSO)

As the push to deeper water leases continues, new discoveries will be made that are
farther and farther from the existing pipeline infrastructure. With deepwater pipelines
costing $1 million per mile (DeLuca 1999d), transportation costs for the produced oil and
gas can have a significant negative impact on project economics and may prevent certain
discoveries from being developed. Qil can be produced to an FPSO, stored, and then
offloaded onto a shuttle and shipped to shore. This transportation option can save the
cost of expensive deepwater oil pipelines. Thus, the FPSO can be an attractive deepwater
production system option for the Gulf (D’Souza 1999a,b).

FPSOs are often a ship-shaped vessel, but other large volume hulls that can accommodate
large storage tanks, e.g., a spar, could be used. Tankers are most commonly used because
of their large tanks, and tanker-based FPSOs can be either a conversion of a trading
tanker or purpose built. A large turret is built into the tanker, and the ship can rotate
relative to the tanker. The mooring system is attached to this geostationary turret. The
tanker is free to rotate around the turret, and weathervanes with the prevailing wind,
waves, and currents. The tanker-based FPSO cannot accommodate a drilling rig. A
MODU is used to drill subsea wells that are tied back to the FPSO through flowlines with
compliant risers, which are attached to the geostationary turret. The turret includes
provisions for containing the flow from the risers to the tanker. Associated gas produced
with the oil must be separated and either transported to shore by a gas pipeline, or
reinjected. The export riser for a gas pipeline would be also attached to the turret.

Figure 2.7 shows a schematic of a tanker-based FPSO.
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Figure 2.7. Schematic of tanker-based FPSO offloading to a shuttle tanker.

Today there are 66 FPSOs in service or under construction (McNeely et al. 1999). None
have been permitted in the Gulf to date. The MMS is conducting a study to prepare an
Environmental Impact Statement for the use of tanker-based FPSOs in the Gulf (George
etal. 1999). The MMS is also sponsoring a comparative risk analysis that will compare
the risks of an FPSO operating in the Gulf against the risks of other deepwater production
systems currently operating in the Gulf (Gilbert and Ward 2000). Both studies should be
completed in late 2000, and will be used by the MMS in their decisions to permit FPSOs
in the Gulf (Furlow 1999d).

Subsea Production Systems

Subsea production systems will continue to be pursued as a means of lowering the
development costs for remote deepwater oil and gas fields through reducing or
completely eliminating the need for a floating production system and increasing the
recovery from subsea oil wells. The focus will be on subsea pressure boosting and flow
assurance.

Subsea pumps add energy so that produced fluids from subsea wells can flow to a distant
transportation infrastructure point, such as a shallow water platform or a floating
production system for processing and/or further pressure boosting. They also reduce the
backpressure on wells so that more oil can be produced from the reservoir as it is being
depleted and its pressure drops. Various solutions and systems are being developed.
Subsea multiphase pumps can pump a mixture of oil, gas, and produced water (Chiesa et
al. 1998). The produced fluids can also be separated using subsea separators prior to the
pipeline (Radicioni et al. 1998). Gas can be separated from the produced liquids (oil and
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water), and the o0il can be subsequently separated from the water. The oil can be pumped
into a pipeline using a single-phase pump, and the water can be reinjected into the
formation by another pump (Bringedal et al. 1999). These various pieces of separators
and pumps can be used as building blocks or components, and configured and integrated
into systems that fit the particular reservoir and development requirements (Pourier and
Alary 1998). Other system components include system and well controls, motors, and
equipment to convert and control power, monitor well performance, and inject chemicals
for flow assurance. The integrated systems become complex. Components and
equipment has been prototyped and tested, and there have been limited pilot trials and
actual applications of integrated systems.

Control functions, power, and any chemicals are provided through an umbilical that is
connected to a host production system or transportation interface point. Umbilicals are
complex and costly, and their cost and installation difficulty increases with depth.

System maintenance is done using Remotely Operated Vehicles (ROVs) deployed from
surface vessels. MODUs are used to undertake well workovers and recompletions.

Flow assurance will continue to be an important consideration in the expanded use of
subsea well and production systems. In addition to the continuing development of
inhibitors, other techniques are being actively developed to prevent wax and hydrate
formation in flowlines. Flowline heating (Bass and Langner 1998), pipe-in-pipe (Hoose
et al. 1996), and insulated pipelines (Chin et al. 1999) are being developed and deployed
as a means to prevent heat loss leading to wax and/or hydrate formation. Trenching
pipelines into the seafloor is also being considered as an option for insulating deepwater
pipelines (Lokay 1999).

Further experience and developments will increase both the economic and technical
confidence and use of subsea wells and development systems in present water depths.
Currently offsets (distance from subsea wells to surface host system) of 20 to 25 miles
are considered to be “at the leading edge” (Furlow 1999b). Offsets will increase with
experience and confidence. Additional development will also be needed as water depths
increase.

Transportation Systems

O1l and gas pipeline and flowline costs will continue to increase with increasing depth
and distance from infrastructure. Additional developments will focus on the design,
construction, and installation to reduce the costs of extrapolating current technology
(Coutarel 1998; Heerema 1998; Bonnell et al. 1999; DeLuca 1999b).

As discussed above, FPSOs provide an alternative to oil pipelines. However, there is
often a considerable amount of associated gas with oil production in the Gulf (Furlow
1999¢). The present options for handling gas include reinjection in the reservoir and
transporting to shore via a deepwater pipeline (Curole et al. 1997). As the opportunities
for reinjecting gas are limited, most deepwater developments will include an expensive

19



Ward: Deepwater Technology

deepwater pipeline. An alternative is to process the gas onboard the FPSO and convert it
to product that can be transported via a ship in a similar fashion as the use of shuttle
tankers to transport oil. Several processes to convert gas to different liquid products are
being investigated (Verghese 1998; Agee 1999; Grimmer 1999; Rodvelt et al. 1999).
Though the fundamental idea is attractive and sound, the technical and economic
challenges of successfully deploying these processes on an FPSQ are formidable. In
addition, liquefied natural gas (LNG) is being considered, but the gas volumes from a
deepwater development system needed to justify the costs of the special cryogenic
transportation vessels are quite large.

Future Technology Challenges

Experience to date has indicated the oil industry can, with evolving technology,
successtully develop deepwater production in the Gulf of Mexico in depths approaching
1,800 m in a safe, environmentally responsible, and economic manner. New technology
will be needed to continue this success and overcome the technical and economic
challenges of producing oil and gas in depths to 3,000 m. High rate, high ultimate
recovery wells, reduced project cycle time, and reductions in capital costs are important
to the economic success of deepwater developments, and will become even more critical
as depths approach 3,000 m.

Many technical challenges have been discussed in the previous section. There are other
technical challenges and needs that were not mentioned. Some of the more significant
topics include drilling wells in areas prone to shallow water flows (Jefferis et al. 1999),
deepwater risers and moorings (Kavanagh and O’Sullivan 1999; Ward et al. 1999), and
geotechnical properties of the deep ocean bottom (Dutt et al. 1997). Research and
development activities are underway, and future needs will continue to be addressed
through projects conducted and/or sponsored by individual companies, through joint
industry funded projects, and through broad industry sponsored programs such as
DeepStar (Verret and Hays 1999) and the Offshore Technology Research Center
(1988-1999a,b). Technology assessment and research and development in support of
deepwater development and regulations are also being sponsored by the MMS through
their Technology Assessment and Research Program.

The worldwide interest in developing deepwater oil and gas has also led other research

activities overseas. These activities provide another source of ideas and technology for
meeting deepwater challenges in the Gulf of Mexico.
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Basin History

The Gulf of Mexico is an Atlantic-type passive continental margin (Martin 1978).

During the Late Triassic, rifting occurred between the North American plate and the
African/South American and Eurasian plates. As the North American plate drified away
from the Africa/ South American and Eurasian plates, the Gulf of Mexico basin was born
in the stretched zone. Seawater flowed intermittently into the basin, depositing over 3 km
of salt during the Late Middle Jurassic (Martin and Bouma 1978). During the Late
Jurassic, carbonate deposition was dominant. During the Middle Cretaceous, slow
subsidence of the carbonate shelves with little clastic input resulted in a reef system being
built (Stuart City/Lower Cretaceous reef trend) that extended from southern Texas
eastward to southern Louisiana to the shelf edge of Florida and to the eastern Campeche
Escarpment. In the Late Cretaceous-Paleocene, due to a Laramide orogeny in the interior
continent, detrital sediments started to flux into the northern and western Gulf of Mexico
(Coleman et al. 1986). The Gulf of Mexico was inactive during the late Eocene; in the
Oligocene, the southern Rockies underwent intensive volcanism; in the early Miocene,
the normal faulting molded the relief we see today; during middle Miocene and Pliocene,
the western U.S. underwent a series of broad uplifts (Winker 1982). During the
Cenozoic, the total thickness of sediments was estimated to be over 15 km in the
northwestern Gulf of Mexico (Martin and Bouma 1978). In the southern and eastern part
of the Gulf of Mexico, carbonate deposition remained active since the Late Jurassic-Early
Cretaceous, with only small amounts of detrital sediments being deposited in the
Quaternary (Coleman et al. 1986).
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Study History

In the 19th century, geological work was conducted along the borders of the Gulf of
Mexico. Early investigations were by individual scientists and later by geological survey
institutions. Our basic understanding of the geology of the Gulf of Mexico was mainly
attributed to the efforts of the petroleum industry. Before the 1920’s, survey methods
were limited to surface observations used to find oil and gas seeps, and torsion balance
refraction seismograph to locate the shallow salt structures. In the 1930°s, the invention
of the reflection seismograph not only doubled the oil and gas discovery but also enabled
us to examine the geology of the Gulf'to greater depths and detail. The thousands of oil
wells drilled helped reveal detailed stratigraphy of the areas in and around the basin. The
first offshore exploration in the Gulf of Mexico started in 1938, and the first offshore
seismic survey was conducted in 1944 (Salvador 1991). Since then, the study of Gulf of
Mexico geology has varied from large-scale sediment studies in the northern Gulf of
Mexico (e.g., Fisk et al. 1954; Fisk 1956; Moore and Scruton 1957; Shepard 1959;
Scruton 1960), to salt tectonics and seismic stratigraphy (e.g., Ewing and John 1966;
Lehner 1969; Bouma et al. 1978; Doyle et al. 1979; Bouma 1981), to sedimentology and
mineralogy (e.g., Roberts et al. 1986) and the cause and results of erosion and turbidite
deposition (e.g. Martin and Bouma 1982; Roberts et al. 1986), to sequence stratigraphy.

Seafloor Morphology
Figure 3.1 illustrates the physiography of the Northern Gulf of Mexico.

The Early Cretaceous carbonate areas that comprise the Florida Terrace and the
Campeche Terrace, with dips less than 2° and 4°, respectively, are relatively flat. On the
seaward side, these terraces are bound by the Florida Escarpment and the Campeche
Escarpment. The two escarpments represent a depth difference of up to 2,300 m, cover a
40 km wide area, and display the steepest slope gradients (up to 40°) of the region. The
West Florida upper continental slope, in water depths of about 500 m, contains a terrace
that was composed of Miocene sediments (Coleman et al. 1986). A series of gullies and
small canyons that crease the upper and middle slope are associated with mass movement
processes that range from creep to massive slides to gravity-induced folds tens of
kilometers long (Doyle and Holmes 1985). The northern part of the Campeche
Escarpment also contains a series of gullies and small canyons, s;)aced about 5 km apart,
that cut through the slope. At27.3°N and 25.7°N, two 4,000 km” sized, dual-folded
zones lie parallel to the Florida Escarpment. The Vernon Basin is located between these
two fold zones.

At the northern end of the Florida Escarpment is the NNE-SSW aligned De Soto Canyon,
which separates the carbonate-dominated Florida platform from the
terrigenous-dominated environment to the west. West of the De Soto Canyon many
NNW-SSE directioned canyons formed during the late Wisconsin sea-level lowstand.
These canyons include Dorsey and Sounder Canyons. Except for a canyon due west of
the De Soto Canyon, that cuts through the shelf break, all other canyons seem to originate
at a water depth of 400 m or deeper and extend more than 60 km basinward. To the west
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of these canyons are a series of pancake-shaped, 5 to 15 km wide salt domes, which
become more scattered and smaller in size in a basinward direction. The first sub-salt
well drilled in the Gulf of Mexico was by Exxon on one of the pancake domes called
Mickey.

The largest submarine canyon in the Gulf of Mexico is the U-shaped Mississippi Canyon,
which is a late Pleistocene erosional feature that cuts through the shelf break (Coleman et
al. 1986). The canyon has a width of about 30 km. Approximately 120 km from the
canyon mouth the Pleistocene Mississippi Fan appears. The canyon/fan complex extends
for more than 500 kim past the shelf edge onto the Sigsbee Abyssal Plain. The
Mississippi Fan occupies an area of about 145,000 km?.

The Mississippi fan is a large deep-sea fan consisting of a broad arcuate accumulation of
predominantly Pliocene and Pleistocene sediments. The Mississippi Fan is flanked on
the east by the West Florida carbonate platform and on the north and west by the Texas
Louisiana Continental Slope. The deeper parts of the fan merge with the Florida Plain to
the southeast and with the Sigsbee Plain to the southwest. Significant contributions to the
fan have come from sources other than the Mississippi Embossment, particularly from
the Campeche Escarpment, the Florida Escarpment, and the De Soto Canyon (Feeley et
al. 1985). Feeley et al. (1985) suggest that eight seismic sequences comprise the
Pho/Pleistocene section of the Mississippi Fan and these sequences are bounded by basin
wide unconformities. They state that the basic transport/deposition mechanisms are mass
transport (slump, debris flow), turbidity current flow (channelized and unchannelized),
and pelagic deposition. They suggest that mass transport appeared to be the dominant
process for deposition and may account for up to 30% of the total amount of sediment
deposited on the Fan. Channelized lobe development (channel and overbank deposits)
apparently occurred late in the evolution of the majority of sediment sequences observed
and that it may be associated with a rise in sea level.

The Texas-Louisiana Slope is located west of the Mississippi Canyon. It occupies an
area of about 120,000 km® and contains the widest slope (up to 230 km) and the most
rugged morphology in the northern Gulf of Mexico. There are over 105 domes and
basins that have been named and approved by the U.S. Board of Geographic Names
(BGN) (Bouma and Bryant 1994). Although the average continental slope gradient is
less than 1°, a local slope gradient can exceed 40°. The domes and basins in the area
range from 5 to 30 km in diameter. The domes are prominent on the upper slope, they
increase in size to become salt massifs that surround basins on the middle slope, and lie
under basins on the lower slope (Simmons 1992). The basinward termination of the
slope is the Sigsbee Escarpment, which is a surficial expression of the basinward salt
front (Moore et al. 1978). This salt front displays an extruded tongue feature with an
elevation of about 600 m above the coutinental rise, and comprises gradients ranging
from 10° to 20°. Several canyons break the semi-continuous Sigsbee Escarpment: Green
Canyon, Farnella Canyon, Cortez Canyon, Bryant Canyon, Keathley Canyon, and
Alaminos Canyon. There are fan deposits between the Green and Farnella Canyons that
merge with the Mississippi Fan. Some channels are visible on top of these coalesced fans
that radiate outwards in a basinward direction. Southward of Bryant Canyon lays the
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Bryant Fan, which is about 25,000 km? in size. This fan reaches to the Cortez Canyon in
the east, Keathley Canyon in the west, and extends about 170 km south from the canyon
mouth. The lack of fan deposits in the mouth of Keathley Canyon suggests that this
canyon is structurally controlled (Lee 1990). Due east of Green Canyon is Green Knoll,
a salt diapir with over 400 m of relief. Using a submersible, a brine pool and active seeps
were found on the east side near the crest of the knoll, although no salt exposure was
observed. The oversaturated brine waters coming out from the seeps on the knoll have
braided drainage patterns (Roberts et al. 1991). Besides the Green Knoll, brine seeps
were also observed in Orca Basin (Shokes et al. 1977), in the East Flower Garden Bank
area (Brooks et al. 1979), and in the drill hole at Site 66 (Manheim and Bischoff 1969).

In the northwest portion of the Gulf of Mexico, the Rio Grande Slope separates the
Texas-Louisiana Slope from the East Mexico Slope. Similar to offshore Mississippi and
Alabama, the Rio Grande Slope displays more than 15 pancake-shaped domes. In the
area are a series of canyons that cut through the shelf break. The canyons are broad and
tend to be located between domes or banks. Between Price Spur and Calhoun Dome,
there are many tightly spaced canyons that form a 22 km wide valley with a 7 km wide
bank. There are only a few small canyons, hundreds of meters wide that cut through the
Rio Grande Slope. A number of the canyons observed may be an artifact due to the lack
of detailed multibeam data in the western Gulf. At the seaward end of the western
continental slope, the Perdido and Alaminos Canyons appear. The submarine fans that
downdip from these two canyons merge basinward and are much smaller in size than the
Bryant Fan (about 5,000 km®).

To the south of the Rio Grande Slope is the East Mexico Slope. The northern portion of
the East Mexican Slope is mainly controlled by diapiric activity. The southern side of the
East Mexico Slope represents the northern end of the Mexican Ridges (Bryant 1986). At
the basinward limit of the Texas-Louisiana, Rio Grande, and East Mexico Slopes, is the
Western Gulf Rise, which is about 40 km wide. In between the Western Gulf Rise, the
Mississippi Fan, and the Campeche Escarpment is the Sigsbee Plain, which has a water
depth of about 3,700 m. In between the Campeche Escarpment and the Florida
Escarpment is the Florida Plain, with a water depth of about 3,400 m. Except for the
Sigsbee Knolls, which are up to 250 m above the Sigsbee Plain, these two abyssal plains
have an average slope gradient of less than 0.5° and are the flattest mapped regions in the
deepest part of the Gulf of Mexico.

Structures
Salt
Of all the geological events taking place within the northwestern Gulf of Mexico the
action of salt, halokinesis, is the most striking and influential in the modification of the

structure of the continental slope. Figure 3.2 displays the location of salt on the
northwestern Gulf of Mexico Continental Margin.
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Figure 3.2. Sait and fault distributions in the northern Gulf of Mexico (Adapted from: Diegel et al. 1995). This map only shows structure
distributions north of 26°N and west of 88°W. The light-shaded background is the bathymetry map as shown in Figure 3.1.
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Bradshaw and Watkins (1995) have depicted salt migration pathways in the northwestern
Gulf of Mexico as a complex interplay of basement architecture with subsequent
depositional loading. They suggest that “the original deposition of Middle Jurassic
Louann Salt was systematically offset right lateral along—strike across a series of
northwest-southwest orientated transfer faults.” They suggest that two major phases of
postrift salt migration are evidenced in the shallow Neogene allochthonous salt sheets -
across the Sigsbee slope region, and are remnants of a deeper Paleogene salt canopy.
They state that “A Paleogene canopy was emplaced when salt migrated vertically out of
the original middle Jurassic salt basins due to early gravity spreading and differential
sediment loading down dip of Lower Cretaceous and Paleocene shelf margins.” The
geographical distribution of this canopy was essentially controlled by earlier
segmentation of Middle Jurassic salt basins across transfer faults, occurring most
landward to the southwest and systematically farther seaward across each transfer fault.
Generation of the Perdido foldbelt was synchronous with emplacement of the Paleogene
salt canopy due to minor lateral migration of mother salt over deep basinal strata.
Bradshaw and Watkins (1995) state that rapid remobilization of Paleogene allochthonous
salt occurred in the Neogene when shelf margins began to prograde into the offshore
Texas area. They suggest that variations in thickness of the sediment across the margin
created lateral pressure gradients within the underlying salt. The pressure caused the salt
to move from areas of higher pressure to areas of lower pressure, or seaward and upward.
They suggest that in some cases salt migrated seaward for long distances and that the
“remobilization of salt along the Neogene shelf margins was not synchronous.” They
state “that shelf margin loads encountered first one basin then another because of
irregular location of salt basins and the irregular advance of the shelfedge.” They figured
that the “ loading and spreading combined to displace salt over 100 km onto the Sigsbee
slope and the seaward migration of salt created extensive salt withdrawal basins.”

Salt deposited in the Gulf of Mexico during late Triassic and Jurassic contains a group of
minerals that include sodium and potassium chlorides (Nelson 1991). In the Gulf of
Mexico, 90% to 98% of the salt is composed of halite (NaCl), which has a density of
2.16 g-cc' (Halbouty 1979; Kupfer 1989). The most common impure salt is anhydrite,
which has a density of 2.96 g-cc™. With 95% of halite and 5% of anhydrite, the bulk
density of the salt would be about 2.2 gcc”! (Nelson 1991). On top of the salt diapirs, the
meteoric waters may resolve the halite and keep the less soluble anhydrite (Murray 1966;
Posey and Kyle 1988), which forms cap rock (Murray 1966; Posey and Kyle 1988). As
time progresses and when hydrocarbons are present, the anhydrite lying in between the
salt diapir and cap rock will accumulate and may convert to calcite and hydrogen sulfide
(Feely and Kulp 1957; Kyle et al. 1987).

In the northern portion of the Gulf of Mexico basin, salt was deposited in interior basins
and in coastal and offshore basins (Martin 1978, 1980a). The interior basins include
onshore Texas, north Louisiana, Arkansas, Mississippi, Alabama, the Florida panhandle,
and the northeast Gulf of Mexico. The coast and offshore basins include onshore south
Louisiana and southeast Texas, and Louisiana and Texas shelf and slope (Humphris
1979; Martin 1978, 1980). In the south of the Gulf of Mexico, the salt basin includes the
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Campeche Escarpment, the Bay of Campeche, and onshore southern Mexico. Figure 3.3
illustrates the location of major salt basins in the Gulf of Mexico (Simumons 1992).

Salt and salt structures in the Gulf of Mexico usually have many shapes. Simmons
(1992) described various salt structures in the Gulf of Mexico as follows. A salt pillow is
a circular or elliptical shaped salt structure with conformable contact with overlying
sediments. A salt stock or salt dome is a cylindrical and usually mushroom-shaped salt
that pierces through the overlying sediments. Salt massifs are moderate-sized salt
structures with irregular shape and large overhangs (Martin 1984). A salt wedge is a
large landward-dipping structure that usually thickens with depth (Ray 1988). A salt
tongue is an asymmetrical lobe that usually spreads downdip. A saltsill is a
subhorizontal intrusion at shallow depths (Nelson and Fairchild 1989). Salt canopies, a
common structure on the upper and middle continental slope off Texas and Louisiana, are
two coalescing salt structures (Jackson and Talbot 1989). A salt diapir is salt that has
penetrated the overlying sediments. Other terms used to describe salt include salt
halokinesis—which is salt movement under gravitational movement; autochthonous salt
1s salt that is still attached to its source; allochthonous salt is salt that has being separated
from the mother salt. In the Gulf of Mexico, the majority of salt is allochthonous salt that
has gone through many stages of mobilization and emplaced at a shallower depth than the
original salt deposit.

Jackson and Talbot (1986) classified the driving forces of salt into buoyancy, differential
loading, gravity spreading, thermal convection, and halotectonics. The low density of
salt makes it more buoyant compared with their surrounding sediments and often rises as
diapiric structures. In the offshore Texas and Louisiana, assuming a salt average density
of 2.2 g-cc™, the depth to achieve a sediment density that is greater than the salt density is
about 1,500 m, while to support a salt diapir to rise from the source layer to the seafloor
requires 3,600 m thick of sediment (Nelson 1991). The size of the source and the purity
of the salt will also influence the density inversion depth (Trusheim 1960). Unlike the
theory of buoyancy, differential loading does not require a deeper depth (Jackson and
Galloway 1984). The differential loading can be due to slope gradient like in a prograded
shelf where there is difference in sediment loading and water column. A differential
loading can also occur if there is lateral facies change (Simmons 1992). Gravity
spreading is gravity-induced lateral spreading (Ramberg 1981). Gravity spreading
occurred at or above the neutral buoyancy level and is believed to be the cause of
extensive salt tongues observed in the Gulf of Mexico (Ramberg 1981; Jackson and
Talbot 1986; Nelson and Fairchild 1989). Halotectonics is the influence caused by
tectonics and the relief caused by the growth fault extension and basinward compression
may have the relief that can initiate salt buoyancy and differential loading. Figure 3.4
illustrates the nature of the salt nappe as it appears on the lower continental slope. The
seismic characteristics of intraslope supralobal basins are also illustrated. Figure 3.5
shows the termination of the salt nappe at the Sigsbee Escarpment.
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Figure 3.3. Major salt basins in the northern Guif of Mexico (Adapted from: Simmons 1992). Gray colar represents the extent of the salt.
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The general belief about salt evolution in the northwestern Gulf of Mexico is that salt has
flowed upward from its mother source and spread laterally basinward. Buried salt can be
remobilized and can pierce through its overburden and spread basinward many times. In
terms of chronological evolution of salt in the northwestern Gulf of Mexico, West (1989)
stated that salt moved seaward from the effects of sediment loading and formed a salt
swell in the seaward portions of the depocenter during the middle Miocene. The salt
swell became diapiric and pierced through the overburden and caused seafloor relief
during the upper Miocene. Growth faults and salt swells blocked sedimentation and
allowed the salt to be pushed further seaward during the upper Miocene-Pliocene times.
Continued sediment deposition helped the salt’s upward and outward movement (early
Pleistocene). Salt prograded seaward due to further rapid sediment loading (late
Pleistocene).

Faulting within the Continental Slope

In a continental slope environment, we usually expect extension in the upper slope,
compression in the lower slope, and translation in the middle slope. In the Gulf of
Mexico, even with a regional slope gradient of less than 1°, the extension combined with
rapid subsidence, differential compaction, and gravitational sliding caused normal
faulting in the shelf edge and upper continental slope. These normal faulting usually are
listric-shaped and many are down-to-the-basin faults that die out on top of a decollement
layer, which usually is salt or shale (Nelson 1991). As the progradation of the depocenter
proceeds the growth faults may invert to counter-regional growth faults with
mounded-shaped structure on the downdip side (Seni and Jackson 1989).

In the lower continental slope, the compression is manifested by folding and thrusting.
Examples of these folding and thrusting are the shallow-depth deep-rooted Mississippi
Fan Fold Belt and Perdido Fold Belt (Blickwede and Queffelec 1988; Weimer and
Buffler 1989). Some of these fault planes have a span of 30 m at the seafloor and
provided conduits for gas and fluids (Roberts et al. 1986).

In the translation zone of the middle continental slope of the northwestern Gulf of
Mexico, the structure is a mixture of extension, compression, and translation. In the
intraslope basins, normal faulting has been observed on the top of salt diapirs, in the
upper wall along the basin rims, and on the basin floors. In these extension areas, the
cause is a combination of salt diapiric activity, steep slope gradients, and salt withdrawal.
In the salt diapir case, faults are usually high-angled with a radial pattern, and die down
and away from the diapir. Figure 3.2 illustrates the distribution of major faults in the
northwestern Gulf of Mexico.
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Sedimentation in the Northern Gulf of Mexico

The sedimentation patterns in the Gulf of Mexico are mainly influenced by
geomorphology, salt halokinesis, faulting, sea level changes, and sediment input.

The last major sea level lowstand, the Wisconsinan, occurred about 18,000 yr ago, and
during that time sea level dropped about 60 to 120 m (Bloom 1983). During the early
Holocene (14,000 to 11,000 yr BP), sea level rose rapidly. The rapid melting of the ice
sheet created large discharges that carried large amounts of sediments that were deposited
on the outer shelf and upper slope in a short time. The rapid deposition and burial
produced overpressured sediments on steep slopes that caused instability and mass
movements and sediment gravity flows (Prior and Coleman 1978; Prior and Coleman
1980; van den Bold et al. 1987). The Mississippi River during the last lowstand in sea
level, late Wisconsinan, carried more than 13 times its current sediment load (80 x 10*!
kg-yr' compared with 6 x 10" kg-yr''; Perlmutter 1985). When sea level was low,
sediments migrated seaward, which caused rapid build-out in front of the prograding
delta lobes (Coleman et al. 1986). During the Holocene sea level rise, with little
terrigenous sediment input deposited sediments a much slower rate (<10 cm-kyr™) (van
den Bold et al. 1987).

During sea-level highstand, the majority of the coarse-grained sediments are trapped
within the shelf province and hemipelagic sediment settling became dominant in the deep
water (Bryant et al. 1995). Sea-level highstand deposits tend to be parallel laminated but
are highly bioturbated and comparatively thin compared to sea-level lowstand deposits.
From 60 piston cores taken in the Gulf of Mexico, Davies (1972) observed the upper 20
to 50 cm layer of Globigerina ooze overlying argillaceous lutite and sand/silt interbeds
that range from 1 mm to 150 ¢m in thickness. From radiocarbon dating, Davies
concluded the sharp base of the ooze is the 11,000 yr ago Pleistocene-Holocene boundary
(Ewing et al. 1958). The upper clay-sized ooze layer displays parallel lamination and
bedding, and is attributed to the pelagic settling. In the Mississippi Fan, single laminae
may represent seasonal fluctuations, whereas the single bed may represent long-term
(100 yr) fluctuation of climate (Huang and Goodell 1970).

Except for the carbonate platforms offshore Florida and Campeche, the detrital sediments
in the deepwater Gulf of Mexico are mainly transported subaerially by river systems
during sea-level lowstands (Beard et al. 1982). During lowstands, the canyons cut into
the outer shelf and upper slope and became conduits that carried coarser-grained
sediments to the deep water. The transporting mechanisms are gravity-induced mass
movements (Middleton and Hampton 1976). Depending on the interaction of the grains
with the density flow, they may be turbulence-supported turbidity currents or
matrix-strength-supported debris flows. Movement can also result from less deformed
whole body movement along a surface or slides, or from slump deposits.

Turbidity currents are considered the most important transportation mechanism that
carried sand and silt beds thicker than 5 cm in the Gulf of Mexico. Turbidite beds display
erosional bases, graded bedding, and Bouma sequence C-D-E. The bioturbation only
occurs in the uppermost part. The bioturbation is not affected by the size of the sediment,
but rather a factor of the sedimentation rate. In the Bouma sequence, C is current ripple

37



Bryant and Liu: Geology

lamination; D is parallel lamination; E is a structureless unit. In the Gulf of Mexico, a
complete Bouma sequence is rare. A (graded bed) and B (parallel lamination) are usually
missing. The absence of A and B in the sediment of the Gulf of Mexico is due to the
predominance of fine sand, silt, and clay sediment (Davies 1972).

The influence of bottom currents on the distribution of sediments has been controversial
in the deepwater environment. Roberts et al. (1982) suggested that certain bedform
erosions in the Gulf were the results of oceanic currents. Martin and Bouma (1982)
suggested slumping was the cause of bed truncations, and van den Bold et al. (1987)
believed bottom currents were insignificant in a water depth deeper than 200 m in the
Gulf of Mexico. Recent Texas A&M University Deep Tow surveys in the Gulf of
Mexico on the lower continental slope confirmed that there were deepwater processes
which produced 20 m-spaced, 5 m wide mega-furrows that were sub-parallel to the
bathymetric contour lines southward of the Sigsbee Escarpment. These mega-bedforms
indicate swift bottom currents in water depths of over 3,000 m.

Sediment Sources and Drainage Patterns

Due to the mixing and unidentifiable origin of clay minerals after sediment transport
(Hagerty 1970), Davies (1972) used heavy minerals to trace the origin and source of the
sediments in the Gulf of Mexico and categorized five mineral assemblages in the surficial
sediments. The major sources of sediments from the north are the Rio Grande, Colorado,
Brazos, and Mississippi Rivers. By running a watershed model based on the bathymetry,
Liu and Bryant (1999) also delineated similar drainage paths in the Gulf of Mexico.
Figure 3.6 illustrates the sediment provinces and drainage patterns of the northern Gulf
of Mexico. Four drainage systems were identified: western, central, northeastern, and
southeastern continental slope areas. All drainage patterns align well to today’s major
river systems in the northern Gulf: sediment sources from the west (Rio Grande system),
the northwest (Brazos and Colorado Rivers systems), and the north (Mississippi River
system). The carbonate-dominated platforms in the eastern and southern Gulf of Mexico
show fewer drainage paths and suggest less contribution from the southern rim. These
drainage systems merge basinward and can be up to 500 km long. The western system
includes E-W oriented patterns on the East Mexico Slope and sinuous NW-SE oriented
patterns on the Perdido Slope. In the East Mexico Slope area, the paths coincide with
gully/canyon structures. On the Perdido Slope, the Perdido and Alaminos Canyons are
the major tributaries at the base of the slope. The drainage paths tend to move around salt
domes on the upper slope of the Perdido Canyon. On the upper slope of the Alaminos
Canyon, the paths tend to go through the intraslope intralobal basins.

In the area located offshore Texas and Louisiana, sinuous drainage patterns are mainly in
the N-S directions. The path that crosses Keathley Canyon is straight and follows a
major fault that formed the canyon (Lee 1990). The drainage paths to the east of
Keathley Canyon are highly irregular and are located between salt domes on the upper
slope, and through the intraslope supralobal canyons of the lower continental slope. In
Farnella Canyon, the drainage path cuts through the slope and the canyon, while in other
canyons, such as Bryant, and Green Canyons, the drainage paths originate at the mouth of
the canyons.
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In the northeastern area, many drainage paths align in a NW-SE direction on the
Louisiana-Mississippi Slope and few paths align in an E-W direction on the West Florida
Slope. In the Mississippi Canyon area, the drainage path goes down the canyon and
swerves to the east at a water depth of about 2,800 m. To the east of the Mississippi
Canyon, drainage paths tend to go around salt domes and the base of the Florida
Escarpment, and merge at a water depth of about 3,100 m. This merged drainage path
then goes between the Mississippi Fan and a series of topographic highs west of the
Florida Escarpment.

In the southeastern part of the Gulf, either due to the carbonate platforms or to the less
detailed topographical data available, the drainage paths are less sinuous. Generally, they
come down from the Florida Escarpment, the Campeche Escarpment, and the Mississippi
Fan. The paths go around the escarpments, fan, and then move south. There are also a
few paths that come down the Pourtales Escarpment, as well as the Tortugas Terrace.

Depocenters

During the Cenozoic, the maximum deposition occurred in depocenters that migrated
eastward and represented the fastest prograding shelf edge that are generally parallel to
present day’s coastline (Murray 1952). In the lower Tertiary, the depocenter was in the
Rio Grande Embayment. In the middle Tertiary, the depocenter was in the Mississippi
Embayment (Shinn 1971; Woodbury et al. 1973). In the Eocene, the depocenter was in
the south Texas (Woodbury et al. 1973). In the Miocene, the depocenter was in the south
Louisiana (Woodbury et al. 1973) and in the Pliocene, in the Vermilion to West Delta
central shelf areas (Woodbury et al. 1973). In the Pleistocene, the depocenter was in the
High Island Area to the South Timbalier outer-shelf and upper-slope areas (Shinn 1971).
The present shelf edge at a water depth of 200 m is a Pleistocene depositional feature
(Moore and Curray 1963; Lehner 1969; Woodbury et al. 1973). Figure 3.7 illustrates the
location of the depocenters and shelf edge location through time.

In the major depocenters of the northern Gulf, subsidence can be up to 17,000 m (Hardin
1962). But in general the supply of sediment has been greater than the subsidence rate,
and despite the transgression and regression that has occurred in the Cenozoic, the shelf
edge still prograded basinward by as much as 402 km with an average of 5 to 6 km'my™
(Hardin 1962; Woodbury et al. 1973; Coleman et al. 1986). The shelf edge prograded
rapidly from late Miocene to middle Pliocene for about 80 km (Woodbury et al. 1973).
During late Pliocene and Pleistocene, the depocenter shifted over 320 km southward
while the shelf edge prograded 80 km southward (Woodbury et al. 1973).

The average Holocene sediment thickness on the continental slope in the northwestern
Gulf of Mexico is 70 cm, which gives an average sedimentation rate of 4.6 cm-1,000 yr''.
Roberts et al. (1986) and Beard (1973) documented a much higher rate at 20 to

30 ¢m+1,000 yr', on the slope and in the deep Gulf.

In the Quaternary, there were about 300 m thick of sediments were deposited on the shelf

(Lehner 1969). In the same period, as much as 3,600 m of sediments were deposited
offshore Texas and Louisiana, especially in the salt withdrawal intraslope basins
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Figure 3.7.

The location of depocenters through Cenozoic in the northern Gulf of Mexico (Adapted from: Woodbury et al. 1873). The light-shaded
background is the bathymetry map as shown in Figure 3.1.
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(Coleman et al. 1986), and up to 3,000 m thick of sediments were deposited in the
vicinity of Mississippi Fan. Out of 983 million tons/year of sediments to the Gulf,
775 million tons are detrital (Moody 1967). The sands and silts cover over 35% of the
Gulf of Mexico (Davies 1972).

Continental Slope Basins

The Gulf of Mexico is unique in the construction and evolution of its northwestern
continental margin and in particular the continental slope off Texas and Louisiana
(Figure 3.1). The processes that determined the physiography of the continental slope
are almost completely dominated by the halokinesis of allochthonous salt. Bathymetric
maps constructed by Texas A&M University (Bryant et al. 1990) and maps produced
from multibeam bathymetric data collected by the National Oceanic and Atmospheric
Administration (NOAA) and the National Ocean Service (NOS), reveal the presence of
over 90 intraslope basins with relief in excess of 150 m. Intraslope-interlobal and
intraslope-supralobal basins occupy the upper/middle and lower continental slope
respectively.

Gealy (1955) originally interpreted the origin of the hummocky topography of the
northwestern Gulf of Mexico as the result of gravity slumping. Later, extensive seismic
surveying and drilling revealed the role that salt plays in controlling the geomorphic and
geological features of the area (Moore and Curray 1963; Lehner 1969; Garrison and
Martin 1973; Buffler et al. 1978; Humphris 1978; Watkins et al. 1978; Martin 1980b;
Buffler 1983; Winker and Edwards 1983; Shaub et al. 1984; Bouma et al. 1986; Worrall
and Snelson 1989).

The continental slope off Texas and Louisiana, the major petroleum province in the Gulf
of Mexico, is 180 to 240 km wide and covers the area from the continental shelf break to
the continental rise south of the Sigsbee Escarpment (Figure 3.1). Water depths in the
area range from approximately 200 to 3,400 m. The regional slope angle of the
continental slope from 100 to 3,000 m water depth is about 1°, Surprisingly, the
maximum submarine slope angles are reached on the flanks of the intraslope basins and
not on the Sigsbee Escarpment. The slope basins are the major sediment depocenters of
the slope and most hydrocarbon deposits will be found in the basins and in sub-salt areas.
The average relief of intraslope basins is 309 m, while the average east-west dimension is
12.2 km. The slope angles of submarine flanks of the intraslope basins can obtain angles
in excess of 40°, too steep in most cases for any present day engineered structures. The
average angle of the continental slope off Texas and Louisiana is between 8° to 9°. The
slope of the Sigsbee Escarpment averages 15° to 20° but can reach up to 30° locally.

Of the multitude of intraslope basins on the continental slope, Gyre, Orca and Pigmy
Basins are the most popular researched areas. Orca and Pigmy Basins have been drilled
during Deep Sea Drilling Program (DSDP) Leg 96 (Bouma et al. 1986). The popularity
of Orca Basin, an interlobal basin, is its unique brine pool that occupies the western and
northern portion of the basin. The brine pool is the result of salt leaching to seawater
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from the shallow subbottom exposure of salt near the top of diapirs. The anoxic
environment created by the trapped brine preserves biogenic material and is conducive to
the formation of black shales. Orca Basin was formed between coalescing diapirs, while
Pigmy and Gyre Basins were developed by the coalescing of salt canopies.

Salt Induced Physiography of the
Upper and Middle Continental Slope

Detailed bathymetry proves to be extremely valuable in displaying characteristics of salt
structural styles based on multichannel seismic interpretation. In general, bathymetric
highs correspond to shallow salt structures buried less than 1 second (two way travel
time) below the seafloor. Bathymetric lows correspond to thicker sediment-filled
intraslope basins (Bryant et al. 1990). The bathymetry of the upper/middle slope consists
of relatively flat ridges and basin floors separated by intraslope escarpments. The
intraslope escarpments have relief up to 500 m across, slopes between 6° and 12°, and in
some instances in excess of 40°. Ridges correspond to laterally spreading, flat-topped
salt tongues overlain by thin sediments (100 to 500 msec).

Figure 3.8 shows multichannel seismic lines, across the Pigmy Basin area that traverses a
salt tongue spreading over the basin. The salt tongue has an asymmetrical lens shape and
clearly resolved base. Its internal seismic character is reflection-free except for multiple
energy reflecting between the top of salt and the seafloor. The leading edges of salt occur
along the base of the escarpments, typically within 200 msec of the seafloor.

Stratigraphic reflections diverge around these leading edges, presumably at the depth of
lateral intrusion. The deformation front represents the veneer of sediment undercut and
uplifted in the vicinity of the advancing salt front. The implied depths of intrusion (100
to 200 m) are in agreement with estimates by Nelson and Fairchild (1989) based on the
thicknesses of onlapped deformation fronts from buried examples in the Mississippi
Canyon area. Little, if any, onlap onto the deformation fronts is observed in this vicinity,
suggesting salt tongues are actively intruding the shallow subsurface. Figure 3.8 shows
the very thick section of sediment within Pigmy Basin.

Basically, the upper/middle Louisiana Continental Slope consists of very large salt domes
and salt ridges separated by trough and valley-like basins. The salt structures responsible
for the large domes and ridges include deeply rooted massifs, and laterally spreading salt
tongues. Each style of salt emplacement has distinctive bathymetric characteristics.
Deeply-rooted massifs are common on the upper and middle slope. The ridges are
commonly elongated in a NW-SE direction, a prominent trend across the northern Gulf of
Mexico, which appears to correspond with a deep crustal fabric. The upper surfaces of
the ridges are generally uneven or domed at various points along the ridges. The adjacent
interdomal basins tend to have a fairly rounded cross-sectional shape. The sediment fill
within the basins dips away along the ridge flanks, reflecting both doming within the
ridges and salt withdrawal from below. The resulting seafloor physiography is very
complex and is well illustrated by a map of the Pigmy Basin area in Figure 3.9.
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There are tens of intraslope-interlobal basins within the area covered by Figure 3.10.

The basins are very irregular in shape and have steep sidewalls and generally flat basin
floors. Figure 3.9 is a bathymetric map of Pigmy Basin. The flanks of Pigmy Basin
outline the limit of coalescing salt structures, as show in the seismic profile in Figure 3.8.
A good portion of the basin area consists of fairly high angled sidewalls; the stability
characteristics of the basin walls are totally unknown. The flat nature of the basin floor
would indicate the possibility that density flows played a role in their development.
Certainly, the majority of sediments within the basin are the products of turbidity current
activity during the Cenozoic. Very little is being deposited within the basin at the present
time. The sediments that make up the flanks of the basin are high water content
smectite-rich clays that may be very gassy as was the sediments recovered on

DSDP Leg 96, Hole 619 from the Pigmy Basin floor. Installation of seabed engineering
structures within the basin would necessitate the determination of the role that creep and
general slope stability and instability would play in the generation of density flows
resulting from slope failure.

Salt Induced Physiography of the Lower Continental Slope

As stated before, regional salt sheets cover much of the lower Louisiana and portions of
the Texas Continental Slope. A salt nappe complex apparently accounts for much of the
salt across the lower slope. The Sigsbee Escarpment represents the composite leading
edge of the complex (Figure 3.5). Thickness of the salt nappes locally exceeds 6 km
(Worrall and Snelson 1989) (Figure 3.4). Across other areas of the lower slope the salt
sheets are canopies made up of convergent salt tongues. In both cases the shallow salt,
and likewise the bathymetry, is generally flat and relatively smooth across the top.
Figure 3.10 is a physiographic map of the lower continental slope off Louisiana known
as the Vaca Basin area, that shows the nature of the lower slope.

Salt canopies can be located and are characterized by narrow, steep-faced valleys along
internal suture zones between constituent salt tongues. Bathymetric relief across the
lower continental slope occurs mainly within isolated, generally elliptical supralobal
basins. These basins are predominantly filled by Plio-Pleistocene sediments subsiding
into the underlying salt sheets. They are generally asymmetrical, and the deepest points
within the basins generally cortespond to points of maximum sediment fill. The seismic
profile in Figure 3.11 cuts across Vaca Basin and other lower slope basins and illustrates
the nature of intraslope-supralobal basinal structure.

The supralobal basins generally display continuous, high-amplitude reflections
alternating with low-amplitude facies. Similar observations have been described by
Armentrout (1987), Weimer (1989), and Lee (1990), and have been attributed to a
Plio-Pleistocene glacio-eustatic cyclicity. The high-amplitude reflections tend to drape
the area, and are thought to represent condensed intervals of pelagic and hemipelagic
sediments within transgressive and highstand systems tracts. The low-amplitude facies
onlap the condensed intervals and expand towards the focus of basin subsidence
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Figure 3.10. Perspective view of the seafloor relief of the middle and lower continental siope, northern Guif of Mexico. On the middle slope, the
relief is typified by asymmetric and rugged basins, for example, Pigmy Basin. On the lower slope, the relief is typified by symmetric
and smoothed basins, for example, Vaca Basin. The vertical exaggeration is 10X.
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suggesting differential sedimentation within the lower slope depressions by
sediment-gravity or density flows during lowstands of the eustatic cycles.

Basin subsidence is accomplished by evacuation of underlying salt. Subsidence histories
are commonly episodic. This is particularly evident in Vaca Bagsin where initial basin
subsidence appears to be relatively slow and accompanied by the accumulation of
relatively concordant strata. These older strata flank the basin margins at high angles,
indicating large amounts of post-depositional subsidence. An onlap surface overlying a
series of high-amplitude reflections seems to mark a point where basin subsidence
decelerates. The onlapping strata flank the basin margins at lower angles, principally
filling a deep, pre-existing depression. A possible scenario is that subsidence of the Vaca
Basin was initially controlled by differential loading caused by lateral variations in
sediment thickness, but while the sediments were still relatively buoyant compared to the
salt. Sediment densities increase with depth due to compaction, whereas salt densities are
essentially constant with depth. Sediment thickness increased until a critical thickness
was reached where average sediment densities exceeded that of salt. At this point,
subsidence proceeds rapidly until salt is completely evacuated and the sediment fill
bottoms out against the base of salt. Rapid basin subsidence should cease, but the
depression formed by the rapid subsidence will continue filling up with sediments,
onlapping the basin margins. In order for subsidence to continue, the average density of
the infilling sediments must be larger than that of the salt. The density of high porosity
smectite-rich clays typical of the Gulf of Mexico region have relatively low densities and
are generally underconsolidated, making it difficult to achieve the necessary average
densities to exceed that of salt except at very deep burial depths. It is difficult to envision
such clays initiating the necessary forces of subsidence in the thin sediment fills of high
relief basins such as Vaca Basin. In contrast, sand-rich sediments can reach average
densities exceeding that of salt at fairly shallow depths. Thus, it is suggested that the
intraslope-supralobal basins may contain large amounts of sand at depth within their fill;
an interesting and perhaps an important aspect related to the petroleum reservoir
characteristics of intraslope-supralobal basins. The physiography of the lower slope is
comparatively smooth, such as across the Vaca Basin area. Bathymetric relief exists
mainly as rounded depressions corresponding to supralobal or suprasalt sedimentary
basins subsiding into a regionally extensive salt sheet locally 3 to 4 km in thickness. The
supralobal basins have average slopes generally between 6° and 8°, but locally up to 30°.
Figure 3.10 is a bathymetric map of Vaca Basin showing the very bowl shaped
appearance of the basin and the smooth round basin walls. The basin appears, as would a
ball pressed into soft mud.

Geohazards

The engineering and geological constraints on the continental slope off Texas and
Louisiana related to hydrocarbon recovery will require both novel geological and
geophysical surveys and engineering methods to economically overcome. Significant
seafloor engineering problems in deep waters include slope instabilities, both short-term
(slump) and long-term (creep), pipeline spanning problems, mass transport from
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unknown causes, and unusual stiffness and strength conditions (Hooper and Dunlap
1989). The geohazards (engineering and geologic constraints) present in and on the
central and western continental slope are many in number and are mainly due to the
activity of salt and rapid sedimentation.

The main geohazards on the slope and resulting effects are as follows:

» Faults — sediment tectonics, halokinesis

* Slope Stability — slope steepening, slumps, creep, debris flow

‘Gassy Sediments — sediment strength reduction, hydrates, sediment liquefaction

Fluid and Gas Expulsion Features

» Diapiric Structures - salt, mud, hydrates

e Seafloor Depressions — blowouts, pockmarks, seeps

» Seafloor Features — sediment waves, differential channel fill, brine-low channels,
sea-bed furrows

e Shallow Waterflow

¢ Deep Water High-Velocity Currents —~ mega-furrows, sea-bed erosion

The near-surface geology and topography (the area of most concern in relationship to
submarine slope stability) of the continental slope off Texas and Louisiana are a function
of the interplay between episodes of rapid shelf edge progradation and contemporaneous
modification of the depositional sequence by diapirism and mass movement processes.
Many slope sediments have been uplifted, folded, fractured, and faulted by diapiric
action. Oversteepening on the basin flanks and resulting mass movements have resulted
in the appearance of highly overconsolidated sediments underlying extremely weak
pelagic sediments. The construction of the Mississippi Canyon is in part a function of
sidewall slumping and pelagic drape of low shear strength sediments. In contrast, slope
oversteepening and subsequent mass movement have resulted in high pore pressures in
rapidly deposited debris flows on the upper slope and on basin floors, resulting in
unexpected decreased shear strengths. Biogenic and thermogenic gas induces the
accumulation of hydrates and underconsolidated gassy sediments, which are common on
the upper slope. On the middle and lower slope, gassy sediments are not common except
in the basins that do not have a salt base such as Beaumont Basin. The salt nappe
restricts the upward movement of gas from below.

Holocene and Pleistocene sediment cores recovered from the continental slope off Texas
and Louisiana from conventional piston coring and from DSDP activities reveal the
presence of unconsolidated gassy clays, silty clays, sands, and clayey sands, many
containing gas hydrates.

The intraslope intralobal basins located on the upper slope range in water depths from
1,500 to 2,200 m. The bathymetry of the Central and Western areas is shown in

Figure 3.2. The bathymetry of the upper to middle continental slope area consists of
relatively flat ridges and basin floors separated by intraslope escarpments. The intraslope
basin escarpments have relief up to 700 m and slopes between 5° to 30° and in specific
locations up to 50°. Ridges that rim the basins correspond to late laterally spreading
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flat-topped salt tongues overlain by a thin sediment cover (Bryant et al. 1995). The
deeper portions of intraslope intralobal basins are salt free and exhibit a dissected
topography consisting of a multitude of small submarine canyons along the walls. Cores
taken on the wall of some basins indicate that as much as 3 m of sediment has been
removed by slumping. The intraslope-supralobal basin on the lower continental slope
where the physiography is comparatively smooth (Figure 3.1) shows that the relief exists
mainly as a rounded depression. The formation of basins on the lower slope is where
subsidence is accomplished by evacuation of underlying salt (salt withdrawal).

The submarine canyons along the Sigsbee Escarpment, Alaminos, Keathley, Bryant,
Cortez, Farnella and Green Canyon are the result of the coalescing of salt canopies, the
migration of the salt over the abyssal plain and the erosion of the escarpment during
periods of low sea stand (Bryant et al. 1992). The bathymetry of the canyons is
illustrated in Figure 3.1. In addition to the canyons that form along the escarpment,
numerous small submarine canyons and gullies line the escarpment along with large
slumps. Seaward of the canyons submarine fans of various sizes extends out onto the
continental rise. A significant portion of the canyon walls and the escarpment contains
slopes of 5° to 10” and slopes in excess of 15° are not rare. Large slope failures are
present in the Green Canyon area.

The major faults on the continental slope are associated with massive accumulation of
sediments and are called growth faults. These growth faults form contemporaneously
and continuously with sediment deposition. The growth faults are found mostly on the
upper continental slope and on the continental shelf where sediment accumulation is the
thickest (see Figure 3.2). The most common types of fault on the middle and lower
continental slope are “groups of geometrically classified fault families and fault welds
that are kinematically and genetically linked to each other and to associated salt bodies
and welds. Linked fault systems can contain extensional, contractional, and strike-slip
components. Extensional fault families are formed by basinward translation, subsidence
into salt, or folding. Those fault families that accommodate basinward translation are
balanced by salt extrusion or contractional fault families” (Rowan et al. 1999). Rowan et
al. related five associations of linked fault systems that are directly related to five types of
salt systems: autochthonous salt (salt in place), stepped counterregional, roho, salt-stock
canopy, and salt nappe. Faulting resulting from the formation of salt diapirs from
autochthonous salt is the most common type fault on the upper slope while faulting from
salt-stock canopy and salt nappe are most common on the middle and lower continental
slope. Extensive faulting can be found on the rim of most intraslope intralobal and
supralobal basin on the middle and lower continental slope. The faults are extensional
faults caused by the upward movement of salt resulting from pressures created by
sediment accumulation within basins. This type of faulting results in the occurrence of a
large number of small faults in the area of the seafloor under going extension. In some
areas of the slope the upward migration of salt results in the seafloor being totally
fractured (faulted) and continuously displaced.
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Portions of some of the submarine canyons, like Bryant Canyon, are being filled with salt
due to the loading of the salt by sediments on the margins of the canyon. The salt
migrates upward, filling the canyon that was created by turbidity current flow active
during times of low-sea stand. The migration of salt into the canyon may occur at the
rate of centimeters per year.

On the middle and lower continental slope, salt may be very close to the seafloor in
certain areas and, on features such as the salt plug called “Green Knoll,” salt is exposed at
the seafloor and is being dissolved by seawater, resulting in the collapse of the cap of the
knoll. In Orca Basin, an intraslope intralobal basin, salt is exposed at the bottom of the
northern portion of the basin and a famous brine pool has formed within the basin.

Where salt is close to the seafloor, for the emplacement of structures that require
foundation piles, new engineering methods will be necessary to accommodate such
structures on salt.

Water currents can be a problem to structures on the continental slope, but they may be a
major problem to structures such as platforms, bottom assemblies and pipelines at the
base of the Sigsbee Escarpment starting in water depths as shallow as 1,200 m and as
deep as 3,300 m. Recent studies have revealed the presence of large mega-furrows at the
base of the Sigsbee Escarpment. These large bedforms, 20 to 30 m wide and as deep as
10 m, occur along the base of the Sigsbee Escarpment and extend to a distance of 20 km
south of the escarpment. They are the result of high velocity bottom currents occurring
along the base of the escarpment (see Chapter 4). The mega-furrows have been found
extending from 90° to 92.5° W Longitudes, and probably extend westward beyond that
location and possibly as far west as Alaminos Canyon.

Shallow waterflow, also known as geopressured sands, is the uncontrolled flow of sand
and water that can create significant sediment pile up at the wellhead. It is the results of
compaction disequilibrium or differential compaction and usually occurs at 360 to 530 m
below the seafloor. It is more likely to occur on the upper and middle slope and less
likely to occur above the salt nappe, the tabular salt blocking the escape of overpressures
from below.

Table 3.1 summarizes the properties related to geohazards of upper, middle, and lower
continental slopes intraslope basins and lower slope canyons and the Sigsbee Escarpment.
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Table 3.1. Engineering constraints and possible geohazards of intraslope basins and canyons

Upper to Middle Slope Intraslope Interlobal Basins

+ Steep sidewalls average 10° to 20°, maximum 50°

e Small submarine canyons and gullies dissect basin escarpments

e Basin wall sediments may be unstable and undergoing modification by creep and slump
processes

Low shear strength debris flow sediments on basin floor

Basin floor subject to debris flows from side wall slumping

Stiff sediments on highly faulted ridges between basins

Hydrates, gas sweeps, carbonate bioherms and chemosynthetic organisms may be present
Basins may contain low shear strength gassy anoxic sediments

Isolated basins subject to formation of brine pools

» Basin sediments underconsolidated at shallow subbottom depths

Lower Slope Intraslope-Supralobal Basins

e Elevated faulted ridges between basins

Elevated ridge along basin rim

Basins are bowl shaped with low angle basin floor

Soft surficial sediments within basin

Structures on basin floor subject to debris flow

Basin sediments underconsolidated at shallow subbottom depths

Lower Slope Canyons and Escarpments

e  Side walls average 10° to 15°, maximum 30°

Small submarine canyons and gullies dissect escarpment and smaller canyon escarpments
Canyons and escarpment structurally active from effects of halokinesis

Very rugged topography ’

Slump deposits and slope failure common

Small submarine fans on canyon floor formed from debris flows and turbidity currents

In very deep water

Sediments underconsolidated at shallow subbottom depths

High velocity bottom currents and mega-furrows present at base of Sigsbee Escarpment
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