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CHAPTER 1
INTRODUCTION

The continental shelf off Louisiana and Texas is the most highly
developed region in the world for offshore oil and gas drilling and
production. The area is also known for its abundant fisheries,
extensive coastal wetlands and wildlife resources, and offshore hard-bank
communities, including the northernmost coral reefs in the Gulf of Mexico
(Flower Garden Banks). This abundance of living marine resources in a
region of intense petroleum industry activity poses many questions and
problems for sound environmental management and protection.

The Minerals Management Service (MMS), an agency of the U.s.
Department of the Interior (USDI), is responsible for leasing Federal
submerged lands and supervising oil and gas exploration, development, and
production. Part of the agency’s responsibility is to protect marine and
coastal environments while promoting development of the nation’s oil and
gas resources. The USDI has sponsored numerous scientific studies of
coastal and offshore marine environments off Louisiana and Texas through
the Environmental sStudies Program, which began in 1974 under the Bureau
of Land Management (BLM) and was subsequently transferred to the newly
created MMS in 1982. The MMS funded the present study to synthesize
environmental and socioeconomic information from these prior USDI
studies, as well as those sponsored by industry, the universities, and
other government agencies. The goal was to assess current understanding
of continental shelf ecosystems and processes, so that future study needs
could be pinpointed.

The study area for the synthesis effort extends from Corpus
Christi Bay, Texas to the Mississippi River Delta, and from the shallow
sublittoral to 500 m depth (Figure 1.1). The study area includes parts
of two Planning Areas (Central and Western) used for oil and gas leasing.

1.1 BISTORICAT, BACRKGROUND

1.1.1 0il and Gas Industry

The first offshore well in the Gulf of Mexico was drilled off the
Louisiana coast in 1937 to 1938 as an extension of exploration and
production activities in the coastal wetlands of Louisiana (Gusey and
Maturgo, 1973). This well, which was drilled about 2.5 km offshore and
15 km east of the mouth of Calcasieu Pass, resulted in the discovery of
the Creole Field. However, significant development of offshore oil and
gas deposits did not begin until 1947, when the ship Shoal Block 32 Field
was discovered about 20 km off the Louisiana coast (Bedinger, 1981).
offshore development began in earnest with the passage of the Submerged
Lands Act in 1953 and the oOuter Continental Shelf (0CS) Lands Act in
1954, which defined Federal jurisdiction over OCS oil and gas resources.
Since the 1940's, over 25,000 wells have been drilled in the northern
Gulf of Mexico, mostly off the Louisiana coast (American Petroleum
Institute, 1982; Dodson and LeBlanc, 1988). 0CS production off Louisiana
and Texas since 1954 has totaled over 6 billion barrels of oil and
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70 billion cubic feet of natural gas (Risotto and Collins, 1986). 1In
1985, Louisiana contributed 87% of national 0CS oil production and 90% of
national 0CS gas production.

As a result of technological advances and the continuing need to
reduce U.S. dependency on foreign oil supplies, deeper waters of the Gulf
of Mexico continental shelf and upper continental slope are now being
explored. Water depths for exploratory drilling have increased
dramatically in the last five years, with the deepest exploratory well to
date in a depth of 2,330 m (Dodson and LeBlanc, 1988). 1In May 1988,
shell successfully installed a production platform southwest of the
Mississippi Delta in 412 m of water. Although conventional fixed
platforms are probably limited to depths of about 460 m, other methods
such as floating production systems and tension-leg platforms will
probably be capable of exploration and production at even greater depths
(Dees, 1988).

over the years, as the offshore oil and gas resources of
Louisiana and Texas have been developed, an immense pipeline network has
been installed to transport the oil and gas. As of December 1987, there
were over 28,000 km of pipeline installed on the 0oCs in the Gulf of
Mexico (USDI, MMS, 1988). About 90% of the pipeline mileage is in the
Central Planning Area off the Louisiana coast, and about 10% is off Texas
(Risotto and collins, 1986).

1.1.2 Major Environmental Studies

Several major environmental studies have been conducted off the
Louisiana and Texas coasts, including both descriptive (baseline)
studies and monitoring programs (Figure 1.2). Major studies include the
following:

M South Texas Outer Continental shelf (STocs) studies.
Topographic Features Studies (Flower Garden Banks
and other banks off Texas and Louisiana).

Northern Gulf of Mexico Continental Slope Study.
offshore Ecology Investigation.

Central Gulf pPlatform Study.

Buccaneer Gas and 0il Field study.

Strategic Petroleum Reserve Program.

The first three were primarily descriptive studies, although both sToOCs
and the Topographic Features Studies included limited environmental
monitoring of drilling operations. The other studies were designed to
monitor oil and gas related operations, but also provided a considerable
body of descriptive information. Because these studies are often cited
in the individual subject chapters of this report, a brief summary of
each is presented below. More detail on some aspects of the studies is
presented in the individual chapters. Also, selected environmental
monitoring programs are summarized in the Appendix.

other pertinent field studies (not discussed below) include the
Gulf Reef Fish Study (Continental shelf Associates, Inc., 1982), the
Louisiana Offshore 0il Port studies (Gosselink et al., 1976), and the
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ongoing Submerged Lands of Texas series being conducted by the Texas
Bureau of Economic Geology (McGowen and Morton, 1979; White et al., 1983,
1985, 1986, 1987). 1In addition to these reports from field studies,
several synthesis documents are useful information sources, including the
Northwestern Gulf shelf Bio-Atlas (Darnell et al., 1983), An Ecosystem
Analysis of 0il and Gas Development on the Texas-Louisiana Continental
Shelf (Gallaway, 1981), and Reefs and Banks of the Northwestern Gulf of
Mexico (Rezak et al., 1983, 1985).

South Texas Outer Continental Shelf (STOCS) Studies

These baseline studies were conducted from 1975 through 1977 on
the continental shelf off southern Texas (Figure 1.2). There were three
major groups of studies:

B Biology and chemistry--conducted by consortium
consisting mainly of investigators from the
University of Texas Marine Science Institute and
Texas A&M University.

Em Geology--conducted by the U.S. Geological survey (USGS).

M Fisheries and ichthyoplankton--conducted by the
National Marine Fisheries Service (NMFS).

The biology/chemistry study elements included hydrography;
hydrocarbon analyses of water, sediment, zooplankton, nekton, and
macroepifauna; trace metal analyses of sediments, zooplankton, nekton,
and macroepifauna; plankton, neuston, and nekton sampling; grab sampling
of sediments, macroinfauna, and meiofauna; and trawl sampling of demersal
fish and macroepifauna (for taxonomy and histopathology). A rig
monitoring study was also conducted in 1977 (see the Appendix). sStudy
results were presented in annual reports and synthesized in a
three-volume report (Benavides et al., 1980; Flint and Rabalais,
1980a,b). The results were also reported in a book edited by Flint and
Rabalais (1981).

The other elements of the STOCS studies were reported separately.
USGS studies of geologic structure, sediment texture and geochemistry,
and suspended sediments were reported in Berryhill (1976, 1977a,b, 1978).
The NMFS investigations of ichthyoplankton, historical zooplankton, and
snapper/grouper fisheries, were reported in Angelovic (1975), Angelovic
et al. (1977), Fable (1979), Park (1979), and Klima and Caillouet (1979).

Topographic Features Studies

A series of studies was funded by the BLM, beginning in 1974, to
characterize topographic features (offshore reefs and banks) on the
northern Gulf of Mexico continental shelf and slope. Surveys of the
offshore banks began in 1961 when Texas A&M University researchers
visited the Flower Garden Banks. This work eventually resulted in the
production of a book on the biota of the Flower Garden Banks (Bright and
Pequegnat, 1974). Beginning in 1974, the BLM sponsored reconnaissance
and characterization studies of 35 banks all across the Texas-Louisiana



shelf. Reports in the study series included A Biological and Geological
Reconnaissance of Selected Topographical Features on the Texas
continental shelf (Bright et al., 1976), South Texas Topographic

Features study (Bright and Rezak, 1978a), Northwestern Gulf of Mexico
Topographic Features study (Bright and Rezak, 1978b), Northern Gulf of
Mexico Topographic Features Study (Rezak and Bright, 198la), and
Environmental Studiegs at the Flower Garden Banks and Selected Banks
(McGrail et al., 1982a). This information on reefs and banks was
synthesized in a report by Rezak et al. (1983), later published as a book

(Rezak et al., 1985).

offshore Ecology Investigation

This investigation, conducted by the Gulf Universities Research
Consortium, was the first major study specifically directed toward
determining the long-term effects of oil drilling and production on the
marine environment. During 1972 to 1974, field studies were carried out
in Timbalier Bay, Louisiana and the adjacent nearshore continental shelf,
a heavily developed "oil patch" area (Figure 1.2). The offshore Ecology
Investigation included studies of hydrography, nutrient and pollutant
chemistry, surface sediments, phytoplankton and zooplankton, benthic
marine algae, foraminifera, macroinfauna, demersal fishes and
macroinvertebrates, and platform biofouling communities. Results were
initially reported in unpublished technical reports, then compiled in a
book (Ward et al., 1979). The compilation volume included an overview of
study design (Menzies et al., 1979) and an independent appraisal of study
findings (Bender et al., 1979).

Central Gulf Platform Study

The Central Gulf Platform Study was conducted in 1978 to 1979 in
the highly developed "oil patch" area just west of the Mississippi Delta
(Figure 1.2). The study, directed by Southwest Research Institute under
the sponsorship of the BLM, was intended to evaluate effects of o0il and
gas production platforms on the surrounding environment. The study
included water column and sediment sampling around four "primary" and 16
"secondary" platforms, as well as a separate study of biofouling
communities and platform-associated fishes. Study methods and results
are presented in the final report edited by Bedinger (1981).

Buccaneer Gas and 0il Field Study

Another major investigation was the Buccaneer Gas and 0il Field
study (1975 to 1980), funded by the U.S. Environmental Protection Agency
through interagency agreement with the National Oceanic and Atmospheric
Administration (NOAA), and administered by the NMFS, Southeast Fisheries
Center in Galveston, TX. The study site, a production field located
50 km south of Galveston (Figure 1.2), had been in operation for 15 years
prior to 1975, providing an opportunity to examine long-term effects of
oil and gas development and production activities. The study included
current and hydrographic measurements; various analyses of water samples
and suspended particulate matter; analyses of platform effluents for
hydrocarbons, trace metals, and sulfur; analyses of sediment samples for
grain size, mineralogy, total organic carbon, stable carbon isotopes,



hydrocarbons, and trace metals; grab sampling of macroinfauna and
meiofauna; trawl sampling of demersal fishes and macrocrustaceans;
studies of biofouling communities and platform-associated fishes;
bacteriological, histopathological, and toxicological analyses;
observations of marine birds; and hydrodynamic and ecological modeling
efforts.

The final year of the Buccaneer Gas and 0il Field Study produced
six "milestone" or synthesis reports edited by Jackson and Wilkens
(1980). A symposium was held in 1980, and the proceedings were published
as a book edited by Middleditch (1981).

Strategic Petroleum Reserve Studies

As part of the Energy Policy and Conservation Act of 1975, the
U.S. Department of Energy (DOE) implemented the Strategic Petroleum
Reserve (SPR). This program is designed to store 1 billion barrels of
0il in solution-mined salt cavities near existing petroleum distribution
facilities along the Gulf coast. Large quantities of leachate and brine
produced by this operation have been released into nearshore waters at
each of the reserve storage sites. 1In order to assess the environmental
effects of brine discharge, the DOE sponsored field studies between 1977
and 1985 at three coastal locations: West Hackberry (off Cameron, 1La),
Big Hill (off Texas east of Galveston Bay), and Bryan Mound (off
Freeport, TX) (Figure 1.2). At the sites, pre-release studies were
carried out to provide baseline data, and the environmental studies were
continued through several years of brine discharge. Included were
investigations of physical oceanography, water and sediment chemistry,
and biology (phytoplankton, zooplankton, benthos, and nekton). controls
included data from the pre-release studies as well as from "test"
stations located some distance from the brine release sites and which
were likely unaffected by the brine. From a regional standpoint, these
studies are of considerable interest because they provide an invaluable
multi-year data base, and they document biological responses to summer
bottom-water hypoxia in both areas.

Numerous reports have been produced from the SPR program. An
environmental impact statement was prepared by the DOE (1981). A
summary of chemical and biological baseline studies conducted by the
NOAA under interagency agreement with DOE is contained in NOAA (1981).
Annual reports from each site (e.g., Hann et al., 1985a,b,) contain a
list of previous reports.

Northern Gulf of Mexico Continental Slope Study

This MMS-funded study, which began in 1983, was designed to
supplement the meager existing information on continental slope
ecosystems (summarized by Pequegnat, 1983). Field sampling, consisting
of five sampling cruises, has been completed, but sample processing and
data analysis are not complete at the time of this report (July 1988).
stations in depths ranging from 320 to 2,853 m were sampled along three
transects perpendicular to the isobaths in the Western, Central, and
Eastern Planning Areas; some additional stations were sampled along the
isobaths (Figure 1.2). The study included water column sampling



(temperature, conductivity, dissolved oxygen, nutrients, and particulate
organic carbon); trawling and benthic photographic sampling of megafauna;
and box core sampling of sediments (for grain size, carbon isotope, and
hydrocarbon analyses), macroinfauna, and meiofauna. The most

significant aspect of the study is the discovery of chemosynthetic
communities around hydrocarbon seeps off Louisiana. The communities are
similar to those recently found at the base of the Florida Escarpment and
near hydrothermal vents in the eastern Pacific (Gallaway et al., 1988).

1.2 STUDY OBJECTIVES AND REPORT ORGANIZATION

The synthesis study had three main objectives:

W To identify, acquire, review, and annotate all
pertinent environmental and socioeconomic
literature (published and unpublished) for the
study area.

B To synthesize information within major disciplines
(geology, physical oceancgraphy and meteorology,
chemistry, biology, and socioeconomics) in order to
describe the shelf environment and ecosystems.

B To identify major information gaps and recommend
field studies to fill the gaps.

The study consisted of two tasks: (1) information collection and
annotation, and (2) synthesis. 1In the first task, a literature search
was conducted, and an annotated bibliography of 1,535 references was
compiled. Topic areas for information collection were as follows:

B Marine geology.
B Physical oceanography and meteorology.

H Marine chemistry (including trace metals,
hydrocarbons, and other contaminants).

W Marine biology (including plankton, nekton,
benthos, fisheries, endangered species, and
biologically sensitive areas).

W Socioeconomics (including commercial and
recreational fisheries, the oil and gas industry,
and other maritime industries).

B 0il and gas industry activities and effects,
including consequences of major oil spills.

m Effects of other maritime industries and human
activities.

In the second task, the available environmental and socioceconomic
information was synthesized by scientists chosen for their expertise in



the various subject areas. 1In this report, separate chapters are devoted
to Geology, Physical Oceanography and Meteorology, Marine Chemistry,
Marine Biology, and Socioeconomics. At the end of each chapter is a
discussion of data gaps and information needs. The main subject

chapters are followed by a chapter devoted to modeling the influences of
oil and gas operations and other human activities on the ecosystems of
the Texas-Louisiana continental shelf. A Conclusions chapter summarizes
major findings and reviews data gaps and information needs.



CHAPTER 2
METHODS

2.1 INFORMATTION COLLECTION AND ANNOTATION

Oone goal of the Minerals Management Service (MMS) Texas-Louisiana
project was to produce a computerized, annotated bibliography of
environmental and socioeconomic literature for the Texas-Louisiana
continental shelf. The bibliography was compiled through a combination
of computer searches, telephone contacts, library visits, and submissions
from chapter authors. The final products consist of (1) a printed
bibliography sorted by author and date; and (2) a set of data files, on
IBM-compatible floppy disks, that have been indexed with the computer
program FYI 3000 Plus! (FYI) to allow searching by author, date, topic
and geographic keywords, or words in the title and source. The annotated
bibliography consisting of 1,535 references [of which 947 (62%) have
abstracts], is contained in Volume III of this report, and the disks will
be submitted separately to the MMS as a project deliverable with the
Final Report.

2.1.1 Information Sources

The sources of the 1,535 citations in the annotated bibliography
were as follows:

496 from the MMS Tuscaloosa Trend bibliography.

404 from online data base searches.

301 from reprint collections of chapter authors.

217 from publication lists provided by various State and
Federal agencies and organizations.

117 from the in-house library of continental shelf
Associates, Inc.

Citations from the Tuscaloosa Trend bibliography and the online
data bases were obtained first, on disk with accompanying printouts.
The printouts were screened for pertinent citations, and the disk files
were then edited with Word Perfect 4.2 to remove unwanted citations and
to place those selected into a standard format. These references became
the preliminary data base. All other references were added by typing
them in Word Perfect, following the same standard format.

Many of the entries obtained from chapter authors, the in-house
library of continental Shelf Associates, Inc., and various agencies and
organizations were duplicates of those already in the bibliography.
Duplicates were located by indexing the data base by author after the
Tuscaloosa Trend and online data base references had been entered. Once
the initial data base was established, all subsequent entries were
checked against the existing data base to avoid duplicates.

1Fryr 3000 Plus is a trademark of FYI, Inc. of Austin, TX.
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Tuscaloosa Trend Bibliogqraphy

A total of 496 citations were obtained from the previously
compiled Tuscaloosa Trend Data Search and Synthesis (Barry A. Vittor &
Associates, Inc., 1985). The study area for that program extended from
the Alabama-Florida border to the Mississippi River Delta, and
consequently many references were included from locations in or near the
current study area. The entire data base of 1,106 citations was obtained
on disk and as printouts from the MMS Gulf of Mexico 0Cs Regional office.
Each entry contained fields for author, date, title, source, abstract,
and keywords. About 60% of the Tuscaloosa Trend citations included
abstracts.

The Tuscaloosa Trend printouts were scanned for pertinent
entries, which were saved into new text files using Word Perfect. The
revised files were checked for spelling errors through the word
processing program’s dictionary, and duplicate entries were located and
removed through the use of the indexing program described below.

online Data Bases

The following data bases were searched through computer
facilities at Harbor Branch Oceanographic Institution in Fort Pierce,
Florida:

OCEANIC ABSTRACTS

SCISEARCH DATABASE (Science Citation Index)
CONFERENCE PAPERS INDEX

CA SEARCH (Chemical Abstracts)

BIOSIS PREVIEWS (Biological Abstracts)
AQUATIC SCIENCE AND FISHERIES ABSTRACTS
METEOROLOGICAL/GEOASTROPHYSICAL ABSTRACTS
DISSERTATION ABSTRACTS

NTIS (National Technical Information sService)

The computer search results were obtained as both printouts and
text files on IBM-formatted disks. The printouts were scanned for
pertinent citations, which were then culled from the disk files using
Wword Perfect. The files were checked for spelling errors, and duplicate
entries were removed. The data were edited into a common format, listing
author, date, title, source publication, abstract (if available), and
keywords.

The computer searches were very successful in pinpocinting useful
references. About 50 to 90% of the citations obtained from each data
base were judged to be topically and geographically pertinent. The total
number of references added from online data base searches (i.e.,
pertinent references not already added from the Tuscaloosa Trend
bibliography) was 404. Most citations included abstracts and keywords.
The keywords were retained initially for information purposes, though
they were eventually replaced by a new set of keywords.

The National Environmental Data Referral Service (NEDRES) data
base was also searched by contacting the NEDRES office in Washington, DcC.

12



The NEDRES data base is a data locator that contains listings and
descriptions of data sets from various environmental programs. Many of
the entries also contain listings of publications from the studies. The
NEDRES results were obtained as a printout only (no disk files), and
nearly all of the publications listed were already obtained through other
searches.

Publication Lists from Various Agencies and organizations

Many additional references were obtained by contacting Federal
and state agencies, universities, and research organizations in the Gulf
of Mexico. A list of contacts is given in Table 2.1. 1In nearly all
cases, the individual(s) contacted were able to supply us with a
bibliography of publications or reports produced by their organization.
Many of these also included abstracts. The total number of references
added from these lists was 217.

chapter Authors and In-House Library

All chapter authors were asked to submit lists of references,
with abstracts if available, using the standard form shown in Figure 2.1.
A total of 301 references were obtained in this manner (excluding those
already in the data base from other sources). Also, the library reprint
collections of continental shelf Associates, Inc. were searched manually
for additional pertinent references. Another 117 references were added
from this source--primarily unpublished technical reports, or "gray"
literature. 1Included in the in-house literature was a second annotated
bibliography, produced by TerEco Corporation (1979), covering the Texas
continental shelf between Freeport and Sabine Pass.

2.1.2 Data Base Management and Computer Program

The bibliographic data base was compiled with a combination of
computer programs on IBM-compatible computers: Wword Perfect (a word
processing program) for initial entry and text formatting, and FYI for
indexing, searching, and sorting. FYI can operate on standard text files
produced by the word processing program. This combination of programs
has the advantage of easy keyboard entry, complete control of
formatting, spelling check capability, and fast indexing of the resulting
text files.

All citations for the annotated bibliography were formatted
initially with Word Perfect, using a standard form that included blanks
for the identification number (a five-digit number assigned sequentially
as entries were added), author(s), date, title, source, abstract (if
available), and keywords. These fields were chosen to match contract
requirements for being able to search by author, date, geographic and
topic keywords, words in the title, and words in the publication name.
The text files in this original format were periodically indexed with FYI
to keep track of the entries (avoid duplicates) and to help in refining
the keyword assignments.

The text files containing the citations were kept on a
70-megabyte fixed drive that was backed up daily (all new or modified

13



Table 2.1. List of agencies and organizations contacted for literature

or reference lists.

Agency/Organization

Contact(s)

FEDERAL AGENCIES

Minerals Management Service
Gulf of Mexico 0OCS Region
New Orleans, LA

National Marine Fisheries Service
Galveston, TX

National Marine Fisheries Service
Panama City, FL

National Marine Fisheries Service
Pascagoula, MS

National Marine Fisheries Service
Southeast Fisheries Center
Miami, FL

National Oceanic and Atmospheric
Administration

Atlantic Oceanographic and
Meteorological Laboratories

Miami, FL

National Oceanographic and
Atmospheric Administration
National Environmental Data
Referral Service
Washington, DC

National Oceanographic and
Atmospheric Administration
Marine Environmental Assessment
Division
Rockville, MD

U.S. Army Corps of Engineers
New Orleans, LA

U.S. Army Corps of Engineers
Waterways Experiment Station

Vicksburg, Ms

U.s. Department of Energy
Strategic Petroleum Reserve Project

14

Public Information
Section

P. sheridan

R. Vaught

S. Glynn

L. Pulles

G. Medina

M. Smith

K. Pechmann

J. Hughes

Public Affairs
office

F. Kelly



Table 2.1. (Continued).

Agency/oOrganization Contact(s)

U.S. Environmental Protection Agency Librarian
Dallas, TX

U.S. Fish and Wwildlife sService Information Transfer
National Wetlands Research Center Specialist
Slidell, LA

U.S. Geological Survey P. Adams
Baton Rouge, LA M. Eister
W. McIntosh

U.S. National Park Service M. Bjork
Padre Island National Seashore
Padre Island, TX

STATE AGENCIES

Bureau of Economic Geology T. Calnan
Austin, TX

Louisiana Department of P. Rooney
Natural Resources

Coastal Management Division

Baton Rouge, LA

Louisiana Geological Survey D. Lindstedt
Baton Rouge, LA

Texas Parks and wildlife J. Telo
Department

Coastal Fisheries Branch

Austin, TX

UNIVERSITIES/RESEARCH INSTITUTIONS

Harbor Branch Oceanographic K. Metzger
Institution
Fort Pierce, FL

Louisiana State University Librarian
Sea Grant Program
Baton Rouge, LA

Louisiana Universities Marine M. Sullivan

Consortium
Chauvin, LA
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Table 2.1. (Continued).

Agency/oOrganization Contact(s)
Texas A&M University P. Boothe
College sStation, TX J. Brooks
R. Darnell
F. Kelly

Texas A&M University
Sea Grant Program
College station, TX

T. Linton
B. Presley
R. Rezak
D. schmidly

Marine Information
Service
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files), weekly (all files), and monthly (all files, with off-site storage
of the tape).

once all of the entries had been added to the data base, we
copied the original eight text files into a master text file, sorted the
entries by author and date, assigned new identification numbers
corresponding to the sorted list, and then formatted the text
automatically through global "macros" created in Word Perfect. For the
printed bibliography, this master file was then printed directly using
Wword Perfect (see Volume III for format). For the computer-accessible
bibliography, we split the master file into four =350K text files (so
that each could fit on a double-sided, double-density floppy disk), made
some minor formatting changes (e.g., placing ID#: before each
identification number to mark the beginning of each entry), then saved
each file as a plain ASCII text file. These files were then indexed with
FYI as described below.

The FYI program allows the user to define beginning and ending
markers for entries, default keyword separators and logical operators,
and keyword field markers. Only one field can be indexed in each *filing
system;" however, a given data base can be indexed multiple times to set
up multiple filing systems. 1In this case, the program was set up to
index and search the data base in three different ways:

® Keywords--searching by topic and geographic
keywords (any combination, with wildcards and
logical operators).

m Author/Date--searching by individual authors and
publication dates (any combination, with wildcards
and logical operators).

m Citation--searching by full citation, which
includes author names (without initials), words in
the title, and words in the publication source (any
combination, with wildcards and logical operators).

once a search request is entered, the program immediately reports
the number of citations matching the request. These citations can then
be viewed on the screen ("browsing”), sent to the printer, or saved in a
separate disk file. Because the bibliography has been sorted by author
and date prior to indexing, all output to a printer or disk file will
automatically be sorted in the same way.

2.1.3 Keyword Assignments

Keywords are critical to the usefulness of the computerized
bibliography, because they are the most common means of searching for
references. We started assigning keywords once a significant number of
citations had been entered into the data base. The keyword assignment
process went through several iterations, as new keywords were added and
others discarded. To ensure that keywords were assigned consistently,
we developed a standard vocabulary, which was applied by one person to
the entire data base.
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Two main types of keywords were used: geographic and subject.
The manner in which each type of keyword was applied is described below.
A complete list of keywords for the annotated bibliography is contained
in the Appendix of vVolume III.

Geographic Descriptors

The geographic descriptors consisted of place names and habitat
descriptors. Place names included the following major terms:

Alabama
Florida
Louisiana
Mexico
Mississippi
Texas

The more general term "Gulf of Mexico" was applied if the exact location
in relation to Gulf coastal states could not be identified. Also, if
major parts of the study were outside the Gulf of Mexico, then terms such
as "Atlantic Ocean" and "Pacific Ocean” were applied. For very general
works applicable to the whole country, the term "United States" was
applied.

If a study focused on an area of special interest, specific
geographic terms were added to the keyword list for that entry. Examples
include the Flower Garden Banks, the Mississippi River Delta, and most of
the coastal bays of Louisiana and Texas.

Finally, at least one of the following major habitat descriptors
was assigned to each entry (if it was possible to discern the habitat
from the paper or abstract):

barrier island
beach

marsh

estuary

coastal waters
continental shelf
continental slope
deep sea

Topic Reywords

In addition to the geographic descriptors, major topic keywords
were assigned to each entry. One or more of the following keywords was
assigned to each citation:
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Archaeology
Biology
Chemistry
Fisheries
Geology

0il and Gas
Physical
Socioceconomics

Additional topic descriptors were added to each entry from the list in
the Appendix of Volume III. Examples are "taxonomy" or "endangered
species" under Biology, and "trace metal" or "pesticide" under Chemistry,
etc.

Special topic descriptors were assigned to identify reports or
papers from major oil and gas related studies in the area:

Buccaneer Field

Central Gulf Platform Study
Ixtoc

offshore Ecology Investigation
STOCS

strategic Petroleum Reserve

2.2 INFORMATION SYNTHESIS

2.2.1 Characterization of the Study Area

Chapter authors were responsible for summarizing and
synthesizing the available information on their assigned topics. Each
author was directed to include a discussion of data gaps and information
needs at the end of the chapter.

The annotated bibliography was being compiled at the same time
that the synthesis chapters were being written. Therefore, authors did
not receive a complete printout of citations and abstracts for their
topics. However, interim list of references in certain topic areas were
printed on request for the authors. 1In general, the authors were already
familiar with most of the pertinent references in their topic area(s).

2.2.2 Conceptual Modeling

once the characterization chapters (Geology, Physical
Oceanography and Meteorology, Marine chemistry, Marine Biology, and
Socioeconomics) were completed in draft form, the Program Manager sent
copies to Dr. Darnell for use in the Conceptual Modeling chapter. This
information was used to decide on the major ecosystems of the study area
and the selected components for modeling.
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CHAPTER 3
MARINE GEOLOGY

Richard Rezak

3.1 INTRODUCTION

The area under study extends seaward from the coastal region
across the continental shelf to the continental slope, and from the
western edge of Mississippi Sound to Corpus Christi, Texas. Figure 3.1
illustrates the bathymetry and physiographic features of the Gulf of
Mexico. The major features of the study area are the Mississippi River
Delta, the Texas-Louisiana shelf, and the complexly dissected
Texas-Louisiana slope. In this report, we will examine the work that has
been done in these regions, focusing on certain specific features within
the regions to determine what further work, if any, needs to be
undertaken.

3.1.1 Role of Geology in Ecosystems Studies

Studies have demonstrated that there is an intimate relationship
between biological assemblages, geological factors, and hydrological
conditions in any given area (Rezak, 1985; Rezak et al., 1985). The
nature of the substrate is an important factor in controlling biotic
distribution. For example, reef-building organisms require the presence
of a hard substrate for their growth. Clear water, another requisite for
reef growth, also may result from the presence of a hard substrate.
However, not all areas of hard substrate are bathed in clear water. Some
low-relief, hard bottoms may be immersed in turbid water (nepheloid
layer) if they are surrounded by muddy, terrigenous sediments. The biota
of such a hard bottom will consist predominantly of filter feeders, and
the skeletal remains of these organisms will accumulate and gradually
raise the hard substrate above the top of the nepheloid layer; at that
point in time, reef-building organisms may begin to populate the
substrate.

Tectonics, such as the salt diapirism so common on the
Texas-Louisiana shelf, can speed up the process of raising the substrate
above the nepheloid layer. The reef-building biota then begins to
influence the geology and hydrology by contributing a variety of skeletal
materials to the reef and its surrounding sediment apron, and by
increasing current velocities as currents are steered around the
bathymetric prominence. The increased current velocities perpetuate the
clear water conditions as they winnow any fine sediment away from the
reef as soon as it is produced, leaving only the coarser fraction as a
lag deposit.

studies of macroinfaunal and meiofaunal assemblages have

demonstrated that sediment texture has a strong influence on their
species composition (Parker, 1960; Harper, 1970).
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3.1.2 Geologic History

Much has been written about the geologic history of the Gulf of
Mexico, but it has been only in the past decade, through the use of
multichannel seismic reflection surveys, ocean bottom seismograph
refraction surveys, and the development of more sophisticated geophysical
and plate tectonic models, that a clearer picture of the early history
of the Gulf has emerged (Pilger, 1980; Buffler et al., 1980; Ibrahim et
al., 1981).

The Gulf of Mexico is a small ocean basin (Menard, 1967) that is
sometimes referred to as the American Mediterranean (Harding and Nowlin,
1966). It originated approximately 160 million years ago (Late Jurassic
time) due to the rifting of the North American, African, and South
American Plates (Humphris, 1978). The shallow, primordial Gulf has
gradually evolved into its present configuration, being enlarged due to
continued spreading, deepened due to subsidence, and slowly filled by
sedimentation. Sedimentation and subsidence will continue as long as
streams flow into the Gulf from the continent and lime-secreting
organisms continue to thrive in areas of low stream outflow. Late
Triassic and Early Jurassic time saw continental conditions in the area
now occupied by the Gulf of Mexico (Salvador, 1980). As the North
American Plate began to move away from the African and South American
Plates, tensional grabens began to form in the area. These were filled
with red beds and volcanics. With continued subsidence of the area,
Pacific waters began to encroach by way of central Mexico during the
latter part of the Middle Jurassic. Throughout the latter part of the
Middle Jurassic and the early part of the Late Jurassic, the area was
covered intermittently by shallow seawater that evaporated and produced
the extensive salt deposits that we know as the Louann Salt. Connection
with the Atlantic Ocean was finally established during the Late Jurassic
(about 150 million years ago). Evaporite conditions ceased at that time,
and shallow marine limestones began to be deposited. Deposition of
shallow marine limestones continued into the Middle Cretaceous (about 100
million years ago) and culminated in an extensive shelf-edge reef complex
composed mainly of rudistids, corals, algae, and foraminifera. The reef
complex occurs in the subsurface of south Texas (Figure 3.2) and
continues in the subsurface trending northeastward into southern
Louisiana.

The most significant feature of post Mesozoic history of the
Gulf has been the tremendous seaward growth of the Texas-Louisiana
continental shelf. Early in Cenozoic time (about 60 million years ago),
the Gulf began to receive the detritus from the Laramide oOrogeny
(formation of the modern Rocky Mountains) to the west and northwest. The
major transporters of this sediment were the Mississippi and Rio Grande
Rivers. The supply of sediment was so great that the rate of basin
subsidence could not accommodate the great volume of material. As a
result, the shelf edge prograded by as much as 400 km from the edge of
the Cretaceous shelf to the present shelf break (Lehner, 1969; Woodbury
et al., 1973). This great wedge of sediment, consisting mainly of
terrigenous sandstones and shales, is approximately 15 km thick beneath
the present coastline (Figure 3.2).
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3.2 COASTAT, REGION

3.2.1 Physiography and_sediments

The coastal region of Texas and Louisiana can be divided into
the following provinces:

m Mississippi River Delta.
® Chenier Plain.
m Barrier Islands.

Each province is discussed below with respect to physiography and
sediments.

Mississippi River Delta Province

Physiography. The Mississippi River Delta has been described by
Russell (1936), Russell and Russell (1939), Fisk et al. (1954), Kolb and
vVan Lopik (1958), sScruton (1960), shepard (1960), Coleman (1976, 1982),
Coleman and Wright (1971, 1973, 1974, 1975), and others. The Mississippi
River drains an area of over 3,344,560 km?. Annual sediment discharge is
estimated to be about 2.4 x 1011 kg, and over the last 7,000 years, a
deltaic plain was built having a total area of 28,568 kmﬁ, nearly 85% of
which is subaerial. The outflow of the Mississippi has migrated back and
forth along this stretch of the Gulf Coast since early Tertiary time.
During the Miocene, the outflow was close to Sabine Lake; since that
time, the delta has migrated eastward to Mississippi Sound and then back
toward the west and its current position. Figure 3.3 shows the
locations of the various delta lobes and their sequence of development
during the past 7,000 years. The area of Figure 3.4 is shown on
Figure 3.3 as the Balize Lobe and illustrates the subdeltas of the modern
birdfoot delta of the Mississippi River. of the six subdeltas, only four
have been dated. The earliest subdelta of the four is 150 years old.

After abandonment of a delta lobe, bay fill sedimentation stops,
and subsidence and coastal retreat become the principal natural process.
Coarse sediments become reworked by wave action, and barrier islands and
bars may develop near the fringes of the once active delta lobe (Penland
and Boyd, 1981). The St. Bernard, LaFourche, and Teche lobes
(Figure 3.3) illustrate very well the results of this process. The
chandeleur Islands have resulted from the redistribution of st. Bernard
Delta sands (Otvos, 1985). Redistribution of the sands in the LaFourche
and Teche Deltas is responsible for the barrier islands at the mouths of
Barataria and Timbalier Bays.

Sediments. The sediment discharge of the Mississippi River
consists primarily of clay, silt, and fine sand, with clay amounting to
about 70% of the total sediment load. The sediments of the subaerial
part of the delta may be subdivided into (1) channel deposits (sands);
(2) natural levee of overbank splays (sands and silts);

(3) interdistributary bays (silts and clays); (4) marsh (peats); and

(5) crevasse splays or bay fills (alternations of sands, silts, and
organic clays with occasional peat layers). Beaches that may form at the
seaward margins of interdistributary marshes consist of lag deposits of
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sand and shell that have been winnowed by wave action from the sandy muds
of the interdistributary bay.

chenier Plain Province

Physiography. The area between the western shore of vermilion
Bay and Sabine Lake, at the boundary between Louisiana and Texas, is
known as the chenier Plain (Morgan et al., 1953; van Lopik, 1955; Van
Andel and cCurray, 1960; LeBlanc, 1972). The plain consists of low ridges
of sand separated by marshy swales underlain by sandy muds.

sediments. The sand ridges (Cheniers) are beach deposits that
have formed in a rather unusual manner. LeBlanc (1972) presented a
conceptual development model for these beach ridges. shoreline accretion
in this area is mainly by massive influxes of mud and sand from the
Mississippi River Delta, which are eroded and transported by longshore
currents into the Chenier Plain area where they are deposited as muddy
tidal flats. Repeated minor fluctuations in sea level over long periods
of time eroded the margin of the mud flats and winnowed the fine sediment
particles, leaving a lag of fine sand and silt, with coarser shell
debris along the shoreline. Later renewed influx of muds moves the
shoreline further seaward and the process is repeated. The very rapid
rate of sedimentation in this area has effectively sealed streams such as
the calcasieu and Mermentau Rivers, creating vast coastal marshes and
lakes.

Barrier Islands Province

Physiography. The coast between Sabine Pass and Port Isabel, TX
is characterized by barrier islands that separate lagoons, embayments,
and estuaries from the main body of the Gulf of Mexico (McGowen and
Morton, 1979; White et al., 1983, 1985, 1986, 1987). Most of the streams
that flow into the Gulf along this stretch of coastline do not drain very
large areas, and climate varies from subhumid in the Galveston area to
semi-arid south of Corpus Christi. As a result, most streams that drain
the area deposit small deltas in the bays and lagoons. Bay depths range
from 0.6 to 4.9 m.

sediments. In addition to the stream input, bay sediments are
derived from erosion of Pleistocene outcrops along the bay shores, flood
tide deltas, and washover fans created during tropical storms and
hurricanes. Locally produced carbonate sediment is in the form of oyster
reefs, serpulid reefs, and shells of various kinds. Sediment types in
the bays are primarily muds, sandy muds, shelly sandy muds, and muddy
sands. Fine sands occur on spoil banks and beaches where waves can
winnow out the finer sediments (McGowen and Morton, 1979). The barrier
islands prevent the lesser streams in the study area from building deltas
on the continental shelf. Their sediments are trapped behind the barrier
islands in bays and lagoons. Only after periods of heavy rainfall during
tropical storms or hurricanes are plumes of fine sediment seen flowing
out of the passes and onto the inner continental shelf.

The growth of the Colorado River Delta across the 7-km wide
Matagorda Bay between 1929 and 1956 is an example of spectacular delta
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growth behind a barrier island (Bouma and Bryant, 1969; Kanes, 1970;
Shepard and Wanless, 1971). Normal growth of the delta was retarded by a
log jam that was removed by a flood in 1929. In 1936, the U.S. Army
corps of Engineers dug a canal across Matagorda Peninsula, and the
colorado now flows into the open Gulf of Mexico. No delta has developed
at the mouth of the river, owing to the rapid removal of sediments by
longshore currents.

3.2.2 Geologic Structure

The subbottom strata in the Coastal Region dip gently in a
seaward direction. Deep-seated salt domes are scattered across the
coastal Region from east of Matagorda Bay to as far east as the
Mississippi River Delta (DeGolyer, 1925; Barton, 1933; Murray, 1961;
overton, 1975; Martin, 1978; Fisher et al., 1973; McGowen et al., 1976;
McGowen and Morton, 1979). These piercement structures have surface
expressions that range from about 1 m at the Markham Dome, Matagorda
county, Texas to as much as 23 m at Damon Mound, in Brazoria County,
Texas (Frost and Schafersman, 1978). Growth faults are common in the
area, but they are generally inactive.

3.3 CONTINENTAL SHELF

3.3.1 Pphysiography

The northwestern Gulf, from the Mississippi River to the Rio
Grande River, illustrates very clearly the influence of deltaic
sedimentation on the character of the continental shelf. The Mississippi
River, because of its great drainage area, has been the major contributor
of deltaic sediments throughout Cenozoic time and as a consequence has
built an extremely wide continental shelf (about 200 km wide measured
south of Sabine Pass). Two minor (Brazos-Colorado and Rio Grande) deltas
have contributed lesser amounts of sediment to the Texas-Louisiana shelf,
which is only about 80 km wide off the mouth of the Rio Grande. The
Louisiana shelf narrows very rapidly where the currently active lobe of
the Mississippi Delta has built out to the shelf break southeast of New
orleans. The seaward margin of the shelf is a poorly defined break in
slope at a depth of about 120 m (Martin and Bouma, 1978). The surface of
the shelf is generally smooth, with some local areas of subdued
topography remaining from times of exposure due to lowered sea level.
Reefs and banks are the most striking topographic features on the shelf.
Some are outcrops of Tertiary and Cretaceous siltstone, claystone, and
basalt exposed at the seafloor by salt diapirism. Others are carbonate
caps on outcrops of Tertiary and Cretaceous bedrock, or coralgal reefs
that grew on a Pleistocene carbonate platform.

3.3.2 sediments

The sediments on the continental shelf reflect the environments
of their adjacent coasts. This is a natural relationship, as sea level
has risen approximately 130 m during the past 16,000 to 18,000 years and
these same environments have migrated across the shelf to their present
locations. Consequently, the areas delineated by Curray (1960) to
subdivide the continental shelf are still valid for the entire study
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area. Figure 3.5 illustrates the four major divisions, beginning in the
east with the central Louisiana Area, which is most affected by the
Mississippi River outflow. The western boundary of that area lies near

a line drawn southward from a point just to the west of Vermilion Bay.
The Central Area extends from there to a line drawn to the southeast from
the western tip of Matagorda Island. The Western Area extends from the
western tip of Matagorda Island to a point about 15 km north of Port
Isabel. The Rio Grande Area covers the area of the Rio Grande Delta
(outside of the current study area).

Central Louisiana Area

Although the shelf off the western border of Louisiana is over
200 km wide, it narrows rapidly towards the east, and the active lobe of
the delta has built out to the shelf break and is depositing most of its
load on the upper continental slope. The head of Mississippi Trough cuts
into the outer continental shelf about 75 km west of Southwest Pass
(Figure 3.5). As result of rapid sedimentation of large volumes of
sediment close to the shelf break and on the upper slope, large scale
mass movement of sediments is common in those areas. Regional patterns
of some of the more common features and their origins have been presented
by Bea (1971), Bea and Arnold (1973), Coleman et al. (1974, 1980),
Roberts et al. (1976), suhayda et al. (1976), Garrison (1974), and Whelan
et al. (1976). The major types of sediment mass movement in the modern
delta are as follows:

Peripheral faulting and rotational slumping.
pifferential weighting and diapirism.

Radial graben and tensional faulting.

Massive mudflows.

Mass wasting and flowage induced by wave motion and
degassing.

A wide variety of shelf edge arcuate slumps and
contemporaneous faulting associated with the shelf
edge (Coleman, 1976).

Figure 3.5 shows the sediments of this area to be sands and
alternating sands and muds near shore, grading seaward into a large area
of muds.

Central Area

After heavy rainfall from the passage of hurricanes or tropical
storms, plumes of turbid water can be seen flowing out of the passes in
the barrier islands. These plumes are rapidly entrained in the
longshore drifts and are generally deposited not far offshore, where
their fine fraction is then incorporated in the bottom boundary layer
and transported offshore as a nepheloid layer (Shideler, 1978; sahl et
al., 1987). The sediments on the inner continental shelf range from
sands and shelly sands on the beaches of the barrier islands to muddy
gands and fine sands from a few miles offshore to the shelf break. These
sediments are relict nearshore sands deposited during the Holocene rise
in sea level. A narrow band of muddy sediment parallels the cocast from
the mouth of the Brazos River to the southern boundary of the Central
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Area. This band lies in the same area where plumes of sediment appear on
satellite photos as they are entrained in the longshore drift following
heavy rainfall.

Western Area

The Western Area is characterized by predominantly muddy
sediments. The beach and nearshore deposits are sands that grade into a
narrow band of muddy sand to sandy mud a few miles offshore. sShideler
(1977) suggests that the large area of interdelta mud derived from
multiple coastal sources. Dead coral reefs on the South Texas shelf
yield dates of about 10,500 to 18,000 years BP (Rezak et al., 1985).
Their growth and demise will be discussed in section 3.5.

3.3.3 Geologic structure

The continental shelf off Texas and Louisiana is characterized
by diapiric salt structures from near shore to the shelf break. They are
usually subsurface features on the inner half of the shelf, but on the
outer half of the shelf, many are seen as topographic features. Some
have a relief of 100 m or more. These will be discussed in more detail
in section 3.5.

3.4 CONTINENTAL SLOPE

3.4.1 Physiography

The Texas-Louisiana slope is a 120,000 km? area of hill and basin
topography (Figure 3.1). It extends from the Mississippi Fan on the east
to the abrupt bend to the south off Corpus Christi, where it merges with
the Rio Grande slope (Martin and Bouma, 1978). The hill and basin
topography is created by salt diapirs, and extends from the shelf break
to a depth of 2,800 m (Ewing and Antoine, 1966; Lehner, 1969; Wilhelm and
Ewing, 1972; Garrison and Martin, 1973). Bouma (1982) divides the
intraslope basin into three basic categories: blocked canyons,
interdomal basins, and collapse basins. The sSigsbee Escarpment forms the
continental Rise at the base of the Texas-Louisiana slope. It extends
from Alaminos Canyon to the Mississippi Fan.

3.4.2 Sediments

The sediments of the upper continental slope are primarily
terrigenous, sandy clays with lesser amounts of nannoplankton. Liquid
and gaseous hydrocarbon seeps are numerous off the Mississippi Delta in
water depths of 100 to 2,000 m. The normal sediments in these areas are
terrigenous clays. However, carbonates are also significant; they occur
as highly calcareous hemipelagics, carbonate cemented clays, shell hash,
hardgrounds, mounds, and bioherms. The cements are aragonite,
Mg-calcite, and minor amounts of siderite (Roberts et al., 1987).

3.4.3 Geologic Structure

Mass movement of sediments as described for the Central
Louisiana shelf area in Section 3.3.2 are also common on the upper slope
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off the Mississippi River Delta (Coleman et al., 1980). N.S. Hardin
(1987) delineates four areas along the Texas-Louisiana slope where mass
transport deposits were identified on high-resolution seismic profiles.
Three of these mass transport features are in the study area. At East
Breaks, a single event of large-scale sediment failure created a huge
separation scar along an oversteepened delta front. The deposit is 135 m
thick and about 55 km long. The large High Island flow-and-slide complex
has a maximum width of 35 km and extends downslope at least 58 km.
Upslope from the complex are two late Wisconsin shelf margin deltas
mapped by Suter and Berryhill (1985). Hardin (1987) suggests that
perhaps the two deltas were originally one large delta prior to the mass
transport event. The four areas are illustrated with seismic records
(Hardin, 1987) and represent the major slope failures in the study area.
There are certainly many more.

Coleman et al. (1983) describe mass movement of sediment on a
large scale associated with the Mississippi Canyon. A canyon 500 m deep
was cut into the shelf during the late Wisconsin. It formed in only
5,000 to 7,000 years and was filled almost simultaneously by late
Wisconsin delta lobes north of the trough.

A common type of mass movement that is seen on most seismic
reflection profiles that cross the continental slope is the slow sediment
creep that appears as parallel ridges moving downslope (Sidner et al.,
1978).

other structures on the upper continental slope include salt
diapirs, salt ridges, and growth faults. sSalt structures are more common
east of 95°W Long. They will be discussed in Section 3.5. Growth faults
are down to the basin faults that form contemporaneously with deposition.
They begin to form on the upper slope due to the overburden load. Fault
surfaces are steep near the surface and tend to level out as the depth
increases. This kind of fault is characterized by the downthrown side
having thicker sequences than thinner correlative units on the landward
upthrown side. Differential compaction and gravity creep are probably
the most important factors in growth fault mechanics (Martin, 1978).

3.5 DISTRIBUTION OF HARD AND SOFT SUBSTRATES

A line drawn from Matagorda Bay to the shelf break (Figure 3.6)
divides the Texas continental shelf into a southern area of dead
coralgal reefs that grew on a Pleistocene to Holocene carbonate shelf and
an area of banks situated on salt diapirs to the east (Rezak et al.,
1985). The banks to the east of the line are, depending on their
location on the shelf, either relatively bare bedrock outcrops, coralgal
caps on salt diapirs, or mixtures of the two types.

3.5.1 Ssouth Texas Shelf Reefs
Numerous dead coralgal reefs occur on the South Texas shelf
between the 60 m and 90 m isobaths. No cores have been drilled into

these reefs, but rock dredging and sampling by submersible have recovered
dead coral and coralline algae from their surfaces. The reefs vary in
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surface relief from 1 to 22 m. The biota presently growing on the banks
is not the same as the one that constructed them (Rezak et al., 1985).

Berryhill et al. (1976) illustrate a seismic profile across Baker
Bank (about 110 km east of Corpus Christi) showing continuous flat
reflectors beneath the bank (Figure 3.7). Berryhill et al. (1976)
illustrate seismic profiles across three other South Texas banks that
also show no signs of association with salt diapirs. Rezak et al.
(1985), based on work by Lindquist (1978) at southern Bank, concluded
that these reefs were growing on a carbonate shelf during the Late
Pleistocene and Early Holocene. The death of the reefs was due to an
event that occurred at Southern Bank about 18,000 years BP and reached
Dream Bank about 10,500 years BP. The demise of the reef building
communities is believed to have been due to the inception of the
nepheloid layer, which today covers all but the crests of a few of the
higher relief banks. The source of the influx of the terrigenous
sediments was most probably the ancestral Brazos-Colorado Delta complex.

3.5.2 North Texas-Louisiana Reefs and Banks

All of the reefs and banks on the north Texas-Louisiana
continental shelf and slope are associated with salt diapirs (Rezak and
Bright, 198la) or structures caused by salt tectonics (Rezak and Feeley,
1982) (see Figures 3.2 and 3.8). Most of the banks are circular to ovate
in plan view, but many have various other shapes such as tilted fault
blocks, isolated ridges, multiple pinnacles in local areas of the sea
floor, or a variety of other shapes. Some of the shapes may be inherited
from pre-Middle Jurassic structures prior to lateral injection of salt,
and others are the result of structural complications by contemporaneous
growth faults.

The surface expression and structural character of salt domes is
additionally dependent on the depth of the salt below the seafloor, the
relative rates of sediment accumulation and upthrusting of salt, and the
relative rates of upthrusting and collapse of the overlying cap rock or
sediments due to the removal of salt by dissolution. If the rate of
sediment accumulation exceeds that of the upward movement of salt, there
will be no surface expression of the diapir. Reflection seismic profiles
will show nearly horizontal strata near the surface, with a broad doming
of the underlying strata beginning at a depth representing the time when
the rate of uplift lagged behind the rate of sediment accumulation.
However, if the rate of upthrusting exceeds that of sediment
accumulation, a piercement structure will develop and when the salt
reaches the zone of dissolution (about 300 m below the seafloor; Rezak
and Bright, 198la), removal of solid salt will begin and collapse of the
cap rock and overlying sediments into the crest of the diapir soon
follows. At that point, collapse and upthrusting are the opposing
forces. The resultant of these two opposing forces most probably varies
with time, giving rise to crestal grabens that may be filled with
sediments at times and uplifted to form high relief at other times.
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Mid-shelf Banks

Mid-shelf banks are defined as those that rise from depths of
80 m or less and have a relief of from about 4 m to about 50 m (Rezak et
al., 1985). These banks are similar to one another in that all are
outcrops of relatively bare, bedded Tertiary limestones, sandstones,
claystones, and siltstones. Stetson, Claypile, Coffee Lump, Sonnier
(Figure 3.8), Fishnet, and 32 Fathom Banks are typical of this category.

shelf-Edge carbonate Reefs and Banks

The shelf-edge carbonate banks and reefs are located on complex
diapiric structures. They are actually carbonate caps that have grown
over outcrops of a variety of Tertiary and Cretaceous bedrock and salt
dome caprock. Although all of the shelf-edge banks have well developed
carbonate caps, local areas of bare bedrock have been exposed by recent
faulting on some of the banks (Rezak and Bright, 198la). Relief on shelf
edge banks varies from about 35 m to 150 m. The East and West Flower
Garden Banks are thriving coral reefs. The history of studies on these
banks have been described at length by Levert and Ferguson (1969) and
Edwards (1971). The geologic structure of these two banks is described
in detail in Rezak et al. (1983, 1985).

A common-depth-point seismic reflection survey conducted over the
East Flower Garden Bank showed the bank to have developed at the
intersection of two salt ridges, rather than at the crest of a single
salt diapir. Seismic data indicate the presence of a salt pinnacle
rising from the crest of the salt ridge to within 30 m of the reef crest.
The salt pinnacle lies about 800 m to the northwest of a brine seep
complex that has been described by Bright et al. (1980), Rezak and Bright
(1981b), and Rezak et al. (1983, 1985). The primary brine system
consists of interrelated components: (1) numerous seeps that feed into
(2) a brine lake at a depth of 71 m, which has an outflow into (3) a
canyon that contains (4) a mixing stream that dilutes the brine to lower
hypersaline concentrations. Based on the measured outflow of the brine
lake and the salinity of the brine in the lake, calculations show the
amount of solid salt being removed from the crest of the salt dome ranges
from 10,765 m3/year to 21,710 m3/year. Removal of such large volumes of
solids from below the cap rock and the overlying reef must create
sizeable caverns. Catastrophic collapse of cap rock and associated
sediments can and does occur. It has been documented both in the Recent
at Alderdice Bank, off South Marsh Island, Louisiana (Rezak and Tieh,
1984) and in the Oligocene of the Damon Mound salt dome in Brazoria
County, Texas (Frost and schafersman, 1978).

3.5.3 composition of Unconsolidated Sediments

Recent Sediments

Terrigenous. The composition of terrigenous clastic sediments in
the study area is determined by the composition of the sediment load
transported by the major rivers flowing into the Gulf of Mexico (Bullard,
1942; Greenman and LeBlanc, 1956; van Andel and Poole, 1960; cCurray,
1960; Davies and Moore, 1970; Berryhill, 1975; shideler, 1978). The
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sources of the sediments have been determined by use of heavy mineral
suites in the sand and coarse silt fractions of the sediment. The suites
of heavy minerals carried by the three major suppliers of sediment to the
Gulf are very distinctive. These sources are the Mississippi River, the
Brazos-Colorado River complex, and the Rio Grande River. Davies and
Moore (1970) point out that in a basinward direction there is no
modification in heavy mineral assemblage of the Mississippi River over a
travel path of some 3,200 km. However, on the continental shelf of
Louisiana and Texas, the dispersal patterns are extremely complex, and it
is very difficult to recognize source area by this method. Hawkins
(1983) concluded that heavy mineral studies cannot determine
unambiguously the extent to which a certain source has contributed to a
sediment or, if indeed it has at all. Hawkins used quartz-grain shape
analysis to differentiate among the sources that contribute to sediments
on the shelf. The purpose of his study was to compare the results of
heavy mineral counts and quartz-grain shape analysis (Ehrlich and
Weinberg, 1970) to determine sources of the fine sand in the area.
Hawkins concluded that much of the sand in the Central Area (Figure 3.5)
is a mixture of Colorado River, Brazos River, Trinity River, and Red
River sands. His conclusion that the sediments in this area are the
result of the Pleistocene progradation of deltas across the shelf agrees
with those of cCurray (1960) and Winker (1982).

A thin deposit of Recent sediment covers the relict Pleistocene
and Holocene deposits on the inner shelf. The thin layer becomes patchy
as one proceeds offshore, and near the shelf break, especially in the
Central Area (Figure 3.5), large expanses of relict Pleistocene deposits
are exposed at the seafloor. The Recent sediments are mostly sandy muds
and muddy sands with variable amounts of shell. The sands are all fine
to very fine grained. The clay fraction of the mud consists of smectite,
illite, and kaolinite in decreasing order of abundance.

Carbonates. cCarbonate sediments are found forming caps on
topographic prominences and as aprons surrounding the lower flanks of
such caps. The production of carbonate sediments on a terrigenous shelf
has been discussed by Rezak (1985). Sediment facies at the Flower Garden
Banks serve as a typical example of the localized production of carbonate
sediments. Figure 3.9 depicts the sedimentary facies distribution in the
area of the Flower Garden Banks. It also illustrates the two
classifications used in preparing the map: the carbonate classification
based on particle types and the terrigenous classification based on
particle size distribution. The Molluscan Hash Facies and the
Quartz-Planktonic Foraminifer Facies represent transitions between
predominantly carbonate sediments and predominantly terrigenous
sediments. The facies boundaries in the carbonate sediments roughly
parallel the isobaths. The succession of carbonate facies is most
complete at the Flower Garden Banks and is used for comparison with other
banks that have less complete sequences because their crests are deeper.

Relict Pleistocene or Holocene Sediments

The Beaumont Clay or its equivalents crop out along the coast
from the north shore of Corpus cChristi Bay to the east end of High
Island. oOffshore, it occurs beneath a thin cover of Recent sediments as
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far east as the West Cameron Area off Cameron, LA (Roemer, 1976). The
Beaumont Clay is a highly overconsolidated, illitic clay with abundant
shell content. Subaerial weathering causes calcareous concretions to
form at the surfaces of outcrops due to the dissolution of shells in the
clay and the evaporation of highly caCO3-charged pore waters at the
surface. This process is so common that the concretions form gravels on
the beaches at Baffin Bay, TX.

on the outer continental shelf in the Central Area (see
Figure 3.5), Pleistocene sands representing beach and terrace deposits
are common. Also, fluvial deposits of muddy sands mark the locations of
channel fills leading to near the shelf break that are recognized on
reflection seismic profiles. Closer to shore, Heald and Sabine Banks
(off Texas) and ship shoal (off Louisiana) are believed to represent
remnants of Holocene shoreline deposits (Curray, 1960).

3.6 SEDIMENT DYNAMICS

3.6.1 River sediment Plumes

The major plume entering the Gulf of Mexico is that of the
Mississippi River, which sends cells of lower salinity, turbid water as
far west as the High Island Area during the few months following its
spring floods. Dodge and Lang (1983) attributed what they perceived to
be the stressed condition of the Flower Garden Reefs to the impingement
of this turbid, fresh water on the reefs. However, McGrail’s studies
(reported in Rezak et al., 1983) show that low salinity, turbid water
never impinges on the reefs. The low salinity water is rarely lower than
31.5°/,, at the surface, and salinities at 15 m depth are no less than
35.5°/,,-

3.6.2 Bottom Nepheloid Layer

The first study of the nepheloid layer on the south Texas outer
continental shelf was published by shideler (1981). The U.S. Geological
survey conducted six cruises at three-month intervals, occupying the same
stations on each cruise to study the temporal and spatial variations in
the nepheloid layer. shideler found that the nepheloid layer thickened
offshore to a maximum of 35 m near the shelf break, and that the
concentration of suspended sediment in the nepheloid layer decreased from
a maximum near shore to a minimum at the shelf break. He concluded that
the nepheloid layer is generated and maintained by resuspension of muddy
seafloor sediment due to bottom turbulence. He demonstrated that gravity
waves in calm weather could cause resuspension inshore of only about
10 m depth and storm waves with 10 s periods would not likely be
important in resuspension beyond 40 m depths. McGrail (reported in Rezak
et al., 1983) indicated that shideler was correct in his statements about
shallow water but that his conceptual model was flawed by a lack of
oceanographic data beyond the 40 m depth. McGrail's work on the east
Texas-Louisiana shelf demonstrated that the passage of polar fronts
during winter months homogenizes the nearshore waters and produces
surface gravity waves capable of resuspending sediments at depths as
great as 40 m. As a consequence, the nearshore waters are filled with
high sediment loads. Frontal passage also creates cold saline waters
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that sink and flow offshore along the bottom because of their excess
density. Sediment entrained in this bottom flow is carried to the outer
shelf. The bottom mixed layer and the nepheloid layer thicken in the
offshore direction as the bottom waters flow off the sloping shelf and
out over water of equal density on the upper slope. The sediment is
kept in suspension over much of the inner shelf by swift currents and
turbulence. It is then advected to the shelf edge, where episodic
deposition may take place. In the summer months, the supply of sediment
to the outer shelf is restricted because of a lack of major wind events
and the diminished supply of sediments at the coast.

current meter records from the shelf edge suggest that
hurricanes are not the important agent of sediment distribution that
curray (1960) hypothesized (Rezak et al., 1985). Hurricanes occur when
the shelf is still stratified and do not directly force the bottom flow
on the outer shelf. They appear to produce effects on the outer shelf
similar to those of a frontal passage. However, a hurricane’s influence
in shallow water would be much more extreme.

3.7 DATA GAPS AND INFORMATION NEEDS
3.7.1 salt Tectonics

Little is known concerning the dynamics of salt tectonics.
section 3.5.2 describes the forces that affect the topographic
expression and internal structure of salt domes. We know that the forces
are active, but no one has monitored a salt dome to determine what is
really happening. Is it a static feature? 1Is it collapsing on itself,
or is it rising? What are the rates of depression or uplift? These are
important questions in terms of seafloor stability, especially if a large
production platform is located in close proximity. It would be
relatively easy to answer those questions by using ocean bottom
seismographs and depth calibrated pressure transducers.

3.7.2 sediment Accumulation Rates

current knowledge concerning sediment accumulation rates on the
outer continental shelf and slope are woefully inadequate. Most
estimates are based upon thickness of sediment above the first strong
seismic reflector below the seafloor and are really averages over a
period of time that may not represent the present sedimentary regime.
The lead-210 method used by Holmes (Berryhill et al., 1976) and others
gives unrealistic results and should be reevaluated. An accurate
knowledge of sediment accumulation rates would aid in interpretation of
meiofaunal and macroinfaunal data. It would also be extremely important
in modeling the trajectories of solid pollutants in the water column.

3.7.3 Chemosynthetic Communities

The hydrocarbon seeps mentioned in Section 3.4.2 support
chemosynthetic communities, including microbial mats that cause the
precipitation of carbonate cements in the sediments with which they are
associated. The interaction of these bacteria with the inorganic
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sediment may be an important factor in the stabilization of sediments in
the vicinity of seeps.

3.7.4 shelf Circulation

McGrail’s work (reported in Rezak et al., 1985) was just
beginning to give us an understanding of the sediment transport processes
on the outer continental shelf. A continuation of the accumulation of
(1) time series measurements of currents, temperature, salinity, and
transmissivity; and (2) seasonal sampling of across-shelf transects for
profiles of the same parameters over a larger area of the Texas-Louisiana
shelf and over a span of two or three years would improve our ability to
predict the fate of particulate pollutants.
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CHAPTER 4
PHYSICAL OCEANOGRAPHY AND METEOROLOGY

F.J. Kelly

4.1 INTRODUCTION

Each continental shelf region in the world has a different
combination of meteorological, hydrological, astronomical, and deep ocean
forces that act in concert with the local topography and geometry to
produce a unique set of physical processes and water masses. The
characteristics of the Texas-Louisiana shelf waters are determined,
principally, by the large input of fresh water from one of the world's
great rivers and an annual cycle of prevailing winds acting on a broad
shelf with a coast that is arcuate, concave to the southeast
(Figure 4.1). Astronomic tides, interaction with eddies and currents in
the deep Gulf, and the momentum input and heat and mass exchange across
the sea surface caused by intrusions of polar fronts and tropical
cyclones, significantly modulate the effects of the principal factors,
but do not obscure them.

Although various topics are discussed individually in this
chapter, all of the topics are interrelated. cCurrents, the unifying
theme, are presented later (Section 4.8). Some of the many biological,
chemical, and sedimentary processes directly related to physical
processes are also noted in this chapter, but the details of these
interactions are discussed in other chapters.

Figure 4.1 shows the locations of geographic references and study
sites from which data are used to illustrate points in the discussion.
Bryan Mound, Big Hill, and West Hackberry are sites at which the
Department of Energy's Strategic Petroleum Reserve (DOE/SPR) Office
conducted environmental studies from 1977 through 1985 for its brine
disposal operations. Section 1.1.2 summarizes the DOE/SPR study as well
as other major environmental studies conducted off the Louisiana and
Texas coasts. As Figure 1.1 indicates, the study area for this synthesis
effort formally extends from the Mississippi Delta to Corpus Christi Bay.
However, in this chapter some of the discussion includes results of
studies conducted in the far southwest region of the shelf because its
hydrography and circulation are integral parts of the physical processes
on the shelf.

The Minerals Management Service (MMS) Gulf of Mexico Physical
Oceanography Program: Year 5 study, which includes hydrographic
transects and an array of moorings along approximately 92°W from near the
coast to mid-Gulf, is in progress at the time of this report. It is
likely that the results of the Year 5 study, will address some of the
data gaps and questions about dynamic processes noted in Section 4.9,
particularly those pertaining to interaction between the shelf and
oceanic Gulf waters.
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4.2 METEOROLOGICAL CLIMATE
4.2.1 Air Masses

The following air masses either influence or control the weather
over the shelf (Orton, 1964):

B Maritime tropical (mT) air comes from the southeast and south
with the circulation around the southwestern extension of the
Bermuda high. This air mass dominates the region from March
through October and is responsible for the subtropical climate
of the Gulf of Mexico.

M Maritime Polar (mP) air comes from the Pacific Ocean, and mpP
fronts cross the shelf most frequently from late fall through
spring. During July and August, the mP fronts are unable to
cross the Rockies and push southward through the hot
southwest. Most mP fronts have an average orientation when
they reach the coast of 40 to 50° from north and, because of
the orientation of the coast, they enter the Gulf between
Corpus Christi and Galveston (Henry, 1979).

B continental Polar (cP) air masses push into the Gulf in all
months, but most frequently from October through April. CcCold
fronts, especially cP types, can become quasi-stationary after
moving out over the Gulf in winter, a situation favoring
cyclogenesis with accompanying low ceilings and continuous
rain. According to Henry (1979), the cP fronts (except
summer) have an orientation of 60 to 65° from north and enter
the Gulf east of Galveston and west of 90°W. Fronts entering
the Gulf during the summer are usually cP. They are oriented
east-west, because this is their southern-most penetration,
and enter to the east of 90°W.

m Continental Arctic (cA) air is very cold and dry, thus the
term "blue norther." 1Invasions of the Gulf by cA fronts are
confined normally to the months of January and February. The
orientation of cA fronts is similar to that of cP fronts.

From March through September the influence of the Bermuda high
dominates the climate over the shelf (Franceschini, 1961). The
anticyclonic high pressure system builds during the spring and summer,
its western end extending into the eastern Gulf, and mean wind conditions
shift gradually from southeasterly to more southerly (Figure 4.2).

(Note: the wind roses in Figure 4.2 are constructed using the
oceanographic convention for direction. However, in this discussion,
meteorological terminology is used, i.e., a southerly wind blows from the
south). 1In the fall the high weakens and the western end retreats from
the Gulf. Winds return quickly to southeasterly. In October, an
anticyclonic cell, separated from the Bermuda High, lies over
northeastern Texas, resulting in more frequent easterly winds. During
the winter, as intrusions of polar air masses move out across the shelf,
the frequency of strong northerly winds increases. Because the shelf is
sufficiently far south to remain under the influence of the Bermuda high,
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winds return to southeasterly after the passage of frontal systems.
Therefore, during the winter months (November through February)
northerly, northeasterly, easterly, southeasterly, and southerly winds
occur with about the same frequency. Thus in Figure 4.2, which uses the
oceanographic direction convention, the N, NW, W, SW, and S rose "petals"
are about the same length.

4.2.2 Barometric Pressure

Average atmospheric pressure over the inner shelf (Figure 4.3)
and outer shelf (Yamazaki and Herbich, 1985) is highest in winter
because of continental high pressure systems; pressure averages about
1,019 mb in December. Mean pressure decreases in the spring as the
equatorial trough migrates northward and the low pressure system over
Mexico deepens. Minimum pressures of about 1,013 mb occur in May and
June. In July there is a weak, relative maximum in atmospheric pressure,
which Chew (1964) attributes to the maximum westward extension into the
Gulf by the Bermuda-Azores high. In August and September there is a
second minimum of about 1,014 mb, and then pressure rises as the
equatorial trough migrates southward, the Mexican low pressure system
fills, and the Bermuda high weakens and retreats.

4.2.3 Air Temperature

According to Orton (1964), mean monthly surface air temperatures
during winter (December-February) are about 15.5°C over the inner shelf
and 18°C over the outer shelf, and approximately 90% of the actual
observations are within 6°C of the mean. For March, the means over the
inner and outer portions of the shelf increase to 18°C and 21°cC,
respectively, and for April they are 21°C and 23°C. From May through
September there is very little contrast in air temperature across the
shelf from north to south. Also, variability decreases; 90% of the
observations are within 3°C of the means. Mean values rise to 24.5°C for
May, 28°C for June, reach a maximum of 29°C for July and August, and then
decrease to 28°C for September. A north-south gradient reappears in the
means for October, which are 24°C and 26°C, respectively, and
variability increases. The values of mean air temperature for November
are the same as for April.

4.2.4 Precipitation and Humidity

Quantitative measurements of the distribution of offshore
precipitation do not exist. Based on ship reports (Orton, 1964), rain
occurs most frequently in the Gulf in September. The "wet" season, July
through September, is coincident with the season for easterly atmospheric
waves and tropical storms. The "dry" season is March through May, with
rain reported least frequently in May.

Dinnel and Wiseman (1986) estimated annual precipitation rates
over the shelf, between the coast and the 91.5-m isobath and from the
Mississippi River Delta to Brownsville, by extrapolating land-based
coastal rainfall. They reduced the onshore values by 25% to account for
the fact that the meteorological processes that produce rain result in
greater precipitation toward the coast than farther offshore. Their
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30-year mean value is 108 km3/year, or, assuming a shelf area of
106,866 kmz, about 101 cm/year.

Fog is produced when warm, moist, Gulf air overrides cooler
water. Advection-radiation fog, lasting about three or four hours,
occurs most frequently from November through March in near coastal areas.
Dense advection fogs (sea fogs) form out over the cold water surface
during the winter months, December through February, and may persist for
several days.

4.3 ~ METEOROLOGICAL FORCING

4.3.1 Seasonal Variations of Wind Stress

The climate cycle described above produces an annual progression
of wind stress patterns over the shelf that is responsible for much of
the observed low-frequency circulation. Several estimates of the
seasonal patterns of wind stress based on different sources of data are
available for the Gulf on a 1° grid. For example, Elliott (1979)
calculated his from all available ship observations up through 1972, and
Rhodes et al. (1985) produced a wind set based on the Navy’s
twelve-hourly surface pressure analysis, which is available from 1967 to
1982. Figure 4.4 shows some results of the latter method. 1In the region
of the Texas-Louisiana coast, the Navy Corrected Geostrophic Wwind Stress
data agree well with the observed wind stresses from coastal and
nearshore meteorological stations. Figure 4.5 shows the observed monthly
means (vectors) for Brownsville, Galveston, and the 5° quadrangle, 25° to
30°N, 90° to 95°W in the Gulf of Mexico. The sources of the data are
given by Cochrane and Kelly (1986a). The lines connecting the tips of
the vectors form a "figure 8" and the chronological progression has the
same sense.

Monthly mean alongshore components of wind stress are of
considerable interest because of their importance to coastal currents
(see Section 4.8). Figure 4.6 shows them for a number of fairly evenly
spaced locations along the coast. The mean wind components are in the
same direction along the coast over long distances. There is, however, a
convergence in the wind components. It lies between Port Isabel and Port
Aransas in January. It migrates upcoast in spring and early summer,
reaching a position east of cCalcasieu Pass in July. A downcoast retreat
of the feature beginning in August is so rapid that by September it is,
if it exists, south of Port Isabel. The convergence of the alongshelf
component of wind results not from spatial change in the wind field so
much as from the arcuate form of the Texas coast.

4.3.2 Frontal Passages

The maritime tropical atmosphere over the shelf may respond to
cold fronts as much as 48 h before their passage. During this period,
surface air pressure falls, the dew point rises, and temperature
increases. Frontal passages across the shelf are accompanied by dramatic
weather events such as gale-force winds, torrential rains and large
temperature fluctuations. After the passage of cold fronts, about 36 to
48 h are needed for the air of polar origin to reach a new equilibrium
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with the warmer, moister mT air mass. DiMego et al. (1976) analyzed all
frontal passages into the Gulf for the period 1965 to 1972 and computed
statistics of frequency and duration of frontal systems. Table 4.1 shows
the results for the middle of the Texas-Louisiana shelf as interpolated
from their maps. The transition from the low-frequency regime of summer
to the high-frequency regime of winter is sharp in the fall, occurring
between September and October. A more gradual decrease in activity
occurs in spring. Henry (1979) also analyzed frontal activity in the
Gulf and found a similar pattern, but less frequent frontal activity in
winter.

4.3.3 Tropical Storms and Hurricanes

Tropical cyclones produce some of the most extreme meteorological
conditions that occur over the Texas-Louisiana shelf. Meteorologists
technically define a tropical cyclone (Neumann et al., 1981) as a
non-frontal, low-pressure, large-scale system that develops over tropical
or subtropical waters and has definite organized circulation. They
further classify these cyclones according to wind speed: the sustained
surface winds of a tropical depression are =61 km/h; a tropical storm,

62 to 117 km/h; and a hurricane, 2118 km/h. Tropical cyclones draw
their energy from the latent heat of condensation of water vapor over the
warm waters of the Atlantic Ocean, the Caribbean Sea and the Gulf of
Mexico. Tropical cyclones usually have a central "eye," with a
geometric radius of 10 to 30 km or more. Winds increase in strength and
become tangent to the eye wall (boundary updraft column); inside the
eye, winds are light and cloud cover and air pressure are minimum. The
high wind stresses, translational motion and low-pressure anomalies of
tropical cyclones cause strong currents, high waves, large increases in
sea level, intense mixing, and movement of larger sediment fractions.
These effects are described in more detail in the appropriate sections.

In the Gulf of Mexico, tropical cyclones have a "season" in that
they occur only between the months of May and October. Figure 4.7 shows
the tracks of all tropical cyclones that occurred in the Gulf of Mexico
in each of these months in the period from 1886 through 1980. They are
most frequent in September. 1In June and July the cyclones tend to
develop in western Atlantic, Caribbean and the Gulf of Mexico, but later
in the season they tend to form in the eastern Atlantic near the Cape
Verde Islands. Ebersole (1985) compiled, for the entire Gulf of Mexico
and for the Atchafalaya Bay vicinity, which is centrally located on the
shelf area of interest here, the historical frequency of occurrence for
the following hurricane properties: heading, forward speed, central
pressure and maximum wind (Figure 4.8). The number of occurrences for
Atchafalaya Bay (within 100 miles to either side) are too few to define a
*typical" hurricane.

As a rough estimate of the frequency of occurrence of landfall by
a tropical cyclone of any category along the Texas-Louisiana coast,
Figure 4.9 shows a portion of the results from the study of Ho et al.
(1975) as presented by Neumann et al. (198l1). For the approximately
400 NM of the portion of interest here, the figure suggests about 70
landfalls per 100 years (based on average of about 1.75 landfalls per
10 NM), i.e., not quite one per year. Because of their low frequency of

58



Table 4.1.

Frequency and duration of frontal passages on the Texas-Louisiana shelf,

1965-1972 (From: DiMego et al., 1976).

Frontal Duration

Month Passages/Month (h)
January 9 24
February 9% 21
March 8 24
April 6% 27
May 4k 30
June 2 24
July 2 24
August 2 42
September 3 48
October 6 30
November 7 24
December 9 30
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occurrence, the oceanic effects of tropical cyclones, although extreme at
times, probably are not a significant part of the shelf’s current and
hydrographic climatology, except perhaps in the area of sediment
distribution.

Although the conditions that accompany some of the winter frontal
passages are severe enough at times to be compared with tropical storms,
northers do constitute part of the regional climatology because of their
frequency. The cyclonic storms that sometimes form along the fronts of
cP air masses over Gulf waters in winter are termed extratropical. These
disturbances tend to be less severe and much larger, spatially, than
tropical cyclones and are a distinctly different class of storms. Frey
et al. (1981) describe the formation and effects of such winter storms in
1979 at the West Hackberry brine disposal site of the DOE/SPR.

4.3.4 Heat and Mass Exchange with the shelf Waters

The exchange of heat and water across the sea surface may
significantly modify water masses on the shelf, and thus, represents an
important forcing factor. Etter et al. calculated a monthly,
multi-annual mean heat budget for the Texas-Louisiana shelf, which in
symbols may be expressed as

QR = Qa * Qr + Qv

where Qr is the radiation balance at the sea surface (incoming solar
shortwave radiation minus outgoing longwave radiation), Qp is the net
turbulent heat flux from the sea surface (latent plus sensible heat
flux), Qp is the rate of oceanic heat storage, and Qy is the heat flux
divergence due to oceanic motions. They calculated monthly heat storage
rates (Qp) directly using Ulm’'s (1983) results of a volumetric
temperature-salinity census of the shelf waters, and for surface heat
exchange (Qr - Qp) they used unpublished monthly data of Bunker. The
heat budget equation then yielded heat flux divergence values (Qy) as a
residual. Figure 4.10a shows their results. There is a net heat loss
across the sea surface from September through February and a net heat
gain from March through August. Net heat storage in the shelf waters
actually begins in February and continues into September because of the
contribution from heat flux convergence (i.e., negative divergence). The
heat flux divergence term is negative throughout the year except in June
and July, and Etter et al. (1985) argue that this pattern is consistent
with the prevailing annual march of the alongshore component of wind
stress (Figure 4.10b) and the upwelling and downwelling such a pattern
would produce in coastal waters.

The extraction of heat from the water column by winter fronts
proceeds in a stepwise manner (Nowlin and Parker, 1974). Each cold-air
outbreak cools and deepens the surface mixed layer. This modification is
more pronounced in the nearshore waters because the air mass rapidly
gains heat and moisture from the ocean as it moves south. Figure 4.11
shows an example of the annual cycle of the cooling and warming of the
water column at the West Hackberry DOE/SPR site from March 1981 through
April 1982. The water depth is 10 m; instrument depths are 3.7 m (DT)
and 7.3 m (DB). The periods of pronounced cooling, e.g., 18 to

63



—4002

/\_/ 7%

b) -002
200 I~
100
~ o]
3
£
- 100 +—
_ml_
| W S S NS NS NN (N SN S N S S |
J F M A M J J S O N O 4

Figure 4.10. a) Annual marches (monthly means) of the rate of oceanic heat
storage (QT). surface heat exchange (QR and QA). and flux
divergence (Qy) for Texas—Louisiana shelf waters. b) Annual march
(monthly means) of the alongshore component of wind stress for the
entire Texas-Louisiana coast from the Rio Grande to the Mississippi
River Delta (From: Etter et al.. 1985).

64



S9

—
MAR APR MAY JUN JUL AUG SEP ocT
[ T l)BY L4 [ 1 'r '] Il ‘l\~ 'I j
30:‘ _____ DT B 30
2. :
;: 25 » 25
I :
é 20 o 320
m o -
% - B
Wsp, - -{15
[ o B
8 N
10} 10
A ot e . i WL Ll i L1 ol
98M|AR APR MAY JUN JUL AUG SEP OCT
1
ocCT NOV DEC JAN FEB MAR APR MAY
T T A4 r T L ‘l ll ‘[ T ‘ T
) S 30
S f ]
s f 5
w 25 o 26
1 - .
= -
< 20f '
& 20 - =320
w L N
Q. 9 .
s ]
E 15 - ':1 16
- .
8 B
5 5
10 ~110
n i u | I\ al il .. 1 |
OCT NOV DEC JAN FEB MAR APR MAY
1981 1982

Figure 4.11. Forty—hour, low—-pass—filtered time series of temperature measured at the West Hackberry brine disposal
site of the Strategic Petroleum Reserve in 10 m of water, at 3.7 m below the surface (DT) and 7.3 m
below the surface (DB) during the period March 1981 through April 1982 (From: Kelly et al., 1983b).



20 Sseptember, 19 to 28 october, 5 to 7 December 1981, and 10 to

14 January 1982 coincided with the passage of cold fronts through the
area (Kelly et al., 1983b). During the cooling event of 19 to 28 oOctober
1981, the temperature decreased by about 6.5°C, or -0.72°C/day.

Vertical temperature differences are small, less than 1°C most of the
time, except in July and early August 1981 when a difference of up to 3°C
was recorded. During the warming period, the near surface temperature is
slightly warmer than the near-bottom temperature, and vice versa for the
cooling period.

Nowlin and Parker (1974) studied the details of the heat
extraction and water mass modification processes during one major
outbreak of cold dry air that occurred in January 1966. During the
15-day period between their surveys of the middle portion of the
Texas-Louisiana shelf, the rate of cooling of the water column was
largest nearshore, about -0.25°C/day, because the continental polar air
mass had received a minimum of modification by the sea. The local rate
of heat extraction, formed from the product of the local rate of change
of vertically-averaged temperature, the local depth, mean density and
specific heat, averaged about 400 cal/cmz/day Wlthln 50 miles from shore
and generally increased to 700 to 1,500 cal/cm? /day at the offshore
survey limits. They neglected advection. For comparison, Etter’s mean
monthly heat loss (Qr - Qa) for January (Figure 4.10A) is about -150 w/m
or -310 cal/cm? /day [negative values correspond to positive heat
extraction values of Nowlin and Parker (1974)].

Evaporation and precipitation also modify the shelf waters.
Nowlin and Parker (1974) estimated that salinity increased about 1°/_,
during the passage of the cold dry polar air. They concluded that the
change in temperature-salinity (T-S) relationships before and after the
outbreak indicated the possible formation over the shelf of subsurface
water types generally found beneath the Subtropical Underwater core in
the open Gulf. As noted in Section 4.2.4, observations of evaporation
and precipitation over the shelf are generally lacking. Dinnel and
Wiseman (1986) review the existing estimates of these parameters over the
shelf and calculate their own. Tables 4.2, 4.3, and 4.4, reproduced from
their study, summarize the various estimates and compare the
characteristics of the Texas-Louisiana shelf with those of the
Mid-Atlantic Bight and the South Atlantic Bight. Note that, where data
are available, river input, precipitation and evaporation are all larger
on the Texas-Louisiana shelf.

4.4 RIVERINE INFLUENCES

The Missisgippi River is the principal source of fresh water on
the Texas-Louisiana continental shelf. 1Its mean annual contribution is
more than 15 times that of all of the other river sources combined
(Cochrane and Kelly, 1986b) and almost four times larger than the
contribution from precipitation (Dinnel and Wiseman, 1986). The
variability of the flow of the Mississippi River contributes
significantly to the variability of the currents, hydrography, nutrients,
suspended sediments, chemical properties, and biological processes on the
shelf, particularly on the inner third.
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Table 4.2. Comparison of the evaporation rate calculated by Dinnel and Wiseman (1986)
with global climatic evaporation rates prorated to this study area (Jacobs,
1951; Baumgartner and Reichel, 1975; Bunker, 1976), and with a regional
evaporative rate estimated for the study area (Etter, 1975) (From: Dinnel
and Wiseman, 1986).

Evaporation Rate

Ckm /yr) Study
148 Dinnel and Wiseman (1986)
128 Jacobs (1951)
160 Baumgartner and Reichel (1975)
214 Etter (1975)
187 Bunker (1976)

Table 4.3. Shelf precipitation rates calculated from onshore coastal data, 30-yr mean
valueg, and climatic annual precipitation estimates for the Texas-Louisiana
shelf (From: Dinnel and Wiseman, 1986).

Year Onshore Shelf

1963 105 79

1964 125 9

1965 125 94

30-yr Mean 143 108
Climatic Estimates 85+
1073
53¥

;1963-1965 were drought years. Values are in km?'/yr.

Jacobs (1951).
#Baungartner and Reichel (1975).
Dorman and Bourke (1981).

Table 4.4. Comparison of Mid-Atlantic Bight and Soyth Atlantic Bight characteristics
with those of the Texas-Louisiana shelf (From: Dinnel and Wiseman, 1986).

South Texas-
Mid-Atlantic Atlantic Louisiana
Bight Bight Shel f
Area (kn?) 70,656 106,000 106,866
Volume (kne) 3,108 3,610 3,746
River Input (km3/yr)
Long-Term 150 50 382t
Short-Term 320§
Precipitation (kmS/yr)
Long-Term 49 108f*
Short-Term
Evaporation (I<11|3/yr) " 148"

*Mid-Atlantic data from Ketchum and Keen (1955), South Atlantic Bight data from Atkinson
et al. (1983); values are prorated to a 50-fathom maximum shelf depth.
+Extrapolated value for major rivers.
Mean 1962-1965.
Estimate of shelf 30-yr mean.
Offshore mean 1963-1965.
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The waters of the Mississippi River reach the Texas-Louisiana
shelf through its two natural distributaries, the main river and the
Atchafalaya River. The percentage carried by the Atchafalaya has
increased significantly during this century (Gunter, 1979): between 1900
and 1919 the Mississippi proper carried about 85% of the river flow while
the Atchafalaya carried about 15%; from 1920 through 1950 the
Atchafalaya’s share increased to about 30%, with a commensurate decrease
in the Mississippi’s flow. The U.S. Army Corps of Engineers (COE) now
controls the partition by means of its 0ld River control Structure. The
COE maintains a split of approximately 30/70, but permits the percentage
carried by the Atchafalaya to rise sometimes during floods; during the
flood year of 1973 the Atchafalaya took over 37% of the flow (Gunter,
1979).

All of the flow from the Atchafalaya contributes to the fresh
water budget of the shelf, but only an estimated 53% (Dinnel and Wiseman,
1986) to 65% (Scruton, 1956) of the discharge from the Mississippi Delta
congistently flows onto the Texas-Louisiana shelf. Thus, the net
contribution from the Mississippi distributary (0.70 X 0.53 = 0.37) is
now about the same as that of the Atchafalaya distributary. It is
important to note that the total freshwater input to the shelf increased
by more than 10% between 1920 and 1950, solely because of the change in
the partition of the flow between the two distributaries.

Gunter (1979) analyzed the flows of the Mississippi-Atchafalaya
River system for the 79-year period from 1900 through 1978 and found a
mean annual flow of 646,304 cubic ft/s (cfs) (1 cfs = 2.832 X 10-2 m3/s;
1 cfs = 8.932 x 10~4 km3/year). Table 4.5 shows that most flows were in
the 500,000 and 600,000 cfs classes, with 53 of the 79 years, or 67%,
below 699,000 cfs. A flood year has, by definition, an annual flow of
700,000 cfs or greater (Gunter, 1979). Flood years are not especially
associated, and in several cases low flows and flood years are close
together. Corresponding volumes of freshwater flow onto the shelf can be
only estimated because of the variable partition between the two
distributaries and the imprecise estimates of the percentage of water
from the delta that flows onto the shelf; a rough conversion factor is
0.7.

Intra-annual variation, in terms of monthly mean discharges for
the Mississippi-Atchafalaya System, follows a cycle that has a strong
maximum (spring flood) in April of more than twice the annual mean
discharge and a rather flat minimum in October (Figure 4.12). There is
considerable inter-annual and short-term variability about this mean
progression, as can be seen in Figures 4.13 and 4.14, which show the
average daily stream flow for the water years 1977 to 1978 and 1979 to
1980, respectively. (A water year runs from October of the preceding
calendar year through September of the given calendar year.) 1In addition
to the April maximum, significant secondary maxima frequently occur in
December, January and May. Minimum flow, in these example years, occurs
near the month of October, and the lowest value reached varies by more
than a factor of two. The annual means for 1977, 1978, and 1980
(541,000 cfs, 671,000 cfs, and 623,000 cfs, respectively) were normal
according to Table 4.5. However, the 1979 annual mean of 1,012,000 cfs
ranks as the third biggest flood since 1900.
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Table 4.5. Annual flows of the Mississippi River for the twentieth century
(From: Gunter, 1979).

Number of

Class Ranges Annual Flows

(Thousands of cfs*) in Class Range
300 3
400 10
500 17
600 23
700 15
800 6
900 3
1,000 1
1,100 1

*cfs = cubic ft/s
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system based on the water years 1977 to 1983 (From: Cochrane and
Kelly, 1986Db).
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Kelly et al., 1981).
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The total additional discharge from all rivers and streams from
the Vermilion in Louisiana to the San Bernard in Texas is also indicated
in Figures 4.13 and 4.14 (light line minus heavy line). The degree to
which the Mississippi-Atchafalaya flow dwarfs all other riverine input is
evident.

4.5 HYDROGRAPHY

4.5.1 Water Temperature

The spatial and temporal variability of water temperature is
caused by advection, turbulent and convective mixing, and the air-sea
exchange processes discussed in Section 4.3.4. Temperature is the most
abundantly measured of the hydrographic properties, and its variability
on the Texas-Louisiana shelf is relatively well documented. For example,
Robinson (1973) and Etter and Cochrane (1975) have produced maps of mean
temperatures from independent data sets; Ulm (1983) prepared a volumetric
T-s census for the waters of the shelf region; the multi-year studies at
the various DOE/SPR brine disposal sites along the inner shelf and the
MMS environmental studies at the Flower Gardens on the outer shelf have
reported the results of continuous sub-surface measurements; and analyses
of thermal imagery from satellites have described the synoptic scale
spatial variability at the sea surface (e.g., Rezak et al., 1985).

Monthly mean sea-surface temperatures for the northwestern Gulf
of Mexico from Robinson’s (1973) atlas (Figure 4.15) illustrate the
influence of climatology and advection. Shelf waters cool from summer
highs near 29 to 30°C to inshore lows of about 14°C in January and
offshore lows of about 20°C in February. Warming occurs from March
through July. The eastern half of the shelf warms more rapidly and
reaches higher temperatures than the western half because of upwelling
that begins along the lower Texas coast in May and reaches the west
Louisiana coast by July. oOn the eastern part of the shelf a warm region
extends offshore in July and August. (The cold protrusions from
Galveston Bay in March and April are probably an artifact of insufficient
data, which gives undue weight to flushing events, and probably are not
representative of mean conditions.)

satellite infrared imagery for June through september 1982
(Figure 4.16) illustrates the development of the summer sea-surface
temperature pattern over the shelf in greater detail. The June map
indicates that upwelling extends as far northeast as Matagorda Bay.
During late July and early August, the contrast in temperature between
east and west increases markedly, and the warm region in the east grows
westward and offshore. However, by mid-September the warm region is
pressed against the coast and extends southwestward. The warm region
coincides roughly with the summer region of low-salinity surface water
(Section 4.5.2). The high stability of the upper layer of the water
column in this region facilitates its heating. Figure 4.16 also
demonstrates that in the summer months satellite imagery can still detect
contrasts in sea-surface temperature on the shelf that are strong enough
for useful interpretations to be made.
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According to Etter and Cochrane (1975), the depth of the mixed
layer becomes shallow in the summer, ranging from 10 to 25 m, and deepens
in the winter, with a maximum depth of about 75 m over the outer shelf
between November and February (Figure 4.17). Within about 25 km of the
coast, however, temperature is not a good indicator of mixed-layer depth
because the distribution of salinity controls the density field much of
the year. Thermocline strength over the outer shelf varies seasonally
from a maximum of about 6°C in August to a minimum of less than 2°C in
March (Etter and Cochrane, 1975). Rezak et al. (1985) report similar
results for mixed-layer depth and thermocline strength near the Flower
Garden Banks.

Bottom temperatures over the inner half of the shelf follow
sea-surface temperatures to the extent that the mixed-layer depth reaches
the bottom, while seaward of about 75 m, bottom temperatures reflect the
off-shelf annual variations of the Gulf; seaward of about the 120-m
isobath, bottom temperatures vary only slightly (Etter and Cochrane,
1975). Figure 4.18a shows that mean summer temperatures near the bottom
are highest near shore and lowest offshore and that the isotherms
closely parallel the isobaths. During fall and winter, mean bottom
temperatures are low both nearshore and offshore with somewhat higher
temperatures in between (Figure 4.18b).

4.5.2 Ssalinity

Wwind-driven currents and freshwater influx from the
Mississippi-Atchafalaya River System determine much of the spatial
distribution and temporal variability of salinity on the shelf. The best
coverage of salinity on the shelf is provided by a series of observations
taken during 1963, 1964, and 1965 by the U.S. Fish and Wildlife service
aboard the M/V GUS III (Temple et al., 1977). Figure 4.19 shows the
sea-surface salinity distributions for alternate months in 1964, and
illustrates an annual sequence that is believed to be fairly typical. A
band of low-salinity water lies along the coast from September through
June, carried by the inshore limb of the gyre of cyclonic circulation
that prevails on the shelf during this time. Minimum salinities occur
all along the coast in May after the spring flood of the Mississippi in
April. The May distribution also shows fresher water extending from the
south Texas coast to the northwest along the outer edge of the shelf, a
pattern that is attributed to convergence in the wind stress and current
fields near the coast and to the offshore limb of the cyclonic gyre. The
band recedes upcoast in June and disappears by August, although brackish
water remains along the coast from the delta to about 92°W and in a
region extending seaward over the shelf. The absence of low-salinity
water west of about 92.5°W is caused by upcoast currents and upwelling
driven by the upcoast wind stress in July. In September, currents all
along the coast rapidly return to prevailing downcoast flow, bringing
with them a coastal band of low-salinity water. The main source of the
brackish water must be the extensive region of low-salinity water that
lies off eastern Louisiana in July and August, because Mississippi
discharge is near its annual minimum at this time.

Dinnel and Wiseman (1986) used the GUS III data set in a study of
the freshwater budget of the shelf. They also included evaporation and
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precipitation in the budget because evaporation-precipitation is not in
balance on the shelf and is comparable to the river discharge term at
times. The patterns of distribution of fresh water that they found are
consistent with those of low salinity described above, except that the
coastal band of maximum freshwater content is displaced slightly seaward
of the coast because higher freshwater content is associated with a
deeper water column. They found that there was generally a net
dispersion of freshwater out of their study area, but that net gains in
some spring flood months suggest some additional uncounted flow from the
Mississippi Delta. cCalculated fill times exhibit an annual cycle, and
freshwater volume appears, in most cases, to have originated near the
time of the previous spring flood. (Fill time is the length of time
required for river runoff, precipitation, and evaporation to account for
the volume of excess freshwater on the shelf.)

The slow downcoast change in coastal sea-surface salinity that
is found in all of the months shown in Figure 4.19 except July cannot
result simply from the local river discharges, which vary widely. only
downcoast advection of Mississippi-Atchafalaya water can explain the very
gradual changing. However, floods in the other rivers and flushing of
bays and estuaries by strong persistent northers can discharge pulses of
relatively fresh water that briefly augment the inshore edge of the
coastal brackish band in the near surface layers.

The upwelling current regime acting on the plentiful supply of
brackish water in the coastal band produces a dramatically different
vertical distribution of the water masses than occurs during downwelling
conditions. A typical example of the hydrography of the inner shelf
during the downwelling regime is shown by a transect (Figure 4.20)
extending 30 km off Freeport, TX. The density field is determined
primarily by the salinity field. The strongest part of the frontal zone
lies between 10 and 20 km offshore, and the density interface has
somewhat of an "s" shape. Contrast this with the conditions during 22 to
23 July 1983. Figures 4.21, 4.22, and 4.23 show the observations along
transects running offshore through the Bryan Mound, Big Hill and West
Hackberry DOE/SPR brine disposal sites, respectively. sSalinity again
determines the density field. High salinity water extends shoreward
along the bottom almost to the coast, while in the upper layers low
salinity water extends seaward past the limits of the transects. The
result is extremely strong vertical stratification.

such stratification also exists over the inner shelf just west of
the Mississippi Delta, where Wiseman et al. (1976) observed intense
temperature and salinity steps in vertical profiles collected in the
river’s plume (Figure 4.24).

To provide a more quantitative picture of the annual progressions
of temperature and salinity in the coastal regions where the variability
is greatest, monthly means for the surface and bottom are shown, together
with a representation of both progressions in a T-s diagram, in
Figures 4.25 and 4.26 for the Bryan Mound and West Hackberry sites,
respectively.
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Figure 4.20. Hydrography for the cross—shelf transect offshore Freeport, TX on
4 January 1983 (Note: the salinity values greater than about 36 %.
near the bottom in the vicinity of station 34 were caused by the
DOE/SPR brine disposal operations) (From: Kelly et al., 1984b).
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22 July 1983 (Note: the slightly higher salinity values near the bottom

in the vicinity of station 34 were caused by the DOE/SPR brine
disposal operations) (From: Kelly et al., 1984b).
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bottom at station 10A were caused by the DOE/SPR brine disposal
operations) (From: Kelly et al., 1984c).
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smith (1980a) also used T-S diagrams to describe the
low-frequency hydrographic variability of the central Texas shelf based
on data from 23 approximately monthly cruises during 1976 and 1977. He
found that minimum salinities occur in late spring, when values decrease
to as low as 18°/,  over the inner shelf. 1Inner shelf salinities during
the rest of the year average 31 to 32°/,,. sSurface salinities over the
outer shelf may decrease to 32 to 33°/_,. in late spring, but deviate
little from 36°/_, at other times. Both the mean salinity and the
standard deviation suggest that freshwater runoff effects are restricted
largely to inner and mid-shelf waters, within 30 km of the coast.
Highest annual surface temperatures were 28 to 29°C across the shelf in
late summer. Lowest temperatures in February ranged from 12 to 13°C over
the inner shelf to 20 to 21°C over the outer shelf; minima appeared to be
highly dependent on the severity of the winter season in a given year.
Bottom temperatures were dominated by the annual cycle over the inner
shelf. Near-bottom temperatures over the outer shelf varied over shorter
time intervals and could not be resolved by monthly sampling.

Examples of the vertical distribution of salinity over the outer
shelf are provided by Rezak et al. (1985) for the Flower Garden Banks.
In October 1980 and March 1981, they observed relatively isohaline
vertical profiles, with salinities slightly over 36°/,,. In July 1981,
salinity values decreased to about 35.5°/_, in a 13-m thick surface mixed
layer. In July 1979, after a major flood by the Mississippi River,
salinity values as low as 31.5°/,, were observed at the surface. Values
increased to 35.5°/_,, at 15 m and to slightly greater than 36°/,, below
this depth.

4.5.3 Density

on the shallow continental shelves, density is determined by just
temperature and salinity, as the effect of pressure is negligible. on
the inner part of the shelf, the annual progression of density near the
bottom is controlled primarily by the large annual cycle of temperature,
while near the surface, salinity and temperature both contribute to the
annual variation of density (Figure 4.25). However, for short periods of
days to weeks, temperature variability is small, and density fluctuations
and gradients are determined primarily by the highly variable
distributions of salinity (Figures 4.20 through 4.23). On the outer half
of the shelf, where salinity variability is greatly reduced, temperature
largely determines the density field, as can be seen in the cross-shelf
vertical section in Fiqure 4.27.

4.5.4 Dissolved Oxygen

The concentration of dissolved oxygen in the coastal near-surface
waters is a function of primarily water temperature and biological
photosynthesis and respiration. Values typically range from a high near
9 mg/l in the spring when water temperature is still relatively cool and
bioclogical production is strong to a low of 5 to 6 mg/l when water
temperature is warmest and biological production is weak (Figure 4.28).
In the near bottom waters biological photosynthesis is usually low
because of high turbidity, and respiration and chemical oxygen demand are
high. Replenishment of dissolved oxygen is dependent primarily on
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vertical mixing. vValues typically range from 4 to 7 mg/l (Figure 4.28),
but when strong vertical stratification develops (Figures 4.21 through
4.23), the bottom waters can become hypoxic (i.e., concentrations lower
than 2 mg/l) and even anoxic.

Large areas of hypoxia develop almost annually in Louisiana
coastal waters west of the delta according to the numerous reports in the
literature that are reviewed by Pokryfki and Randall (1987). [Dennis et
al. (1984), Rabalais et al. (1985) and Renaud (1985) have produced
extensive bibliographies on hypoxia.] Hypoxia also occurs in Texas
coastal waters as far west as Freeport, but less frequently. The major
flood of the Mississippi in 1979 in conjunction with the summer advent of
upwelling favorable winds and currents, produced hypoxic and anoxic
bottom conditions in June and July off Freeport, TX that caused mass
mortalities of benthic organisms (Harper et al., 1981). '

Pokryfki and Randall (1987) measured the spatial extent of
hypoxia in coastal waters from Galveston, TX to 74 km east of Cameron,
LA in July 1974. Their results for concentrations on the bottom and 4 m
above the bottom are shown in Figure 4.29. They note that the hypoxic
mass lay entirely inshore of the 20-m isobath and was not an extension of
the oxygen minimum layer that impinges on the outer shelf from the deep
Gulf. Their study also developed a time-series model that uses river
discharge and density gradient to predict concentrations of dissolved
oxygen on the bottom during hypoxic events.

Boesch and Rabalais (1988) have systematically studied hypoxia on
the northern shelves of the Gulf since 1985. Areas ranging from 7,000
to 10,000 km? were hypoxic during mid-summer surveys in 1985, 1986, and
1987. Bottom hypoxic conditions were found on the inner shelf deeper
than 10 m and extending to about 30 m, from the Mississippi River Delta
to the upper Texas coast. Hypoxic conditions formed as early as April
and extended as late as October, depending on hurricane activity. They
suggest that the massive enrichment of the Mississippi River discharge in
levels of nitrate may have contributed to an intensification of shelf
hypoxia since the 1960’s. The increase in nitrate is attributable to
increased use of agricultural fertilizers, waste discharges, and
atmospheric precipitation.

Although the spatial distribution of hypoxia has been mapped with
fair resolution at times, virtually nothing is known about its local
time-rate-of-change or the advection of hypoxic water masses.

4.6 SURFACE WAVES

A large amount of the total wave energy of the sea surface is
associated with gravity waves (gravity is the principal restoring force),
which are generated by the action of the wind. Gravity waves are
separated into two categories: seas, when the waves are under the
influence of wind in a generating area, and swell, when waves move out of
a generating area and are no longer subjected to significant wind action
(U.S. Army Corps of Engineers, Coastal Engineering Research Center,
1975). Seas on the shelf generally have steep waves with short periods
and lengths; the waves associated with swell have relatively long periods
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and wavelengths and, until they reach shallow water, low amplitudes. The
height, period, and length of wind waves are determined by fetch, wind
speed, wind duration, and decay distance. Water depth, if shallow
enough, will also affect the size of wave that is generated.

The winds from the southeast and south associated with the flow
of mT air around the west side of the Bermuda High have considerable
fetch, and are quite persistent at times, but wind speed is typically low
to moderate. These winds generate waves that are usually in the range
0.5 to 1.5 m. The fetch of the strong winds from the north associated
with frontal passages is small near the coast and increases toward the
outer shelf. The northers typically generate 2- to 3-m waves nearshore
and 4- to 6-m waves on the outer shelf. The most common periods
associated with non-hurricane waves in the Gulf are between 4 and 6 s,
with only a very few above 10 s. The extreme wind speeds of hurricanes
generate waves of 7 to 10 m or more, with periods of 9 to 13 s.

Wave statistics and climatologies are generated from a variety of
data sources, such as ship observations, hindcasts, and direct
measurements by various types of instruments. Quayle and Fulbright
(1977) gives the annual percent frequency of wave heights in half-meter
increments for sea surface meteorological observation (SSMO) areas 27,
28, and 29 based on ship observations (Table 4.6). These three ssMo
areas cover the Texas-Louisiana shelf. The COE Waterways Experiment
Station has just completed a hindcast of wave climate for the U.S.
coastal waters in the Gulf of Mexico as part of its Wave Information
study (WIS). WIS Report 18 (Hubertz et al., 1988), to be released about
December 1988, summarizes twenty years (1956 to 1975) of hindcast
significant height, peak period, and mean direction for various locations
in four data products: percent occurrence tables, wave rose diagrams,
mean and largest significant height and 20-year statistics tables, and
return period table. Hurricane conditions are excluded. The report also
statistically compares the hindcast data with direct observations by
gauges and buoys from different periods of time. Hurricane hindcast
methodology and wave statistics for the Atlantic and Gulf hurricanes from
1956 to 1975 are given in a separate report, WIS Report 19 (Abel et al.,
1988), which is expected to be released about December 1988. Reece and
cardone (1982) also describe and compare examples of extreme wave events
in the Gulf of Mexico computed from model hindcasts and measured by
calibrated devices.

The wave climatology measured at the Pleasure Pier at Galveston
is detailed by Thompson and Harris (1972) and Thompson (1977). Monthly
means of significant wave height are less than 0.7 m, monthly maxima are
1 to 2 m, and wave periods are typically about 5 s. (Significant height
is defined to be the average of the highest one-third of the waves in a
record.) Another example of wave observations in inner-shelf waters is
the work of Frey et al. (1981) at the West Hackberry DOE/SPR site in
10 m of water. Figure 4.30 from their work shows the effect on
significant and maximum wave heights of the passage of three successive
polar fronts. For estimates of wave characteristics near the outer shelf
and slope the data from NOAA Data Buoy Office (NDBO) Buoy 42002 are
probably applicable, even though the buoy is located about 200 km south
of the shelf break. Yamazaki and Herbich (1985) present monthly wave
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Table 4.6. Annual percent frequency of wave heights in various categories, based on ship observations in SSMO areas 27, 28, and 29 (From:
Quayle and Fulbright, 1977).
Wave Height (m)

Area Total Average
Number 0 % 1 1% 2 2% 3 3% 4-4% 5-5% 6-6% 7-7  8-9% 08S Height (m)

27 14.2 25.6 29.7 17.3 7.1 3.4 1.3 0.7 0.6 0.1 0.1 * * 77,800 1

28 13.9 26.1 30.4 17.1 6.7 3.3 1.2 0.6 0.5 0.1 0.1 * * 47,507 1

29 8.3 24.2 33.3 18.3 8.2 4,2 1.7 0.9 0.7 0.1 0.1 * 0 13,371 1

*Less than 0.05% but greater than 0.
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statistics for a 30-month period at NDBO Buoy 42002; monthly mean
significant heights are typically 1 to 1.5 m, monthly maximum heights are
usually 3 to 4 m but occasionally 6 to 8 m, and average wave periods
range from 4.2 to 5.4 s.

4.7 TIDES AND SEA LEVEL

sea level, the height of the sea surface relative to a fixed
datum that is derived by averaging the instantaneous observations (e.g.,
hourly) of the height of the sea surface over periods of a day, month,
year, etc., fluctuates because of the effects of long-period astronomic
tides, local winds, local addition of mass, changes in atmospheric
pressure, and changes in temperature and salinity, and thus, density, of
the water column (steric effect). Marmer (1954) discussed the
long-period fluctuations of sea level observed at tide stations around
the Gulf of Mexico, and noted annual ranges and month-to-month
variations. Along the Texas-Louisiana coast the annual range is about
25 cm. The annual variation has a semi-annual component; the absolute
minimum and maximum values occur in January and September, respectively,
and relative maximum and minimum values occur in May and July,
respectively. Whitaker (1971) computed the seasonal variations of steric
and recorded sea level at various stations around the Gulf, including
Galveston, TX (Figure 4.31). For Galveston, he found that the regional
steric sea levels relative to 150 db and 1000 db accounted for 55% and
77%, respectively, of the recorded sea-level range. However, the
variations in steric sea level do not account for the July minimum in
recorded sea level. Chew (1964) argued that the July minimum may be
related to the upwelling coastal regime driven by local winds, which is
consistent with the results of Cochrane and Kelly (1986b).

For periods shorter than one month, coastal variability of sea
level is driven substantially by wind forcing. chuang and Wiseman
(1983) examined the sea level response at Galveston and Eugene Island to
the wind forcing associated with frontal passages. They found that at
Galveston the alongshore component of wind, through Ekman convergence,
drives sea-level fluctuations, but at Eugene Island, where a broad region
of the shelf is much shallower, the cross-shelf component of wind,
through direct wind set-up, drives the sea-level fluctuations.

Tropical cyclones produce extreme changes in sea level.
Bunpapong and Reid (1985) investigated the gradual rise in water level
along the coast that precedes the arrival of a hurricane (forerunner
surge), and hurricane-induced storm surge has been modeled in various
ways (Wanstrath, 1975; Ebersole, 1985).

Reid and whitaker (1981) reviewed the tidal regime in the Gulf
of Mexico and developed a numerical tide model that provides good
agreement of the important tidal constituents with those deduced from
open coastal measurements. Their numerical investigations show that the
diurnal tides, Kj and 03, have nearly uniform amplitudes and phases over
the whole Gulf and are driven primarily by the in-phase volume transports
through the Yucatan and Florida Straits. The contribution due to direct
forcing is only about 15%. On the other hand, direct forcing accounts
for about 55% of the signal of the semidiurnal tides, M; and S;. The M
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tide has negligible amplitude in the deep central Gulf and maximum
amplitudes along the coast. Phase propagates counterclockwise around the
amphidromic point. Table 4.7 gives the observed amplitudes and phases of
the major tidal constituents at southwest Pass, Point au Fer, Galveston,
and Port Aransas (Reid and wWhitaker, 1981). Along the Texas-Louisiana
coast the amplitude of the M; tide is largest off Calcasieu Pass and
decreases to the east and west. As a result of the relative magnitudes
of the diurnal and semidiurnal constituents, the tide is characterized as
mixed off Calcasieu Pass and becomes mainly diurnal off the Mississippi
Delta and to the west of Galveston (Marmer, 1954; Hicks, 1977; Frey et
al., 1981).

Figure 4.32 illustrates several of the processes noted above. It
shows the sea-surface elevation for February 1984 at the Bryan Mound
site, computed from pressure data measured at the bottom, time series of
temperature and salinity at three depths, and atmospheric pressure (the
inverted barometer effect is included). The colder water in winter
decreased total steric sea level from the long-term mean by about 5 cm.
puring the last few days of February, winds were strong and directed
upcoast and offshore (Kelly et al., 1985a); this wind pattern drove an
upwelling event that decreased nearshore sea-surface elevation by about
70 cm (a 10 mb rise in atmospheric pressure forced an additional 10 cm
decrease). Tides in Figure 4.32 are mainly diurnal. The maximum range,
about 75 cm, occurs during tropic tides, when the K; and 0] tides
conspire.

4.8 CURRENTS
4.8.1 Inner shelf

wind stress and fresh water influx from the Mississippi-
Atchafalaya River System are the dominant factors that control the
long-period motion, hydrographic characteristics, and much of the
short-period variability of the waters on the inner part of the
Texas-Louisiana shelf. The basic features of the circulation on the
inner Texas-Louisiana shelf have been known for quite some time. For
example, Sweitzer (1898), in discussing the placement of harbor jetties
on the Texas coast stated:

"Hence, it may be concluded that the currents flowing
westward are on the northern shore of the Gulf, and
those flowing north along the western shore meet at some
point near Galveston, the location of which is variable,
as it is dependent upon the direction and force of the
winds."

Also, Leipper (1954) noted that this convergence is seen in the U.S. Navy
pilot charts. Drift bottle studies by Kimsey and Temple (1963, 1964),
Watson and Behrens (1970), Hunter et al. (1974), Hill et al. (1975), and
Hill and Garrison (1978) provided a more detailed, but still qualitative,
description of the inner-shelf circulation. In 1973, smith (1975, 1977,
1978a, 1979, 1980b) initiated a series of studies off Aransas Pass to
directly measure currents and quantitatively describe their temporal and
spatial variability, vertical structure, and relation to wind stress.
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Table 4.7.

Observed amplitude (cm) and phase (relative to Greerwich) for the five principal
tidal constituents at four locations along the Texas-Louisiana coast (From:
Reid and Whitaker, 1981).

Tidal Constituent

Station KA‘ 01 P1 MZ 52
Southwest Pass 13.5 (20.4°) 13.4 (13.4°) 4.9 (19.5°) 1.7 (127.2°) 0.9 (111.7°)
Point au Fer 16.6 (23.7°) 15.3 (19.7°) 5.6 (18.1°) 9.9 (240.4°) 3.4 (234.7°)
Galveston 16.7 (28.3°) 15.5 (20.3°) 4.3 (13.5°) 13.5 (275.1°) 4.0 (273.0°)
Port Aransas 15.4 (26.4°) 15.1 (20.1°) 4.8 (26.0°) 7.7 (262.3°) 2.2 (264.6°)
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Figure 4.32. Time-series plots. for February 1984, of sea—surface elevation
(bottom frame) and the contribution to sea—surface elevation by
density fluctuations (cm) in the top, middle, and bottom layers of the
water column (From: Kelly et al., 1985a).
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Because the annual progression in alongshore wind stress (Section 4.3.1)
is similar from Port Aransas to Cameron, the inner-shelf region between
these points has a single current regime, which Cochrane and Kelly
(1986b) have called the "Freeport regime," with downcoast (southeast)
flow prevailing except for a period of upcoast (northeast) flow in spring
and summer. Off Port Aransas the period is long, but off Freeport and
Cameron it is limited to July.

currents and wind stress off Freeport, TX

Numerous studies of currents along the Texas-Louisiana coast
demonstrate the strong coherence between the alongshore components of
wind stress and current (smith 1978a, 1979; Kelly et al., 1982; Crout et
al., 1984; Lewis and Reid, 1985; Cochrane and Kelly, 1986b) that results
from the combination of wind stress, the Earth’s rotation and the
presence of the coastal boundary (e.g., Csanady 1982). A visual example
of the dynamics comes from observations collected in 20 m of water about
20 km off Freeport, TX at the DOE/SPR Bryan Mound site. In Figure 4.33,
the alongshore component of wind stress (Figure 4.33a) during the period
18 to 30 June 1980 is upcoast (toward Louisiana) and drives an offshore
directed Ekman transport in the near-surface layer (Figure 4.33c), with a
compensating onshore drift in the bottom layer (Figure 4.33d). Water
level at the coast (not shown) decreases, and the cross-shelf pressure
gradient drives the alongshore component of current (Figure 4.33b) in
the upcoast direction. When the alongshore component of wind stress is
downcoast (toward Mexico), everything reverses to a downwelling regime,
as can be seen in Figure 4.33 for briefer periods earlier in the month.
The dramatic effects of downwelling and upwelling on the hydrography of
the inner shelf were described in Section 4.5.

The DOE/SPR studies off Freeport, TX and Cameron, LA produced the
most statistically reliable evidence of the relation between the
alongshore component of wind stress and the coastal currents because of
the length of the observations. The seasonal variations of wind stress
and the effect of these variations on both the alongshore component and
the annual migration of a convergence zone were described in
Section 4.3.1. Figure 4.34a shows the annual progressions of alongshore
components of wind stress and current off Freeport, TX in terms of
monthly means based on hourly values of 3-h low-passed data obtained
between August 1978 and September 1984. Both components are positive
(upcoast) in July, near zero in June and August, and negative
(downcoast) during the rest of the year. By the criterion of standard
error, the changes from May to June and from August to September are
quite significant, and the values for July are significantly different
from zero.

As Figure 4.33 suggests, there is considerable temporal
variability about the monthly mean values. Cochrane and Kelly (1986b)
examined this variability, and the relation between wind stress and
currents for sub-inertial frequencies below 0.5 cycles per day. They
applied the methods of cross-spectral analysis to one-year time series of
wind stress and top and bottom currents collected at the Bryan Mound site
during 1981. Their results agree in most respects with the above model.
Alongshore stress drives currents effectively at all sub-inertial
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Figure 4.33. An example of the response of curents to the alongshore

component of wind stress at Bryan Mound site, water depth 22 m;
a) alongshore (positive toward 55° true) component of wind stress:
b) alongshore component of near-surface current (3.7 m below the
surface); c) cross—shelf (positive toward 325° true) component of
near-surface current; and d) cross-shelf component of
near-bottom current (1.8 m above the bottom). (Modified from:
Kelly et al,, 1982).
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Figure 4.34.

Monthly mean alongshore component of wind stress together with
monthly mean alongshore component of surface curent (3.7 m below
sea surface); @) at the Bryan Mound site off Freeport, TX; the positive
alongshore direction is 55° clockwise from north; and b) at the West
Hackberry site off Cameron, LA; the positive alongshore direction is
86° clockwise from north (From: Cochrane and Kelly, 1986b).
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frequencies, but cross-shelf stress does not. (Cross-shelf wind stress
induces Ekman transport with a net alongshore direction, and so does not
produce a coastal jet.) Alongshore wind stress is coherent with
cross-shelf bottom currents, and the phase indicates flow to the left of
stress, that is, in the direction expected for upwelling/downwelling
regimes described above. The one disagreement with the model is the lack
of coherence between cross-shelf currents at the surface and alongshore
wind. However, the current meter mooring was located near the mean
position of the intense frontal zone separating fresher coastal water
from saltier offshore water, and they attribute the low coherence to the
effects of the local baroclinic currents caused by the dynamics of the
frontal zone.

The DOE/SPR studies amassed a very large data base concerning the
characteristics of the inner-shelf region from about Galveston, TX to
Cameron, LA. The results are described in a series of annual reports
that present the data in a variety of useful formats. However, a
comprehensive climatology synthesizing, for example, all of the current
meter data does not exist. Therefore, to provide a quantitative example
of the magnitudes of the near-surface and near-bottom currents, Table 4.8
shows the basic statistics in intervals of one month from September 1983
through August 1984 for the time series data from the current meters
located 3.6 m below the sea surface and 1.6 m above the bottom. It is
stressed that the interannual variability is significant at times (sSmith,
1978a, 1980b; Kelly et al., 1985a,b).

Currents_and wWind Stress off Cameron, LA

The annual progressions off Cameron, LA, from data collected
between February 1981 and January 1985, are shown in Figure 4.34B.
similar to the results for Freeport, the means for current are positive
(upcoast) only in July, and those for stress are very nearly zero
although not positive in July. The two sets of means are clearly
correlated. Both the stress and current means are smaller off Cameron
than off Freeport, in large part because of the change in the
orientation of the coastline in relation to the mean direction of the
wind. The weaker response of current to alongshore wind in extensive
regions of shallower waters (Chuang and Wiseman, 1983) and an increase in
bottom friction (Chuang and Wiseman, 1983; Cochrane and Kelly, 1986b) are
also factors.

A quantitative example of the basic statistics is provided for a
small subset of the data base (Tables 4.9 and 4.10).

Coherence Between currents off Freeport and Cameron

The West Hackberry and Bryan Mound sites are separated by a
distance of about 200 km. Kelly et al. (1983b) investigated the
coherence between the near-bottom currents of the two sites using common
series of 231-days in length. Their results are shown in Figure 4.35 for
the alongshelf components. High coherence exists between the alongshelf
components at periods of about 10 days and 3.3 days. They also found
significant coherence between the cross-shelf components at 10 days and
weaker but still significant coherence at 3.5 days. sSmith (1980b)
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Table 4.8. Basic statistics by month for the hourly time series of 3-h low-pass filtered current

velocity at depths of 3.7 m (CT) and 20 m (CU) at Bryan Mound site C in 22 m of water during
the period 1 September 1983 through 31 August 1984 (From: Kelly et al., 1985a). Positive
along-shelf direction is toward 55° true, and positive cross-shelf direction is toward 325°
true. N = number of observations; MIN = minimum; MAX = maximum; MEAN =
standard deviation.

algebraic mean; SD =

- - - = - — = = = = > n e = . . -

SITE CT ALONGSHELF (CM/S) CROSS-SHELF (CM/S)
""" START | sT0p || N |MIN [MAX [MEAN [5.0.|| N [MIN [MAx [MEAN |5.O.
08-01-83(0000) | 09-30-83(2300) | |718|-65.| 4s.|-19.3|21.7||719]-a1.| 32.| -2.3]13.4
10-01-83(0000) | 10-31-83(2300) | | 744 | -60. | 23.|-17.7|18.7||7a4|-39.| 38.| o0.7[10.5
11-01-83(0000) | 11-30-83(2300) | | 720{-a6.| 38.| -6.2|15.4||720|-27.| 16.| -1.2| 5.8
12-01-83(0000) | 12-31-83(2300) | | 744 |-58.| 30.|-12.0|18.4||7a4|-36.| 17.| -1.1| 6.4
01-01-84(0000) |01-31-84(2300) | |744|-79.| 19.|-29.9|23.7||744|-36.| 24.| 1.0 8.0
02-01-84(0000) | 02-29-84(2300) | 696 |-52.| 78.|-11.7|24.6||696]-24.] 51.| 2.0| 5.9
03-01-84(0000) |03-31-84(2300) | | 744|-62.| 65.| -9.9|26.1||744|-33.| 36.| 3.0[10.7
04-01-84(0000)| 04-30-84(2300) | | 720|-58.| S4.| -8.8{26.7||720|-24.] 30.| o.8| 8.3
05-01-84(0000) | 05-31-84(2300) | [744|-71.| 18.|-31.6|18.6||744|-37.| as.| 1.5|13.8
06-01-84(0000) | 06-30-84(2300) | | 720|-58. | 56.| -0.7|30.0||720|-46.| 38.| -0.6|14.9
07-01-84(0000) | 07-31-84(2300) | | 744|-58.| 62.| 8.4|21.3||748|-47.| 34.| -0.4|14 2
08-01-84(0000) |08-31-84(2300) | | 744|-38.| 72.| 7.6|22.1||7aa|-37 | 38.| -0.8]10.9

sttecu || ALONGSHELF (cM/S) || CROSS-SHELF (CM/S) |
""" START | sTop || N [MIN [MAX |MEAN |S.0.|| N |MIN |MAX |MEAN |S.0.
09-01-83(0000) [09-30-83(2300) | | 720|-36. | 18.| -s.8|11.8|{720]-31.| 21.| -3.8| 8.7
10-01-83(0000) | 10-31-83(2300) | |744|-31.| 25.| -2.8|12.2||74a|-20.| 22.| -1.1| 7.5
11-01-83(0000) | 11-30-83(2300) | | 720|-31. | 32.| -2.4|16.1||720|-15. | 25.| 1.2| 7.7
12-01-83(0000) | 12-31-83(2300) | |744|-a1.| 30.| -4.7(15.7||7a4|-21.| 15.| 2.8 6.0
01-01-84(0000) [01-31-84(2300) | | 744|-a6.| 26.| -8.7|14.8||744|-20.| 15.| -0.4| 6.8
02-01-84(0000) |02-29-84(2300) | [696|-33.| 38.| -0.2|14.1||es6|-21.| 63.| 3.0[11.8
03-01-84(0000) |03-31-84(2300) | | 744 |-28. | 44.| -0.6|15.4|{74a|-25.| 37.| +1.2|11.3
04-01-84(0000) [04-30-84(2300) | | 720|-43. | 28.| -5.8[17.3|{720{-24.| 20.| -0.3| ©.7
05-01-84(0000) |05-31-84(2300) | |744|-43. | 25.| -3.4|13.0|[744|-36.| 18.| -1.6|10.5
06-01-84(0000) |06-30-84(2300) | {720[-28. | 23.| -0.6|12.5||720|-22.| 15.| 1.0 8.6
07-01-84(0000) |07-31-84(2300) | | 744 |-34. | 24.| -3.5|11.6||744|-22.| 26.| -1.1| 6.9
08-01-84(0000) |08-31-84(2300) | |744|-25.| 25.| 3.312.2|{74a|-20.| 23.| 3.2| &.s
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Table 4.9.

Basic statistics in intervals of one month for the hourly time series of 3-h low-pass
filtered current velocity at a depth of 3.7 m (DT) at West Hackberry site D in 10 m of
water during the period 1 May 1982 through 30 November 1983 (From: Kelly et al., 1984c).
Positive along-shelf direction is toward 86° true, and positive cross-shelf direction is
toward 356° true. N = number of observations; MIN = minimum; MAX = maximum; MEAN =
algebraic mean; SD = standard deviation.
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SITE DT ALONGSHORE (CM/S) CROSS SHELF (CM/S)
""" sTART | stop || N [MIN [MAx [MEAN [5.0.|| N [MIN [MaX [MEAN |S.0.
05-01-82(0000) |05-31-82(2300) | [ 744 |-62.| 35.|-11.6|16.5||74a|-30.| 31.| -0.3| s.6
06-01-82(0000) | 06-30-82(2300) | |720|-23. | 43.| 7.3|13.0||720|-19.| 22.| +1.9| 6.7
07-01-82(0000) |07-31-82(2300) | 744 |-23.| 24.| 2.8| 8.7||744|-22. 26.| o0.5| 6.6
08-01-82(0000) |08-31-82(2300) | | 744 | -50. | 24.| -0.6|12.2||744|-15.| 17.| -0.6| 5.1
09-01-82(0000) |09-30-82(2300) | | 720|-76.| 19.|-11.8|14.4||720|-28.| 26.| 2.4| 6.9
10-01-82(0000) | 10-31-82(2300) | {744 |-51.| 21.|-11.8|12.5||74a]-22.| 22.| 2.3 5.7
11-01-82(0000) | 11-30-82(2300) | | 720|-40. | 25.|-10.7|11.5||720]-19.] 27.| 3.0| 7.0
12-01-82(0000) | 12-31-82(2300) | |744|-67.| 31.|-13.4|18.3||744|-18.| 30.| 3.0| 8.4
01-01-83(0000) |01-31-83(2300) | | 744|-58.| 23.| -5.2|17.3||744|-23.| 27.| 3.1] 8.3
02-01-83(0000) | 02-28-83(2300) | {672 -61.| 45.| -0.7|19.1||672|-24.| 27.| 2.7 9.3
03-01-83(0000) |03-31-83(2300) | | 744|-85. | 28.| -5.3|18.5|74a|-1a.| 28.| 1.7] 6.8
04-01-83(0000) | 04-30-83(2300) | |720]-60.| 73.| -6.8|22.6||720|-21.| 25.| 4.0 8.2
05-01-83(0000) |0S-31-83(2300) | | 744|-80. | 30.|-20.1]21.6|744|-35.| 46.| 2.9|12.0
06-01-83(0000) | 06-30-83(2300) | | 720| -60. | 24.| -8.5{16.1||720]-32. 29.| -0.3|11.4
07-01-83(0000) |07-31-83(2300) | [744|-58.| 30.| ©.4|14.6||748|-27.| 27.| o.4| s.8
08-01-83(0000) |08-31-83(2300) | |744|-43.| a2.| o0.6|12.9(|744|-19.| 23.| 1.6| 8.0
09-01-83(0000) |09-30-83(2300) | {720[-37. | 18.| -5.3| 8.8||720|-17.| 18.| 2.4| s.6
10-01-83(0000) | 10-31-83(2300) | | 744|-27. | 26.| -1.7|10.4||744|-16.] 21.| 2.0| 7.0
11-01-83(0000) | 11-30-83(2300) | | 720| -56 .| 26.| -s.2|13.6||720|-10.] 28.| 2.8] s.0




Table 4.10. Basic statistics by month for the hourly time series of 3-h low-pass filtered current
velocity at a depth of 8 m (DB) at West Hackberry site D in 10 m of water during the
period 1 May 1982 through 30 November 1983 (From: Kelly et al., 1984c). Positive
along-shelf direction is toward 86° true, and positive cross-shelf direction is toward
356° true. N = number of observations; MIN = algebraic

mean; SD = standard deviation.

minimum; MAX = maximum; MEAN =
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SITE DB CROSS SHELF (CM/S)
""" START | sToP || N [MIN [MAX [MEAN |S.0.|| N [MIN |MAX |MEAN [S.D.
05-01-82(0000) |05-31-82(2300) | |744|-57. | 21.| -a.8|12.5||74a|-37.| 25.] -2.1| 9.1
06-01-82(0000) |06-30-82(2300) | |742|-17.| 25.| 4.0| 7.7|[742|-27.| 20.| o.5| 6.9
07-01-82(0000) |07-31-82(2300) | |766[-22.| 21.| 4.4| 8.2||766[-18.| 16.| ©0.3| 5.7
08-01-82(0000) |08-31-82(2300) | [766|-26.| 22.| -1.0| 8.8||766|-18.| 1a.| 0.4| 5.1
09-01-82(0000) |09-30-82(2300) | | 742|-57.| 26.| -6.4| 9.4||742|-38.| 16.| -0.4| 6.5
10-01-82(0000) | 10-31-82(2300) | |766|-29. | 18.| -6.7| s.8||766|-22.| 17.| 2.0| 6.1
11-01-82(0000) | 11-30-82(2300) | | 742|-32. | 25.| -6.0| 9.8||742|-23.| 26.| 1.6 6.8
12-01-82(0000) | 12-31-82(2300) | | 766 |-49.| 24.| -7.a|12.8||766|-a2.| 25.] 1.5| 9.2
01-01-83(0000) |01-31-83(2300) | | 766|-38. | 28.| -2.7|11.8||766|-25.| 27.| 2.5| 9.3
02-01-83(0000) [02-28-83(2300) | {672|-38. | 34.| 1.7|11.9||672|-19.| 22.| 2.2| 7.4
03-01-83(0000) [03-31-83(2300) | |222{-37.| 37.| -a.5|15.8||222|-24.| 36.| 0.3] 9.1
04-01-83(0000) |04-30-83(2300) | |742] | | B I E7%Y E o
05-01-83(0000) | 05-31-83(2300) | [653| -62.| 20.|-10.3[13.4||es3|-29.| 24.| -0.6| 9 2
06-01-83(0000) |06-30-83(2300) | | 742|-34. | 32.| -2.0|11.1|{7a2|-27.| 18.] -1.0| 7.7
07-01-83(0000) |07-31-83(2300) | | 766 -31.| 28.| -1.2| 9.5||766|-46.| 20.| o0.0{10.6
08-01-83(0000) | 08-3 1-83(2300) | | 766|-36.| 26.| -0.8| 9.9||7e6|-26.| 22.| -0.2| 7.6
09-01-83(0000) | 09-30-83(2300) | | 742|-31.| 22.| -0.4| 8.6[|742|-22.| 20.| o.6| .8
10-01-83(0000) | 10-31-83(2300) | | 766|-26. | 22.| -0.4| 9.5||766|-21.| 19.| t.1| 7.1
11-01-83(0000) | 11-30-83(2300) | | 7a2| -39 | 18.| -5.8|10.9]|742|-16.| 28.| 2.9| 6.5
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Figure 4.35. Autospectra, cross—spectrum, cross—phase and coherence squared
for Bryan Mound site C (X) versus West Hackberry site D (Y)
alongshelf components of near-bottom current for the 231-day period
from 6 June 1981 through 22 January 1982. Ordinate units are
cm2/s2/cycle/day. Negative phase means Y lags X (From: Kelly

et al., 1983b).
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investigated alongshore coherence from a 43-day period in the summer of
1977 at three sites along the central and lower Texas coast. Mid-depth
current data in about 20 m of water exhibited an alternating alongshore
motion that was coherent with the alongshore component of wind stress and
had a net north-northeasterly displacement. Alongshore currents were
highly coherent at the longest period resolved (12.5 days), and very
nearly in phase over spatial scales in excess of 100 km.

Circulation Eagst of Cameron

East of cCameron, LA there is much less combined wind and current
meter data. Most of the observational programs have focused on the bays
and estuaries and on the Mississippi Bight. The circulation in the bight
is dominated by an anticyclonic drift of the plume from southwest Pass
that appears to be present approximately 70% of the time (Wiseman et al.,
1976; Rouse and Coleman, 1976). Daddio (1977) found poor correlation
between alongshore wind stress and current in the bight.

East of 92.5°W, the area of shallow depths increases markedly.
According to chuang and Wiseman, a large increase in bottom friction is
to be expected in such shallow regions. As the coefficient of friction
increases, the vertical-mean current required to balance a given
alongshore stress decreases. Thus, even a constant alongshore stress at
the coast may produce alongshore divergence in the current. Cochrane and
Kelly (1986b) found that flow was directed onshore in this region as a
result of divergence in the alongshore current because of a change in
bottom frictional resistance, as well as wind stress divergence.

Bottom Ekman Veering

In a fluid with friction, the influence of the earth’s rotation
appears in the change of the direction of flow with depth, a phenomenon
called Ekman veering. That Ekman veering is usually present can be seen
in progressive vector diagrams of currents at various depths plotted from
a common origin. Figures 4.36 and 4.37 (Kelly et al., 1984a,b) show
progressive diagrams of currents at the Bryan Mound and the West
Hackberry sites during the period 1 september through 30 November 1982.
The various depths are indicated in the figures. From CM down to C2Z
there is counterclockwise veering in the bottom Ekman layer. 1In the
bottom Ekman layer, the veering is counterclockwise, or to the left
looking down, because the stress of friction is directed oppositely to
the direction of flow in the wall layer just above the bottom. The mean
veering angle at the Bryan Mound site is 52°. At the shallower West
Hackberry site the surface and bottom Ekman layers are partially merged,
but the counterclockwise veering is still evident and has a mean value
of 20°.

smith (1979) described the vertical structure of currents in 33 m
of water off Aransas Pass based on current measurements at four levels
above the bottom (2, 7, 16, and 23 m). With increasing distance above
the bottom, both the increase in current speed and the clockwise angle
(looking down) between the resultant current vector direction and the
local alongshore direction were nearly linear when plotted against the
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natural log of the height above the bottom, which would suggest a spiral
pattern.

Kelly et al. (1985a) evaluated veering at the Bryan Mound site
using six current meters between the surface and bottom in 22 m of water
during the period 20 July to 8 August 1983. Meters were located at the
following heights above the bottom: 0.5, 1.2, 2.1, 5.0, 11.0, and
18.1 m. There were two intervals of relatively steady current
conditions, one with an upcoast wind component from 24 through 28 July
and the other with a downcoast wind component from 30 July to 1 August.
The mean current during the first time interval is shown as a function of
depth in Figure 4.38a. The cross-shelf component is directed offshore
(shown as positive) at the top current meter and onshore (negative) at
all other meters, as might be expected for a wind with an upcoast
component (upwelling). The curve is drawn so as to balance offshore and
onshore flow. The alongshelf velocity component is quite strong; even at
the bottom meter only 0.5 m above the bottom, it is more than 10 cm/s.

To reveal the turning of the current with depth, the mean
velocities for the current meters at various depths are plotted in
Figure 4.38b on a single polar coordinate grid. 1In both cases, the
bottom two current meters (2 and W) show little turning, and, in the
upcoast (July) case, even the third meter from the bottom (U) indicates
only a very small turning. The layer with little turning seems to be the
wall layer of more or less constant stress in which the velocity is
expected to have a logarithmic profile. BAbove the quasi-logarithmic
layer the current turns strongly clockwise with height. For the upcoast
case, the turning from the direction at the deepest meter to the
direction of the local isobaths (55° to 235°) is 39°. For the downcoast
case the turning is 46°. The comparison with the local isobath
orientation is made in order to avoid in so far as possible the Ekman
veering due to wind stress. The current reaches this orientation
somewhere above the current meter (M) at mid-depth. There appears to be
no clear separation of the flow into surface and bottom Ekman layers
with a geostrophic layer sandwiched between.

4.8.2 outer shelf

The prevailing currents in the upper layers on the outer shelf
and continental slope flow toward the northeast or east, according to the
orientation of the isobaths. The evidence for this comes from
hydrographic data and direct measurements of current. Cochrane and Kelly
(1986b) review various hydrographic data sets in which vertical sections
crossing the outer shelf have isopycnals sloping down in the seaward
direction. This implies eastward flow if the currents are
quasi-geostrophic.

Direct measurements of currents in the upper part of the water
column are available from the following locations along the outer shelf
(Brooks et al., 1984): Green Canyon (GC), Flower Garden Banks (FG), East
Breaks (EB), and Baker Bank (off Mustang Island) (MI) (see
Section 4.8.3). Figures 4.39 through 4.42 display all available data for
the respective locations in the form of a current rose and its associated
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table of joint frequency distribution of speed and direction. The
preponderance of flow to the east and northeast is obvious.

Cochrane and Kelly (1986b) argue that the flow along the edge of
the outer shelf is a countercurrent or return flow to the downcoast
current that dominates the inner shelf except during summer (see
Section 4.8.3). The flows on the inner and outer parts of the shelf are
connected by cross-shelf flows caused by convergence along the south
Texas Coast and divergence in the east.

Near-bottom currents on the outer shelf are less well documented.
They were not considered in the study of Brooks et al. (1984). Recently,
near-bottom currents on the south Texas continental shelf were monitored
during 145 days in the summer, fall, and early winter of 1984 (Science
Applications International Corporation, 1986). Current meters were
located in water depths of 12, 18, 34, 74, and 140 m along a line
perpendicular to Corpus Christi Bay. At the lower frequencies, coherence
between the overlying wind field and the bottom currents decreased in an
offshore direction. However, there was still some coherence even at the
shelf break. Net along-isobath displacements for July to October and
october to December periods were downcoast at all locations. Net
cross-isobath displacements suggested patterns of convergence and
divergence across the shelf. Rezak et al. (1985) and Halper and McGrail
(1988) found that at the Flower Garden Banks, near-bottom currents tend
to flow toward the east or southeast, and that the stronger the flow, the
more southerly it tends to be. They found an overall average of 1.6 cm/s
toward the east-southeast for records in the 11 to 18 m above-the-bottom
group. These results are not consistent with Ekman veering, which
predicts counterclockwise (looking down) veering to the northeast for
eastward flowing geostrophic currents above the Ekman bottom boundary
layer. Rezak et al. (1985) offer several explanations: orographic
effects from the banks, off-shelf flow of cold, dense water formed during
frontal passages, and baroclinic shearing.

4.8.3 Prevailing Circulation on the shelf

To provide a first approximation to the prevailing currents over
the whole Texas-Louisiana shelf, Cochrane and Kelly (1986b) computed
monthly mean geopotential anomalies (relative to the 70 db) from monthly
mean temperatures and salinities for the data from the GUS III cruises.
Their charts with streamlines are reproduced in Figure 4.43. 1In months
other than June, July, and August, an elongated region of low
geopotential dominates the shelf. on the inner-shelf side of the
cyclonic feature, downcoast flow prevails, in agreement with the
downcoast wind component discussed above. There is a counterflow
(eastward or northeastward) along the shelf break. During the summer
months, there is upcoast flow along much of the inner shelf to about
92.5°W, and a high in geopotential lies off the Louisiana coast.
Although there is a suggestion of eastward or northeastward flow along
the shelf break, it is very weak. The summer situation is, thus, very
different from the situation during the rest of the year when there is a
distinct "low" in geopotential over the outer shelf. The annual
progression of the patterns of geopotential anomaly provide a conceptual
framework that is consistent with the various aspects of shelf
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circulation and hydrography that have been described in the preceding
sections.

4.8.4 Burricane Currents

currents generated by tropical storms and hurricanes have been
observed at various locations on the shelf. Forristall et al. (1977)
describe the effects of Tropical storm Delia in sSeptember 1973 at the
Buccaneer platform located in 20 m of water 50 km south of Galveston.
currents exceeded 2 m/s toward the west-southwest (approximately parallel
to the local isobaths) at 17 m above the bottom. Peak currents at 3 m
above the bottom were 75% of those at the upper level. During part of
the time, currents were sufficiently large that the total particle
velocities, including the oscillatory wave motion, never reversed
direction, which means that steady currents were stronger than the
orbital velocities of the highest waves. Forristall et al. (1978)
describe these orbital velocities in detail and compare them with
theoretically predicted velocities. Maximum observed horizontal wave
velocities at 17 m above the bottom were on the order of 150 to 200 cm/s.

Tropical Storm Debra passed about 20 km west of the West
Hackberry DOE/SPR site (where the water depth is 10 m) on 28 August 1978
(Frey et al., 1981). At 3 m above the bottom, maximum current speed
reached 77 cm/s, and at 1 m above the bottom they were 57 cm/s.

Hurricane Anita, during late Augqust and early September 1977, moved
west-southwest across the Gulf from its origin, about 250 km south of the
Mississippi Delta, to landfall, about 250 km south of Brownsville.
Despite the distance of Anita from the central Texas Coast, speeds of up
to 80 cm/s were observed on the inner shelf (sSmith, 1978b, 1980c; Maresca
and carlson, 1980).

At the Flower Garden Banks, Rezak et al. (1985) observed the
effects of Tropical Storm Claudette at 60 m and 90 m in 100 m of water.
They conclude that the passage of a hurricane over the banks elicits a
three-layer response: a direct wind-driven current down to about the
thermocline, an indirectly forced flow extending from the thermocline to
about 10 m of the bottom, and a near-bottom flow, probably compensatory
to a large degree to that at the surface. sStrong inertial oscillations
and 2-day shelf waves were also observed.

Hurricane Alicia passed directly over the Bryan Mound DOE/SPR
site in 22 m of water (Kelly et al., 1984b). cCurrent meters were moored
at nominal depths, i.e., before mooring tilt caused by strong currents,
of 3.6 m (CT), 10.9 m (CM), and 20.1 m (CU). Figure 4.44 shows the
alongshelf component of currents at these depths after filtering with a
3-h low-pass filter. The effects of Hurricane Alicia were strong but
short-lived. Peak currents were downcoast and offshore at all depths and
occurred between 1800 and 2400 h CST on 17 August 1983 when the eye
passed just east of the mooring. Peak values of the alongshelf component
were 160 cm/s at CT, 125 cm/s at CM, and 100 cm/s at CU. Current speeds
dropped to less than 25 cm/s at all depths by the end of 18 August and
became quite weak for several days. Kelly et al. (1984b) also note that
large scale homogenization of the coastal waters did not occur. Prior to
Hurricane Alicia, on August 16, the water column at the mooring was very
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stratified. A thick layer of fresher, warmer water (30 to 32°/_ , and 29
to 30°C) overlay a thinner bottom layer of saltier, cooler water (35°/
and 25°C). The water column at the location of the mooring became
homogeneous during the hurricane, but on 19 Augqust salinity
stratification had returned, with at top-to-bottom difference of 5°/_,.
Advection from nearby areas, relatively unaffected by the hurricane,
restored the stratification.

[-X-]

4.8.5 Eddy-shelf Interaction

Large (diameters greater than 200 km), strong (swirl speeds
greater than 50 cm/s) eddies, both anticyclonic and cyclonic, are
frequently observed near the outer or deep part of the continental slope
in the northwestern part of the Gulf of Mexico, but the degree to which
they influence the circulation of the Texas-Louisiana shelf and the
continental slope out to a depth of about 500 m is little known and
poorly understood. Events of strong persistent currents on the upper
slope off Louisiana and Texas that suggest the influence of eddies have
been reported by offshore industry operations and recorded by current
meters. Usually, however, observations of eddies lack concurrent current
meter and sub-surface hydrographic observations on the shelf and slope,
and vice versa, making it impossible to draw definitive conclusions. For
example, Figure 4.45 shows a period of persistently eastward flow at the
Flower Gardens during May 1980, when wind forcing at the time was weak
and variable, the signature one might expect on the north side of on
offshore anticyclonic eddy. Brooks and Legeckis (1982) and Brooks (1984)
report that in April 1980 an anticyclone was centered near 25.5°N, 92°W,
and its diameter was about 250 km. But if it moved due westward, its
northern periphery would have extended only to the 500-m isobath, which
is about 50 km south of the Flower Gardens, and so, a connection between
the eddy and the currents in Figure 4.45 cannot be proved.

The anticyclonic eddies originate in the eastern Gulf where they
separate from the Loop Current. Vukovich and Ccrissman (1986), in a study
of 12 years of satellite infrared data, showed that, after separation,
they follow three characteristic paths of westward migration across the
western Gulf: a northern one, a mid-Gulf one, and a southwestern one.
When an anticyclone follows the northern path its northern side brushes
against the Texas-Louisiana slope, and the outer edge of its circulation
frequently lies inshore of the 2000-m isobath. The studies during the
MMS Gulf of Mexico Physical Oceanography Program: Year 3 (Science
Applications International Corporation, 1988) observed an eddy that
illustrates this case. Figure 4.46 shows the depth of the 8°cC
temperature surface, based on a mid-July 1985 expendable bathythermograph
(XBT) survey, in an anticyclone that had just separated from the Loop
current. (The depth of the 8°C temperature surface indicates the pattern
of the geostrophic flow; deep regions correspond to regions of
anticyclonic circulation, and shallow regions to cyclonic circulation.)
The eddy’s subsequent movement was tracked by satellite infrared imagery,
ARGOS drifters and ship surveys. Figure 4.47 shows that by mid-November
1985 the eddy was interacting with both the western and northern slopes
and that several small scale cyclonic and anticyclonic features were
located around its periphery. During December 1985 and January 1986
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(Figure 4.48), the eddy moved to a position against the western
continental slope, and its shape became quite elliptical.

The Texas-Louisiana slope is broad, and the available evidence
does not resolve the question of whether an anticyclone’s circulation can
penetrate inshore of the 500-m isobath and onto the shelf, or instead,
influences the shallow regions indirectly through flows associated with
filaments, dispersion products, entrainment around the periphery,
cross-slope flow between the anticyclone and leading and trailing
cyclones, and other secondary mechanisms. Just south of about 26°N, the
Rio Grande slope narrows to about half the width of the Texas-Louisiana
slope. Here, as Fiqure 4.48 and the results of Elliott (1982), Merrell
and vazquez (1983), Brooks (1984) demonstrate, the perimeter of an
anticyclone can press shoreward to the outer edge of the Mexican shelf,
but it is not known if the circulation in the upper layer actually laps
onto the shelf.

In the Western Gulf of Mexico, cyclonic eddies are frequently
observed in association with Loop Current anticyclones (Elliott, 1979;
Merrell and Morrison, 1981; Brooks and Legeckis, 1982; Merrell and
Vazquez, 1983; Brooks, 1984). The formation of the cyclonic partner was
observed for the first time during the Year 3 phase of the MMS Gulf of
Mexico Physical Oceanography Program. Figures 4.47 and 4.48 show that
between November 1985 and late January 1986, the small cyclonic feature
on the northwest side of a Loop Current anticyclone greatly intensified
as the anticyclone migrated onto the continental slope of the western
margin. The cyclone’s diameter increased to about 200 km and it lay
entirely over the continental slope of southwest Texas between the 200-
and 2000-m isobaths. The northeastward flow between the pair of
vortices drew cool, low-salinity water off the Texas-Mexico continental
shelf. Both this example and the studies cited above demonstrate that
the vortex pair configuration drives a strong exchange between the
western shelf and open Gulf waters. 1In Fiqures 4.47 and 4.48, one can
also see a partially resolved cyclonic feature on the northeast side of
the large anticyclone. Southward flow off the Texas-Louisiana shelf is
suggested, but, since the slope is twice as wide as its western
counterpart, the influence of this mechanism on the northern shelf may be
much weaker.

To summarize, Loop Current eddies interact strongly with the base
of the continental slope in the western Gulf of Mexico; they generate
cyclonic eddies during topographic interaction; cyclonic eddies act in
concert with Loop Current eddies to draw water on and off the shelf;
other interactions between eddies and the continental shelf and upper
slope are suggested by the existing data base but more information about
the mechanisms through which eddies can influence the shelf and upper
slope is needed.

4.8.6 Tidal currents and Inertial Oscillations

These two classes of currents, although dynamically quite
different, are grouped together because the period of inertial
oscillation at the latitudes of the Texas-Louisiana shelf is very close
to the periods of the diurnal tides, and it is difficult to separate
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them. Harmonic tidal analyses of current records from locations around
the shelf routinely yield amplitudes of 1 to 4 cm/s for the K;, 0; and

My constituents (Murray, 1976; Frey et al., 1981; Kelly et al., 1983a,b,
1984a,b, 1985a,b; Rezak et al., 1985). Tidal currents near the surface
are often larger than those near the bottom, suggesting a baroclinic
tidal component (Rezak et al., 1985). The eccentricity orientation and
sense of rotation of tidal current ellipses varies by location, degree of
stratification, season and depth. Although tidal currents are weak, they
are relatively important in the bottom layer of the inner shelf when
vertical stratification is strong and/or wind forcing is weak. At such
times, tidal currents play an important role in mixing and advection
(Kelly et al., 1983b).

Bursts of inertial oscillations lasting from 3 to 10 days or even
longer appear in current meter records at most locations on the shelf
(e.g., Kelly et al., 1983a,b; Brooks et al., 1984; Rezak et al., 1985).
The maximum amplitude of inertial currents is on the order of 20 to
30 cm/s near the surface and 10 to 15 cm/s near the bottom. The
oscillations occur most frequently in the late spring and summer months
when vertical stratification is strong. An example of inertial currents
can be seen in Figure 4.33. Daddio et al. (1978) analyzed two month-long
current records, one in February and one in May, from the inner shelf
west of the Mississippi River Delta. They demonstrated that the vigorous
clockwise motions observed in the near-surface mixed layer were locally
wind-induced inertial motions and not diurnal tides. The clockwise
current oscillations with diurnal-inertial frequency were associated with
strong frontal passages and uncorrelated with the temporal variations of
tidal energy. A simple wind-driven model of the mixed layer
satisfactorily reproduced the observed oscillations.

4.8.7 Shelf waves

Low-frequency wave motions, commonly called continental shelf
waves or topographic Rossby waves, can exist as a consequence of
vorticity dynamics and can propagate current patterns and fluctuations
along steep topographic gradients such as the edge of the continental
shelf. These waves depend on the topographic gradients, not gravity, for
their existence, so their most visible manifestations are horizontal
current patterns. They propagate in a direction such that shallower
water is on the right (northern hemisphere), have periods of a few days
to weeks, wave lengths of hundreds of kilometers, and amplitudes of 5 to
30 cm/s or more. Shelf waves are often excited by atmospheric forcing on
synoptic weather-related time scales, which in this shelf region are
several days to a week (Table 4.1). Because of the long wavelengths of
shelf waves and the distributed effects of wind forcing, it is difficult
to separate the free, propagating waves from the locally forced response
at a given location. Evidence of phase propagation is often
inconclusive or confusing. oOn the Texas shelf, the phases tend to be
further randomized by the irregular topography of the shelf edge,
especially near rough areas such as the Flower Garden Banks.

Observations of shelf waves on the Texas-Louisiana shelf are

limited. The strong coherence at 3- and 10-day periods between the
bottom currents at Bryan Mound and West Hackberry sites along the coast
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(Figure 4.35) may be related to shelf waves. Rezak et al. (1985)

present evidence from current records at the Flower Garden Banks that
suggest shelf waves with periods of 33 h, 2 days and 4 days. The 2-day
wave has a wavelength of about 80 km and amplitudes as large as 15 cm/s
but normally on the order of 4 cm/s. They also note that analyses of
satellite thermal images show wavelike perturbations (onshore-offshore)
in sea-surface isotherms at the shelf edge that have a wavelength of
about 83 km, which is consistent with the wavelength they estimated for a
shelf wave with a 2-day period. Brooks et al. (1984), by means of
spectral coherence studies of currents at locations near the shelf edge,
also find evidence of westward propagating shelf waves with a period of 2
to 3 days.

4.9 DATA GAPS AND INFORMATION NEEDS

The variability about the mean pattern of surface circulation
developed by Cochrane and Kelly (1986b) is largely unknown except in the
regions of the DOE/SPR studies. An instantaneous or synoptic picture of
the surface currents on the shelf might exhibit several cells of
circulation in the central region, rather than one large cyclonic gyre,
and complex patterns near the west and east ends of the shelf. Multiple
cells of circulation would imply multiple regions in which there is flow
across the width of the shelf.

The spatial pattern of mean bottom circulation over the shelf,
and its variability, needs to be described and related to the surface
circulation and hydrographic variability.

Information about the exchange processes between the shelf and
the oceanic Gulf regions is very limited. The influence of Loop Current
eddies, the export of water masses created by cold-air outbreaks, the
flushing of fresh water discharge on to the shelf, upwelling of deep
ocean water masses onto the shelf, and transport of sediment off the
shelf are important yet relatively unexplored topics for this shelf.

our understanding of the effects and fate of the fresh water from
the Mississippi-Atchafalaya River System is based largely on the salinity
data from the GUS III cruises in the years 1963 to 1965, when river
discharge was lower than average. The distribution of salinity on the
shelf should be mapped with greater spatial resolution, both horizontally
and vertically, during a year with above normal volumes of river
discharge.

The structure and the dynamic behavior of the intense frontal
zones on this shelf should be studied through a combination of
observation and modeling, with a view towards defining the effect that
stratification, both horizontal and vertical, has on the mixing,
distribution and transport of nutrients, plankton and pollutants.

The rate at which the concentration of dissolved oxygen changes
locally in bottom waters when there is vertical stratification is
unknown. All terms in the diffusion equation for dissolved oxygen need
to be studied: local rate-of-change, advection, production, consumption,
and turbulent mixing, both vertical and horizontal.
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CHAPTER 5
MARINE CHEMISTRY

B.J. Presley
Paul N. Boothe
(Trace Metals, Radionuclides)

James M. Brooks
(Hydrocarbons, sSynthetic Organics)

5.1 INTRODUCTION

The Texas-Louisiana shelf is the most heavily developed area of
offshore 0il and gas drilling and production in the world. Consequently,
alterations in the chemical environment due to oil and gas activities
have been widely studied there. This chapter discusses nutrients, trace
metals, hydrocarbons, synthetic organics, and radionuclides on the
Texas-Louisiana shelf and neighboring areas. The discussion of nutrients
is part of a general description of the water masses of the area; related
topics of temperature, salinity, and dissolved oxygen have been discussed
in chapter 4. The other topics--trace metals, hydrocarbons, synthetic
organics, and radionuclides, are of special interest in evaluating marine
pollution resulting from human activities (including oil and gas
operations). They are also of more general interest, because the study
of their sources, distribution, and transformations can reveal much about
chemical pathways in the marine environment and the major natural and
human influences on that environment.

5.2 NUTRIENTS

Near-surface nutrient concentrations are low in open Gulf waters
(Barnard and Froelich, 1981) and generally increase towards shore,
especially in the regions of river runoff (Ho and Barrett, 1977).
Factors influencing nutrient concentrations within the study areas
include river discharge, coastal currents and winds, intrusions of open
Gulf waters, upwelling, biological activity, rainfall, and proximity to
coastal marshes (Ho and Barrett, 1977; Barrett et al., 1978; Brooks,
1980; Flint and Rabalais, 1980b; Dagg, 1988). The Mississippi River has
a major influence on nutrient levels in coastal waters of the
northwestern Gulf. Phosphate and nitrate levels near the mouth of the
Mississippi River are at least 8 to 30 times greater respectively than
levels found in open Gulf waters (Riley, 1937; stallworth and Jordan,
1980; Dagg, 1988). Riley (1937) also found surface phosphates eight
times higher off the Mississippi River than at stations located along the
18 m contour off eastern Texas and western Louisiana.

Within the study area, near-surface nutrient concentrations are
negatively correlated with salinity; that is, the lower the salinity the
higher the nutrient levels. As seen in Section 4.5.2, salinities near
the coast generally increase from east to west; thus the general trend
for nutrient concentrations is to decrease from east to west. As
mentioned above, nutrient concentrations are generally high off the
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Mississippi Delta, but at the western end of the study area, nutrient
concentrations are typically low and representative of open Gulf surface
water. Continental runoff can influence south Texas nearshore
concentrations, especially in the spring (Flint and Rabalais, 1980b). 1In
addition, after spring and summer phytoplankton blooms, nutrient
concentrations along the Texas continental shelf become substantially
reduced but are generally replenished during the fall, and reach their
maxima in early to mid-winter (Flint and Rabalais, 1980b). 1In the deeper
aspects of the study area, nutrient levels are relatively low in the
upper 100 m of the water column, then generally increase in concentration
and reach their maxima at around 400 to 600 m, which is within or
slightly below the oxygen minimum layer (El-Sayed, 1972; Barnard and
Froelich, 1981; Morrison et al., 1983; LGL Ecological Research
Associates, Inc. and Texas A&M University, 1986). Table 5.1 presents
ranges of nutrient concentrations that have been reported from the study
area.

5.3 TRACE METALS
5.3.1 sources of Trace Metals

Trace metals, unlike pesticides and other synthetic organic
compounds, have both natural and anthropogenic sources. Continental
rocks, soils, and organisms have variable concentrations of trace metals,
some of which are released during weathering, decomposition and
destruction of the parent materials. The released trace metals are
transported from continents to the ocean, both in the dissolved form and
associated with particles of various sizes. 1In addition to these natural
sources of trace metals on the continents, natural sources within the sea
itself might, in some cases, supply significant amounts of trace metals
to nearshore areas. Human activities, both on the continent and in the
sea, can also significantly influence the flux of trace metals to the
nearshore marine environment.

For most nearshore environments, such as the area offshore Texas
and Louisiana being considered here, most trace metals will come from the
nearby land. Marine sources such as undersea volcanos and hydrothermal
vents, authigenic mineral formation, manganese nodules, etc. can be
neglected. Human activities in the marine environment, such as dumping
of wastes, oil exploration and production operations, dredging,
construction, and shipping must also be considered. 1In describing land
sources for marine trace metals, a first consideration is their transport
to the ocean. The metals can be transported by rivers, the atmosphere,
or through human activities (e.g., pipelines, barges, etc.).

Rivers

Rivers are the main pathway by which both natural and pollutant
trace metals reach the coastal ocean. Garrels and Mackenzie (1971)
estimate that rivers account for 90% of the total seaward transport of
dissolved and suspended material. The Gulf of Mexico receives about 69%
of the total dissolved material (Leifeste, 1974) and 77% of the total
suspended solids (Curtis et al., 1973) transported to the ocean from the
continental United states. The Mississippi-Atchafalaya River, in turn,
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Table 5.1. Ranges of nutrient concentrations reported for locations within the study

area.
Nutrient Concentration (mg/l)
Location NO3-N T-PO, S10,
- x
Corpus Christi
10 miles offshore <0.001-0.01 <0.001-0.02 <0.01-0.28
- %
Corpus Christi
25 miles offshore <0.001-0.01 <0.001-0.02 <0.01-0.1
Freeport+
10 miles offshore <0.01-0.67 <0.01-0.12 <0.05-4.2
West of Sabine Pass§
5 miles offshore <0.1-0.25 <0.01-0.05 0.1-1.4
Calcasieu Pass§
5 miles offshore <0.1-0.5 <0.01-0.07 0.2-1.5
Timbalier Bay#
3-10 miles offshore <0.1-0.2 <0.01-0.07 --
. *h
Barataria Bay
5 miles offshore -- <0.2-1.1 0.3-2.4
Louisiana Upper slope++
Surface Water <0.001-0.01 <0.001-0.01 0.03-0.05

* Flint and Rabalais (1980b).
+ Hann and Randall (1980).

§ Comiskey and Farmer (1981).
# Dagg (1988).

**Barrett et al. (1978).

LGL Ecological Research Associates, Inc. and Texas A&M University

(1986).
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accounts for about 86% of all U.S. riverine transport to the Gulf of
Mexico. To characterize the Mississippi River input is, therefore,
sufficient to describe a large percentage of the input of continental
material to the Texas-Louisiana shelf. other rivers, such as the Brazos,
cannot be ignored, but because they are much smaller than the Mississippi
and because less is known of their trace metal contributions, they cannot
be discussed in detail here. However, some of these minor rivers may
have significant impacts on the immediate area around their mouths,
particularly if they drain areas of unusual geology or areas of
industrial activity.

Table 5.2 lists recent data on both the dissolved and particulate
trace metal concentrations in Mississippi River water. Also given, for
comparative purposes, are recent estimates of world average dissolved and
particulate riverine trace metals. It can be seen that trace metal
concentrations in the Mississippi River are generally less than or equal
to those in world average rivers, in spite of the large and highly
industrialized drainage basin of the Mississippi. The Mississippi River
data are thought to be typical of the river in that the Trefry and
Presley (1976b) data are weighted averages of four sampling periods
seasonally spaced through 1974 and 1975, and the shiller and Boyle (1987)
data are weighted averages of six sampling times during 1982 to 1984.
Dissolved trace metal concentrations in both of these studies were
relatively constant with time, with copper and nickel showing only about
a 25% variation, but chromium and molybdenum showing larger variations
with time. It should be noted that other reported dissolved trace metal
data for the Mississippi River are probably in error, due to sampling and
analytical artifacts. The U.S. Geological Survey (USGs) data, as
published each year in the USGS Water Data Reports, generally give much
higher trace metal concentrations, which are judged to be unreliable
based on the agreement between the data of Trefry and shiller and the
reputations of these two investigators.

It is generally recognized that dissolved trace metals are much
more available to organisms than are particulate metals, and that certain
forms of the dissolved metal fraction are more biologically available
than others. For example, the ionic form of a dissolved metal is
generally more available than a complexed form. Unfortunately, little
work has been done on the form of metals dissolved in Mississippi River
water, although Andren and Harriss (1975) were able to show that about
65% of the total 40 ng/l dissolved mercury was associated with a <500
molecular weight fraction and that <2% was present as methylmercury.

More work is needed on the forms of dissolved metals in
Mississippi River water, including metal-organic complexing and related
studies, because the chemical form of the metal determines its behavior
and biological effects. Despite the acknowledged importance of the
dissolved trace metal load of the Mississippi River, the suspended trace
metal load is much greater for essentially all potentially toxic trace
metals. Trefry and Presley (1976b) point out that 90% or more of the
trace metals they studied were carried by particles. The behavior of
these river-borne particulates as they mix with seawater is critically
important to the ultimate fate of the trace metals, yet this is a subject
that is not well understood. Metals can stay with the particles or

136



LET

Table 5.2. Mississippi River dissolved and particulate trace metal concentrations.

Metal
cd Co cr Cu Fe Mn Mo Ni Pb v Zn
Dissolved Metal Concentration (ug/l)

MISSISSIPPI RIVER

-(Trefry and Presley, 0.1 -- 0.5 2 5 10 -- 1 0.2 -- --
1976b)

-(Trefry et al., 0.013 -- 0.28 1.9 -- -- -- 1.4 0.11 -- --
1986)

-(Shiller and 0.013 -- 0.07 1.5 1.7 -- 1.1 1.4 -- 1.2 0.2
Boyle, 1987)

AVERAGE RIVER WATER

-(Martin and 0.02 0.2 1 1.5 40 8 0.5 0.5 0.1 1 30
whitfield, 1983)

Particulate Metal Concentration (rg/g suspended matter)

MISSISSIPPI RIVER

-(Trefry and Presley, 1.3 20 80 46 46,000 1,300 -- 55 46 150 180
1976b)

-(Trefry et al., 0.68 -- 74 32 42,000 1,220 -- 46 32 -- --
1986)

AVERAGE RIVER SUSPENDED
MATTER

-(Martin and (&) 20 100 100 48,000 1,050 3 90 100 170 250
whitfield, 1983)

AVERAGE CONTINENTAL
SOIL

-(Martin and , 0.35 8 70 30 40,000 1,000 1.2 50 35 90 90

whitfield, 1983)




become separated (desorbed) from them during river water-seawater mixing.
Trefry and Presley (1976b) found little evidence of desorption of the
trace metals they studied at the river mouth, but Hanor and Chan (1977)
present evidence for desorption of barium. This subject needs more
study.

Table 5.2 shows that many of the particulate trace metal
concentrations in the Mississippi River are similar to those of world
average river particulates and world average soils. Thus, neither the
dissolved nor the suspended load of the Mississippi gives any clear
indication of large scale pollutant influences, although cadmium, lead,
and zinc seem to be somewhat elevated in both world average and the
Mississippi River. As will be discussed later, Mississippi River Delta
sediments also seem to be somewhat enriched in cadmium and lead. The
pollutant (human-derived) nature of part of the lead carried by the
Mississippi River is also demonstrated by a study by Trefry et al. (1985)
that shows a decrease in the lead load of the river between 1975 and
1985, attributable to the decreased usage of leaded gasoline during this
period.

spatial and temporal variations in trace metal concentrations in
Mississippi River suspended matter are small, according to data by Trefry
and Presley (1976b) and Trefry et al. (1986), except at very low river
stages when total suspended matter carried by the river is small and more
organic rich. The total suspended load varies considerably from day to
day and season to season, but its chemical composition remains relatively
constant.

In contrast to the relative constancy in Mississippi River trace
metal concentrations, Keeney-Kennicutt and Presley (1986) found
considerable seasonal variation in both dissolved and suspended
concentrations of copper, iron, lead, and manganese in the Brazos River.
However, average concentrations were similar to those in the Mississippi
River. The Brazos River data did indicate desorption of metals at
salinities of about 5°/_ ., and this increases the amount of dissolved
metal which is added to the Gulf by the Brazos River. Therefore, it may
well be that the dissolved fraction of the trace metal load of many Texas
and Louisiana rivers is more important than the particulate fraction, in
contrast to the situation in the Mississippi River.

Atmosphere

Numerous studies of transfer of trace metals from continents to
oceans through the atmosphere have been conducted in recent years (see
for example Buat-Menard, 1986). It is generally recognized that
atmospheric transport dominates over riverine transport for open ocean
areas far from land. For some metals (such as lead) which have been
common in automobile exhaust, atmospheric transport dominates even in
coastal regions, especially near population centers. oOther processes,
such as cement manufacture and coal burning, can also add large amounts
of some trace metals to the atmosphere, and for these metals the
atmosphere can be a significant transport pathway to the coastal ocean,
especially in areas remote from large rivers. Church et al. (1982)
suggest that atmospheric sources of several trace metals are as great as
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riverine sources for the middle Atlantic coast (Delaware area) and Windom
(1981) reaches similar conclusions about the Georgia area.

Unfortunately, no data are available on atmospheric inputs of trace
metals to the Texas-Louisiana shelf. Such inputs might be high, due to
extensive industrial activity in this area, but may still be
insignificant compared with the large riverine inputs to the area.

Human Activities

Human activities, both on land and at sea, are capable of greatly
disturbing the marine environment. Such activities as mining, smelting,
manufacturing, energy production and agriculture both can and do mobilize
trace metals on the land, which results in enhanced transfer to the sea.
Land based activities will not be discussed further here, as they have
been covered in the discussion of the transport of trace metals from land
to sea. Rather, this section will deal with human activities in the
marine environment.

A number of human activities are potential sources of direct
addition of trace metals to the study area. For example, ocean dumping
of industrial wastes from ships or barges has been a major concern in
some places. It is estimated that in 1973 more than 300 industrial
facilities in the U.S. were ocean dumping their wastes and that about 5
million tons of wastes were so dumped. At that time, two sites in the
Gulf of Mexico were designated as dumpsites by the U.S. Environmental
Protection Agency (EPA): one about 90 km from the entrance to Southwest
Pass of the Mississippi River in water depths of about 1,000 m, and
another about 220 km south of Galveston, TX. About ten different kinds
of industrial wastes were dumped at these sites between 1973 and 1978,
when dumping was halted (Meyer and Warsh, 1981). It is unlikely that
residues from this dumping are still affecting the area of concern in
this report, but these dumpsites should be remembered and it should be
recognized that industries could request resumption of ocean dumping in
the future as land disposal becomes more expensive.

waste disposal through industrial outfalls is closely related to
ocean dumping. Some pipeline discharges of industrial wastes directly
enter estuarine or marine waters. These are regulated by EPA but can,
nevertheless, degrade the marine environment, especially in view of the
difficulty of monitoring compliance with EPA permits. The
Texas-Louisiana coast has numerous large industrial plants, petrochemical
and others, many of which release wastes to the marine environment.

A listing of industrial outfalls in the Gulf of Mexico should be
available through the EPA permitting procedure, but no such summary was
available to the authors of this report. Therefore, we can only
speculate that trace metal additions to the study area from industrial
outfalls is likely to be significant. Certainly, such additions to the
Houston Ship Channel are significant and have been documented (Hann and
slowey, 1972). It is essential that data be obtained on trace metal
characteristics of industrial and municipal outfalls in the study area so
that their influence is not confused with inputs from other sources.
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In addition to ocean dumping and pipeline discharges of wastes,
two other human activities potentially affect trace metal distributions
in the study area. These are (1) petroleum exploration and production,
and (2) dredging to create and maintain navigational channels. Both are
large-scale activities along the Texas-Louisiana coast, and they are
related in that much of the dredging is done in conjunction with
petroleum production.

over 30,000 offshore oil and gas wells have been drilled in U.s.
Federal and State waters through May 1988 (American Petroleum Institute,
1982; Dodson and LeBlanc, 1988). oOf these, more than 23,000 were
drilled offshore Louisiana, and more than 2,500 offshore Texas. 1If
offshore oil well drilling has had an effect on the marine environment
anywhere, it should be evident in the area of concern in this report. A
number of activities conducted during offshore drilling and production
could affect trace metal levels in the area--for example, transporting
and constructing drilling platforms, building pipelines, etc. However,
the two activities that have received the most criticism are disposal of
drilling muds (also known as drilling fluids) and disposal of produced
water (also known as formation water, or brine) (Middleditch, 1981).

Drilling muds are essential to oil well drilling. cCirculating
the drilling mud through the well cools the drill bit, removes cuttings,
coats the borehole to prevent fluid loss, controls downhole pressure and
performs other functions. Drilling muds are essentially made from
freshwater or seawater and bentonite (montmorillonite) clay. However,
many chemicals are added to the mud to perform specific functions; as a
result, over 1,000 brand name drilling mud additives are on the market.
By far the most common additive is barite (BaSO4), which is added to
increase mud weight. This compound can amount to 90% or more of the dry
weight of a typical drilling mud. other common additives include chrome
lignosulfonate, lignite, and sodium hydroxide. All of these additives
contain finite amounts of trace metals; therefore, depending on the
amounts and nature of additives, drilling muds contain variable
concentrations of trace metals.

The concern that drilling mud disposal might pollute the
environment with trace metals stems not from the fact that the muds
contain high concentrations of trace metals (except for barium and
possibly chromium) but from the fact that very large amounts of drilling
muds are used. According to data on 49 wells given by Boothe and Presley
(1985), a typical Gulf of Mexico oil well requires drilling mud
containing about 600 metric tons of dry solids. Almost all of the used
drilling mud is dumped into the sea during or at the conclusion of
drilling. Multiplying the 600 metric tons per well released by the
roughly 25,000 wells that have been drilled offshore Texas and Louisiana
gives a very large number (15 x 10% metric tons) compared with the input
of most other substances to the area. For example, the barium contained
in the drilling mud that is dumped from the approximately 1,000 new wells
that are drilled each year is slightly greater than the barium which is
carried down the Migsissippi River each year. 1In the case of barium,
then, human activities are drastically changing the entire geochemical
balance of the area through offshore oil well drilling. Other trace
metals are present in much lower concentrations in drilling mud, but may
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in some cases be significant additives to local areas of the
Texas-Louisiana shelf.

Another substance discharged to the ocean in large amounts is the
formation water (brine) that is produced with petroleum and that must be
separated from it on offshore production platforms. oOver the lifetime of
a typical production well in the Gulf, the amount of brine discharged is
about equal to the amount of oil produced (Jackson et al., 1981). Since
1954, over 6 billion barrels of oil have been produced on Federal Outer
continental shelf (ocS) lands off Texas and Louisiana (Risotto and
collins, 1986). Production from state lands and production since 1986
could add substantially to this volume. This enormous volume of brine
could have added significant amounts of some trace metals to the
Texas-Louisiana shelf, but the chemical composition of the brines is not
well known. Most oil well brines are enriched in barium, boron, bromine,
fluorine, iron, lithium, manganese, and strontium (Collins, 1975) but the
concentrations of rarer and more toxic trace metals, such as cadmium and
lead, are not well known. If the produced brines mix rapidly with the
large volume of water over the Texas-Louisiana shelf, then even toxic
metals would be rapidly diluted to harmless concentrations unless the
metals are initially present in very high concentrations, which seems
unlikely. Nevertheless, more study of the nature and fate of oil well
brines is needed.

Dredging of navigational channels, and dredging to recover sand,
gravel, and shell are major operations in the nearshore marine
environment off Texas and Louisiana. 1In terms of volume, dredging is the
largest single source of material that is dumped into the sea. During
1983, nearly 58 million m3 of dredged material was dumped in 51 dumpsites
around the U.s. coast. Of this total, 65% was disposed in the Gulf of
Mexico--much of this off Texas and Louisiana (National oOceanic and
Atmospheric Administration [NOAA], 1985). In many cases, the dredged
material contains no harmful pollutants, especially if it is largely
sand. In other cases, however, the dredged material can be quite
polluted, especially when it is removed from harbors in industrialized
areas. The dredged material is likely to be highly reducing and organic
rich, and this can result in both high concentrations and high
availability of trace metals. Failure to consider nearby dredging
operations could seriously complicate interpretation of trace metal data
for nearshore areas.

5.3.2 Distribution of Trace Metals

Dissolved in Water

Essentially all data more than ten years old, and much recent
data on concentrations of trace elements dissolved in seawater, are high
by factors of 10 to 1,000 or more. Bruland (1983) gives a good review of
recent dissolved trace metal data and discusses problems with earlier
data. He points out that only within the past ten years have sets of
dissolved trace metal data for seawater been obtained that conform to
known physical and biological oceanographic parameters. For example, a
number of metals have now been shown to have "nutrient-like" behavior,
whereas in older literature no correlations between trace metals and
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other oceanographic parameters could be found. It should also be noted
that only a few investigators in the world have produced these
"oceanographically consistent” dissolved trace metal data sets and even
recent data from most investigators should be viewed with extreme
skepticism. Researchers who are now able to produce high quality
dissolved trace metal data possess no unusual skills or equipment
unavailable to other investigators. They simply recognize the need for
extreme care in sampling, storing and analyzing seawater and use clean
room procedures throughout the process.

Unfortunately, few seawater samples from the Texas-Louisiana
shelf have been analyzed for dissolved trace metals with the care
required to lend confidence to the data. Data that are almost certainly
of high quality have, however, been reported by Edward Boyle and his
co-workers. Boyle is one of the most respected and experienced seawater
analysts in the world. Boyle et al. (1984) report on two sets of samples
near, but not on, the Texas-Louisiana shelf. These will be discussed
here, as they are probably the highest quality data available for an area
near the Texas-Louisiana shelf.

The first set of approximately 50 surface samples was collected
along a cruise track extending from Miami, around the tip of Florida and
across the Gulf of Mexico to near Bay Saint Louis, Mississippi. The
cruise track crossed the Loop Current and a warm core ring. 1In spite of
these different water masses and the long cruise track, there was almost
no difference in concentrations of cadmium, copper, and nickel, the only
metals determined anywhere in the open Gulf. The open Gulf surface
samples gave concentrations of 0.082 ppb for copper, 0.11 ppb for nickel,
and 0.0005 ppb for cadmium--values much lower than those reported by
previous investigators (e.g., Slowey and Hood, 1971). However, the
half-dozen surface samples collected a few miles off the Mississippi
coastline gave higher values, averaging 0.5 ppb for copper and nickel and
0.02 ppb for cadmium. These coastal concentrations, obtained on samples
collected in April 1981, are similar to values obtained by shiller and
Boyle (1983) on samples collected further west, in the Mississippi River
plume. It thus seems that for these three metals, concentrations are
fairly constant in surface coastal Gulf of Mexico water, and although the
concentrations are considerably higher than open Gulf values, they are
nevertheless much lower than values that have been reported by other
investigators, as will be discussed below. Boyle et al. (1984) report
cadmium, copper, and nickel data for a second set of samples collected in
the northwestern Gulf of Mexico in December 1982. BAbout 20 surface
samples were taken off Texas and Louisiana, mostly in water depths of 100
to 1,000 m. Concentrations of copper, cadmium and nickel in these
samples were very similar to those of the eastern Gulf samples, with an
indication of higher values towards shore, but because no samples were
taken nearshore, the increase was not as dramatic as that seen off
Mississippi. Boyle et al. (1984) analyzed samples from a few hydrocasts
and found increases in concentration of nickel, cadmium, and copper with
depth, in response to organic matter degradation and nutrient release.
For copper and nickel, however, the increases were irregular and at most
a factor of two. cCadmium increased more sharply with depth and some deep
samples were ten times richer in cadmium than average surface samples.
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Other reported dissolved trace metal values for the
Texas-Louisiana shelf are hard to interpret due to possible analytical
artifacts. For example, Shokes et al. (1979b) report relatively uniform
values for chromium (800 + 200 ng/l), mercury (18 + 4 ng/l) and zinc

(1,700 + 200 ng/l) for samples collected 5 to 6 km offshore western
Louisiana. sSurface and near-bottom water was similar in composition for
these metals, but near-bottom water had manganese concentrations as high
as 100 pug/l in contrast to 1 to 2 ug/l in surface samples. These high
bottom-water manganese values indicate diffusion of manganese out of

sediment pore water, a phenomenon that will be discussed further below.

The Shokes et al. (1979b) work was a preliminary phase of the
Strategic Petroleum Reserve (SPR) Program, a major monitoring effort
funded by the Department of Energy (DOE). Two principal sites were
monitored during this five-year program: the Bryan Mound site, centered
about 20 km off Freeport, TX in water depths of about 20 m, and the West
Hackberry site, located about 11 km southwest of Cameron, LA in water
depths of about 15 m. A large body of trace metal data resulted from
these studies. As an example of the dissolved trace metal data,

Table 5.3 gives data from Bryan Mound (Hann et al., 1985b) for the 1983
to 1984 sampling period and also summarizes previous data from the area.
The authors state that the metal levels at the brine discharge (diffuser)
were about the same as at the control stations (located about 5 km away)
and about the same as pre-discharge values. The reliability of these
data is difficult to judge because no actual data are given, only ranges,
and in almost all cases the low end of the range is a "less than" value.
It seems likely that the high end of the ranges given are in error. The
iron, copper, and lead values given are higher than the highest values
reported by Keeney-Kennicutt and Presley (1986) for the Brazos River
estuary, which is near the Bryan Mound site. The Bryan Mound data are
also much higher than data from the Mississippi River and plume
discussed above (Boyle at al., 1984).

An example of trace metal data from the West Hackberry site is
given in Table 5.4 (Hann et al., 1985a). sSamples were collected at a
site in the Intracoastal Waterway used for water to leach a salt dome,
from the brine pond, from the diffuser site about 10 km offshore, and
from a control site about 10 km from the diffuser site. The water column
data given for West Hackberry are even more difficult to interpret than
the data from Bryan Mound because the West Hackberry data are "total"
water column data; that is, the sample was not filtered prior to
acidifying to pH 2.5, and thus, part of the "total" metal was dissolved
and part was associated with particles. As in the case of the Bryan
Mound site, there is no indication that the brine disposal is influencing
water column trace metal levels.

The role of diffusion from sediment pore water in controlling
trace metal concentrations in overlying coastal seawater has been much
discussed, but not enough work has been done to verify its importance for
most metals. It seems clear that the phenomenon is important for
manganese, which exists in the sediment as an oxide that is easily
reduced to the soluble Mn*? form. It was noted above that Shokes et al.
(1979b) found high dissolved manganese in near-bottom coastal waters.
Trefry and Presley (1982) calculated that manganese was diffusing from
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Table 5.3. Range of soluble metal values observed in waters at Bryan Mound diffuser and control stations (From: Hann
et al., 1985b).
Metal Concentration (ug/l)
1983-1984 Period 1977-1983 Period
Diffuser Diffuser
Metal Area Controls Area Controls
cd <0.1 - 0.4 <0.1 - 0.4 <0.1 - 3.5 <0.1 - 2.4
cr <1 -6 <1 -8 «1-7 <1-5
Cu <0.2 - 2.4 <0.2 - 1.9 <0.5 - 12.3 0.5 - 9.5
Fe <1 -5 <3 -5 1-58 1-21
Hg <0.2 <0.2 <0.1 - 0.7¢4)* <0.1 - 0.4
Ni <1 -2 <1 -2 1-1 1-1
Pb <1 -1 <1 -2 <1-6 <1-1
Zn 1-22 4 - 45(62)* <1 - 42(87)* <1-73
*( ) Represents a single value above listed range.



Table 5.4. Total metal concentration in water at the intake structure, brine pond and
diffuser; in sediments at the intake and diffuser; and in biota at the diffuser
at West Hackberry for 17 April 1984 (From: Hann et al., 1985a).

Metal

Station cd cr Cu Fe Hg Mg Pb Zn

Water (ug/l)

Intake 0.12 <0.5 1.7 230 1.0 36,000 1.2 5.5
Brine Pond 0.30 <0.5 2.4 290 <0.1 207,000 2.0 9.1
Diffuser <0.03 <0.5 0.8 70 <0.1 955,000 <0.3 1.7
Control 0.06 <0.5 0.9 46 <0.1 1,353,000 <0.3 2.2
Sediment (kg/g dry wt)
Intake 0.18 13.4 8.0 11,900 0.043 3,310 10.0 31.0
Brine Pond 0.14 4.5 4.9 1,850 0.026 446 8.8 6.0
Diffuser 0.20 21.9 1.1 19,200 0.075 7,080 13.6 65.0
Control 0.24 31.8 16.8 26,100 0.090 10,400 17.9 88.0
Biota (ng/g wet wt)
Shrimp
(Penaeus setiferus)
Diffuser 0.004 0.06 5.5 16.0 0.03 458 0.12 15.2
Control 0.004 0.08 6.4 24.2 0.02 510 0.13 14.0
Snail
(Polinices duplicatus)
Diffuser 0.16 0.16 11.8 85.0 0.03 2,970 0.24 30.0
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Mississippi River Delta sediments at a rate of 200 to 1,000 yg/cmzlyear.
This diffusion depletes the delta sediments in manganese by about 50% and
should affect bottom water manganese concentrations. Iron is also
reduced and mobilized in the sediments, and high iron values are found in
nearshore sediment pore water. However, iron flux out of the sediment is
less than that of manganese, and fluxes of cadmium, nickel, lead, etc.,
are no doubt less yet, but this has not been well documented. The Bryan
Mound project (Hann et al., 1985b) included trace metals in pore water
work and some of those data are given in Table 5.5. It can be seen that
metals are generally higher in the pore water than in the overlying
water, which would lead to a diffusion out of the sediment pore water.
More work is needed on this subject, because benthic organisms would be
exposed to sediment pore water and might be affected by high trace metal
concentrations or high levels of such chemicals as ammonia and sulfide,
which also build up in pore water (Presley and Trefry, 1980).

suspended in Water

Non-Living Particulate Matter. Most of the particulate matter

brought to the sea by rivers settles out very near the river mouth,
including even the very fine-grained clay material. Thus, a river plume,
such as that of the Mississippi, is highly visible, with a sharp
transition from muddy to clear water. Several factors contribute to this
rapid settling of river particulates, including the lower current speeds
in the ocean and the higher salinity in the ocean, which destabilizes and
flocculates clay particles. Zooplankton in the ocean can also aid in
sinking of clay particles by packaging them into fecal pellets which sink
rapidly.

Total suspended matter (TSM) in the Mississippi, the most
important river to our study area, varies considerably from season to
season as a function of river flow. At normal and high flow rates, the
river water usually has 100 to 500 mg/l of TSM, but can have as little as
10 mg/l at very low flow stages. Other Texas-Louisiana rivers can be
expected to have similar TSM values and variability. 1In contrast to
river TSM values, coastal seawater values are low and can vary due to
variations in both inorganic and biological particles. Nelsen and Trefry
(1986) found 6 to 7 mg/l TSM at a station very near the Mississippi River
mouth when concentrations in the river were 180 mg/l. A few miles away
at mid-shelf, TsM had dropped to 2 to 3 mg/l and at the shelf break to
0.3 to 0.5 mg/l. Open Gulf of Mexico TSM values are typically 10 to
100 pg/l, that is, 5 to 50 times lower than the shelf break values.

Most TSM values are obtained by filtering a discrete water
sample of 100 to 1,000 ml. A problem with this procedure is that it can
miss large particles, which sink rapidly and which may carry most of the
mass that is sinking towards the seafloor. A second problem arises when
the chemistry of the particulate matter is to be determined. 1If, as is
usually the case, this is done by analyzing material caught on filters,
the material may not be typical of what is sinking, and the filter is
likely to hold so little material that great skill is needed to analyze
it properly. For these reasons, there is relatively little information
on the chemistry of suspended matter on the Texas-Louisiana shelf and
some of the data that are available are of questionable quality.
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Table 5.5. Range of soluble metal values in sediment pore waters at Bryan Mound (From: Hann
et al., 1985b).

Metal Concentrations (ug/l)

Metal Diffuser 172 Mile Control

cd <0.1 - 0.2 <0.1 - 0.7 <0.1 - 0.6

cr <1 - 32 <1 - 80 <1 - 62

Cu 0.9 - 3.4(¢4.3)* -- 0.4 - 2(12.5)*
Fe 7 - 8,300 51 - 4,700 11 - 8,000

Ni 1.8 - 26 <0.5 - 24 0.5 - 26

Pb <0.5 - 2(16)* <0.5 - 0.7 <0.5 - 0.6

Zn <0.5 - 14 2.3 - 28 1.7 - 11.2

*( ) Represents a single value above listed range.
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Holmes et al. (1977) have reported data for a suite of suspended
matter samples collected on the south Texas shelf, and shokes et al.
(1979b) reported data from off cameron, LA. These data sets, and data
for the Mississippi River Delta from Trefry and Presley (1976b) are given
in Table 5.6. Both Holmes and shokes report sporadically high (>200
ug/g) values for chromium, lead, and zinc, values which seem to be due to
contamination during sampling. Holmes'’ values are generally lower than
those of shokes, which might reflect differences in bottom sediment
between south Texas and Louisiana. Shokes sampled four times in one year
and did find seasonal differences, but these are difficult to evaluate
based on the available data.

Plankton. 1In addition to the problems discussed above regarding
the sampling and analysis of non-living suspended matter, sampling and
analysis of plankton presents further problems. Plankton must be sampled
with a net, usually attached to a metal wire and pulled by a ship. Metal
particles from the wire can be incorporated in the sample, as can paint
chips and other debris from the side of the ship. Furthermore, inorganic
matter suspended in the water is mixed with the plankton by the net.

Few reliable data are available on trace element levels in study area
plankton. The only major data set comes from the MMS South Texas Outer
Continental Shelf (STOCS) baseline monitoring study, conducted from 1975
to 1977 (Boothe and Presley, 1979; Flint and Rabalais, 1981). Two of
the four transects (I and II) sampled three times each year are within
the study area for this report. Transect I starts just southwest of Port
o'connor and extends seaward on a line perpendicular to the coastline
with the last station (number 3) at a water depth of 135 m. Transect II
begins just southeast of Port Aransas and proceeds seaward in the same
manner, with the last station (number 7) at 180 m water depth. Because
of the mesh size of the sampling net used in this study, only
zooplankton, predominately copepods, were collected and analyzed.

Table 5.7 summarizes the three years of zooplankton trace element
data from the sTocs study, by station and transect. The overall levels
of trace elements in the zooplankton are similar to those in other
so-called pristine areas and suggest no significant trace element
contamination in the SToCS study area. The only truly meaningful spatial
effect observed was an increase in cadmium concentrations offshore. The
reason for this trend is not clear, but the finding does not suggest any
significant anthropogenic input of cadmium to the nearshore environment.
Table 5.8 summarizes the average seasonal concentrations of trace metals
in zooplankton observed during the STOCS study. Aluminum, iron, and
nickel exhibited significant seasonal trends. These trends probably
represent incorporation of clay-rich suspended matter by zooplankton.

The concentration of suspended matter in the study area followed the same
strong seasonal trend as that of aluminum and iron in the zooplankton.

Pelagic Organisms. Pelagic organisms, primarily fish in this
discussion, are consumed by humans and thereby represent both an
important economic resource and a public health concern. Consequently,
there has been considerable interest in determining trace element body
burdens in fish, including those from the Texas-Louisiana shelf.
Several baseline and monitoring studies sponsored by the Bureau of Land
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Table 5.6.

Suspended particulate trace metal concentrations in the Gulf of Mexico.

Metal Concentration (ug/g suspended matter)

Al cd Cr Cu Fe Mn Ni Pb v Zn
Coastal Texas* (190) 60 18,000 340 (50)
Coastal Louisiana+ -- -- 45 50,000 1,400 (300)
Mississippi Deltal 88,000 (1.5) 84 56 46,000 1,230 56 (48) -- (220)

*Holmes et al. (1977).

tshokes et al. (1979b).

§Trefry and Presley (1976b).

( ) Indicates questionable value.

Table 5.7. Average concentrations of trace elements in zooplankton from the STOCS study (From: Flint
and Rabalais, 1981).
Metal Concentration (iug/g dry wt)
No. of
Transect Station Samples Al Ca cd cr Cu Fe Ni Pb v Zn
I 1 18 7,000 35,000 1.4 6.0 14 4,500 8.5 22 21 120
2 20 2,500 30,000 3.0 4.5 21 1,900 6.0 13 9.5 125
3 12 2,200 35,000 5.0 2.5 24 1,200 8.0 7.0 7.0 130
11 1 16 5,500 30,000 2.4 4.0 20 3,000 5.0 n 16 130
2 20 4,000 65,000 3.5 3.5 190 2,100 7.0 1" 16 180
3 12 2,500 30,000 5.0 2.5 21 1,600 6.5 12 14 110
Table 5.8. Average seasonal concentrations of trace elements in zooplankton from the STOCS
study (From: Flint and Rabalais, 1981).
Metal Concentration (ug/g dry wt)
No. of
Season Samples Al Ca cd Cr Cu Fe Ni Pb v Zn
Winter 56 4,500 30,000 3.0 4.0 15 2,300 5.5 15 13 160
Spring 70 1,300 45,000 3.5 3.5 16 950 6.0 7.5 13 130
Fall 68 11,000 50,000 3.0 5.5 70 5,500 9.5 14 25 220
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Management (BLM) incorporated trace element analysis of fish as a work
element, including the previously cited sTocs (1975 to 1977) studies, the
Topographic Features Studies (1974 to 1981) and the Central Gulf
Platform study (1978 to 1979). Another study providing data on trace
elements in fish is the DOE/SPR Program.

It is difficult to compare these trace element data sets and
evaluate their significance. As discussed above, variability in data
quality among studies due to differences in procedures of sample
collection and analysis is one important consideration. Another problem
is that in many studies, not enough samples of the same fish species were
collected at the same site over a sufficiently long time to establish a
realistic range of trace element body burdens. This problem is
especially true for the Central Gulf Platform Study and the SPR studies.
Trying to discern geographical or temporal trends in body burdens by
comparing levels in different species or in a few samples is usually
counterproductive. A more reasonable approach is to determine trace
element levels in the same species for one or more years at several sites
over the area of interest. This approach adeguately defines the trace
element body burden and forms a reasonable basis for comparison with
samples from outside the study area or with future samples from the same
area.

The approach described above is best demonstrated in the sTocs
study. Table 5.9 summarizes trace element data for four species of
demersal fish collected annually from the STOCS study area over a
three-year period. Many of the trace elements measured (cadmium,
chromium, nickel, lead, vanadium) in fish muscle were present in very low
concentrations (<0.1 ppm dry weight) and below the detection limits of
the analytical procedures used. Still, even for the elements present in
detectable concentrations, none of the species exhibited any significant
geographical patterns in muscle tissue trace element levels, except for
the nearshore species Trachurus lathami (rough scad), which varied in
concentrations of aluminum and iron, apparently caused by the large
seasonal variations in aluminum- and iron-rich suspended sediment in the
nearshore area of the STOCS study area.

In an effort to compare trace element data among the studies
conducted on the Texas-Louisiana shelf, Table 5.10 gives data for trace
elements in fish muscle for two species that were each analyzed in three
different studies. The trace element levels are surprisingly similar
among the samples of each species, with the main exception being the
higher chromium, nickel and lead values from the Central Gulf Platform
study--possibly due to analytical difficulties in that study. These
three elements are in low concentrations in fish muscle and can easily be
overestimated if the graphite furnace atomic absorption
spectrophotometric technique used is not properly applied.

A striking aspect of the data on trace elements in fish muscle is
the lack of any significant spatial trends. This situation could be the
result of at least two factors. First, fish are mobile, and this
mobility would tend to integrate trace element exposures at many sites
and dampen any differences between them. Second, geographical trends in
trace metal levels within the STOCS study area resulting from human
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Table 5.9. Average concentrations of trace elements in muscle of demersal fish from the STOCS study area
(From: Flint and Rabalais, 1981).
Metal Concentration (ug/g dry wWt)
No. of
Transect Species Samples Al Ca cd cr Cu Fe Ni Pb v Zn
I Pristipomoides 7 25 700 <0.05 <0.05 1.3 4.5 <0.07 <0.04 <0.10 13
aquilonaris
Serranus 4 30 1,100 <0.02 <0.05 0.95 3.5 <0.09 <0.03 <0.10 10
astrobranchus
Stenotomus 7 20 700 <0.06 <0.05 1.0 5.5 <0.10 <0.08 <0.20 14
caprinus
Trachurus 2 19 800 <0.04 <0.03 2.4 9.5 <0.08 <0.05 <0.15 24
Lathami
11 Pristipomoides 23 30 700 <0.03 <0.04 1.4 4.0 <0.08 <0.04 <0.30 8.
aquilonaris
Serranus 8 30 1,900 <0.03 <0.05 0.90 3.0 <0.08 <0.05 <0.40 10
astrobranchus
Stenotomus 1 25 700 <0.05 <0.05 1.1 5.0 <0.08 <0.06 <0.10 13
caprinus
Trachurus 8 30 750 0.10 <0.05 2.3 15. <0.10 <0.06 <0.10 24

Lathami




Table 5.10. Comparison of average trace element concentrations in red snapper (Lutjanus

campechanus) and croaker (Micropogon undulatus) muscle tissue from different Gulf

of Mexico studies.

Metal Concentration (ug/g dry wt)
Study No. of

Species (Year) Samples Cd Cr Cu Fe Ni Pb Zn

L. campechanus ceps” 4 0.085 0.72 0.8 21. 0.82 0.19 13
(1978)

stocst 17 0.03 0.03 0.8 5.4 0.06 0.03 12
(1976)

TFsS 16 0.01 0.03 0.8 5.2 0.06 0.03 12
(1976)

M. undulatus ceps” 11 0.042 0.32 1.6 19.5 0.835 0.23 19
(1978)

spR¥ 9 0.014 0.007 1.7 20. 0.045 0.124 20
1977)

STOCS+ 2 <0.01 0.04 1.4 8. <0.1 0.06 11
(1976)

*Central Gulf Platform Study, Tillery et al. (1981).

+South Texas Outer Continental Shelf studies, Boothe and Presley (1977).
§Topographic Features Studies, Boothe and Presley (1978).

#Strategic Petroleum Reserve studies, Science Applications, Inc. (1978).
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activities are probably minimal. The levels of trace elements in fish do
not suggest any significant pollution, at least on the Texas shelf.
Variations in the very low natural background concentrations of many
trace elements in fish muscle are difficult to document using current
analytical techniques; however, elevated levels due to pollution would be
detectable. There remains a need for reliable trace element data on fish
and other pelagic species, particularly from the Louisiana shelf, which
has by far the most petroleum exploration and production activities on
the Gulf coast.

Seafloo e i of Trac etal

Sediments. Marine sediments are usually considered to be the
ultimate sink for trace metals added to the ocean, and that is certainly
true after the trace metals have been buried a meter or so deep in the
sediment column. However, trace metals can be returned to the water
column from a few centimeters deep in the sediment column by
mobilization processes that solubilize them. Either molecular diffusion
or physical disturbance within the sediment can transfer the soluble
metals to the water column. 1In spite of processes that can return trace
metals to the water column or make them available to organisms living in
the sediment, the sediment column represents, in general, a record of
past and present trace metal inputs to the marine environment. As such,
sediment data provides valuable information to environmental monitoring
studies. An example of using sediment analyses for a historical
perspective on pollutant inputs to Gulf of Mexico sediments is given by
Presley et al. (1980).

one of the first large scale studies of the trace metal chemistry
of coastal Gulf of Mexico sediments was that of Holmes (1973). He found
highly variable concentrations of a number of trace metals, with high
values in the clay-rich sediments off the Mississippi River Delta and low
values in sandy and/or carbonate rich sediments from Texas and Florida.
Trefry and Presley (1976a) analyzed 51 samples from San Antonio Bay and
72 samples from the Texas-Louisiana shelf for iron, manganese, lead,
zinc, cadmium, copper and nickel. These samples too varied in trace
metal content depending on clay, sand, and carbonate contents. 1In order
to compare the sediments in a simple way, and to uncover possible areas
of pollutant input, Trefry and Presley constructed scatter plots of trace
metal concentration versus iron content. These plots gave generally good
positive correlations for both bay and shelf sediments, as is shown in
Figure 5.1(a) for zinc concentrations in shelf sediments. Some metals in
some samples deviated from the linear relationship--for example, some
lead samples [Figure 5.1(b)]. Trefry and Presley (1976a) attributed
these deviations to pollutant input of lead in the Mississippi River
Delta. Much greater deviations were found for obviously polluted areas
such as the Houston Ship Channel. Several other pollution-related Gulf
of Mexico shelf studies were conducted in Presley's laboratory following
the Trefry and Presley (1976a) work--for example, Trefry and Presley
(1976b), Presley and Trefry (1978), Presley et al. (1980), Trefry and
Presley (1982), and Sheu and Presley (1986). None of these studies found
highly polluted sediments, such as those found in the Houston Ship
Channel or in some harbors, on the Texas-Louisiana shelf.
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Figure 5.1. Scatter plots of a) zinc vs. iron and b) lead vs. iron for Mississippi
Delta and shelf sediments with 95% prediction interval (From: Trefry
and Presley 1976a).
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In addition to generalized survey work along the Texas-Louisiana
shelf, several studies have concentrated on areas immediately around
offshore oil drilling platforms. Examples of these studies include
Gettleson and Laird (1980), Tillery and Thomas (1980), Middleditch
(1981), and Boothe and Presley (1985, 1987). sediment concentrations of
barium were determined in all of these studies, as it is the most
abundant metal in drilling muds and therefore provides the most sensitive
indicator of the presence of drilling mud in the sediments. Most of the
sediment studies also included chromium, as it too can be present in
higher concentration in drilling mud than in normal shelf sediment. Some
studies included nickel and vanadium, two metals common in petroleum, and
some studies included trace metals generally recognized to be highly
toxic, such as cadmium, mercury, and lead.

The sediment sampling and analysis program conducted by Boothe
and Presley (1985) on six drilling sites in the northwestern Gulf of
Mexico was the most intensive such study yet conducted and included
several novel features. Sediment cores were collected at 40 stations
around each site: 36 stations in a regular circular pattern within 500 m
of the site, and four stations on a circle 3,000 m from the site.
Sediment type at each station was described in terms of sediment texture
and concentrations of organic carbon, calcium carbonate, aluminum, and
iron. The influence of drilling activities was characterized by
determining sediment concentrations of elements known to be major
constituents of drilling muds (e.g., barium) and of trace elements of
environmental concern (i.e., cadmium, chromium, copper, lead, mercury,
and zinc). Exploration, development and production sites in both shallow
and deep water were studied to determine how the amount of drilling,
water depth and elapsed time between cessation of drilling and sampling
influence the characteristics of surrounding sediments (<500 m).

The Boothe and Presley (1985) study was evidently the first
study in which an accurate, three-dimensional mass balance of discharged
(excess) barium was determined. This approach estimates all excess
barium present in the top 21 to 31 cm of the sediment column sampled
within 500 m of each study site. The barium mass balance data clearly
shows that only a small fraction of the total barium used (i.e., <1.5%
nearshore, <12.0% offshore) was present in near-drillsite sediments.

The same is presumably true for similarly behaving drilling mud
components. The length of time between cessation of drilling and
sampling had little effect on the percentage of the total barium used in
drilling activities that was present in sediments near the drillsites.
Multiple regression analysis suggests that the distribution of excess
sediment barium observed among the six drilling sites is controlled
largely by water depth (as an indicator of the magnitude of sediment
resuspension and transport) and the total amount of barium used in the
drilling activities. 1In terms of total excess barium, the effect of
multiple wells on near-drillsite sediments was directly additive.
Discriminant analysis suggested that statistically significant (p <0.01)
barium enrichment (greater than twice background levels of 200 to 700 ppm
dry weight) existed in surface sediments even at 25 of the 30 control
(3,000 m) stations studied.
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Despite the large amounts of drilling mud components used at the
six drill sites, the more pervasive sediment perturbations attributable
to drilling activities were largely restricted to deep-water development
and production drilling sites. These two sites had by far the largest
total excess (discharged) barium values among the study sites.

Statistically significant elevations in surficial sediment
mercury concentrations (i.e., within 125 m of the drillsite, 4 to 7 times
mean control levels of 24 and 43 ppb dry weight) were observed at two
sites. Barite containing a trace amount of natural mercury
contamination is the most likely explanation for these observations. The
concentration of mercury in the barite required to cause the elevated
sediment mercury levels observed is only 1 to 3 ug mercury/g of barite.
Little or no significant elevation in other trace metals was observed.
Trends in chromium levels in near-site sediments were largely controlled
by the clay content of the sediment, and elevations above control levels
were infrequent (patchy) and generally less than twice expected
concentrations.

Another study described by Boothe and Presley (1987) was
conducted at a drilling site 19 km off Corpus christi, TX. 1In this
study, sediment was sampled before, during, and after drilling in a
"bullseye" pattern around the drill site. The trace metals barium,
cadmium, chromium, copper, iron, manganese, nickel, and vanadium were
determined. Barium and chromium were the only elements showing
significant changes in concentration with both sampling time (before,
during, or after drilling) and distance from the drilling site. Lead
increased from 19 ppm before drilling to 32 ppm during and after
drilling--a small but significant increase. Nickel showed concentrations
of 26, 25, and 30 ppm before, during, and after drilling, and the other
metals showed no changes that could be attributed to drilling.

The Buccaneer Gas and 0Oilfield near Galveston, TX was the site of
a major three-year environmental study that included analysis of
sediment for trace metals (Anderson and Schwarzer, 1979; Tillery, 1980).
This study showed concentration gradients in barium, cadmium, chromium,
copper, lead, manganese, strontium, and zinc in surficial sediments that
decrease with distance from oil well platforms.

Another platform monitoring study was the previously cited
Central Gulf Platform Study funded by the Minerals Management Service
(MMs) and conducted by Southwest Research Institute in 1978-1979 (Tillery
and Thomas, 1980). In this study, 20 platforms and 4 control sites were
examined offshore Louisiana in water depths of 20 to 100 m. Four of the
platforms were "primary sites" and 16 were "secondary sites". At the
primary sites, samples were taken at 100, 500, 1,000 and 2,000 m in four
directions from the platform, whereas at the secondary sites, samples
were only taken in one direction from the platform. This restricted
sampling scheme makes it much more difficult to document influences by
the platforms than in the study by Boothe and Presley (1985). Suspected
analytical problems in the Central Gulf Platform Study also limit the
usefulness of the data. cConcentrations of trace metals were found to be
similar to those reported by Trefry and Presley (1976a) and to decrease
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with distance from platforms, at least for some metals (barium, cadmium,
chromium, copper, lead, and zinc) and at some platforms.

A large number of Texas-Louisiana shelf sediments were analyzed
in conjunction with the DOE/SPR Program, the dissolved trace metal
component of which was discussed above. sSediment trace metal data for
the West Hackberry site (10 km off cCameron, LA) are given along with
water data from that site in Table 5.4. Although this data set is for
only one sampling period during the five-year program, the values given
are typical for the site and typical for other northwestern Gulf of
Mexico shelf sediments. Sediment data for the Bryan Mound site (20 km
off Freeport, TX) are given in Table 5.11 for four different sampling
periods during 1983 to 1984. These values are lower than most other
reported values for Texas shelf sediment, but this is due primarily to
the analytical procedure used rather than to a real difference in
sediment type. The data were obtained by leaching the sediment with 1 N
nitric acid, rather than a more rigorous leach. The data show little
difference between control and diffuser sites and little change with
time, except for lead, which seemed to increase slightly throughout the
project (1978 to 1984).

One of the largest, most systematic, and highest quality trace
metal data sets for the northwestern Gulf of Mexico shelf and upper slope
is the unpublished data set of Boothe and Presley. Nearly 100 stations
were sampled during the period 1976 to 1984. At more than 50 of the
stations, both surface and subsurface sediment samples were taken. All
samples were analyzed by neutron activation analysis for barium and iron
as well as other trace elements (e.g., chromium, cobalt, rare earth
elements, etc.). Table 5.12 summarizes mean sediment barium levels as a
function of iron concentrations (indicative of sediment texture) in
various regions of the Texas-Louisiana shelf and slope.

As discussed previously, the northern Gulf of Mexico is the most
heavily explored and developed offshore petroleum hydrocarbon region in
the world. The majority of the more than 25,000 petroleum wells drilled
in this region have been on the eastern Texas-Louisiana continental shelf
(<200 m water depth) between the Mississippi River Delta (89.25°W Long.)
and Morgan City, LA (91.5°W). Prevailing currents in this area are
westerly, tending to disperse discharged barite (from drilling muds)
mixed with native sediments alongshore to the western Texas-Louisiana
shelf and cross-shelf over the shelf~slope break (200 m) to the deeper
Gulf.

An estimated 250 metric tons of barium are discharged from each
well drilled on the Texas-Louisiana shelf. This means that over
6 x 10% metric tons of barium have been discharged into the area since
1947 when offshore petroleum development began. If all of the barium was
retained in the discharge area, then the mean surficial sediment barium
concentration (<4 cm sediment depth) on the Texas-Louisiana shelf should
be elevated >2,500 ppm above background levels (<700 ppm). Comparison
of surface and subsurface (circa 1940) data suggests that elevated
surface barium is a generalized phenomenon over the entire shelf and
slope--a result that is consistent with the widespread drilling and the
potential for sediment transport in this area. However, the surface
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Table 5.11.

Mean sediment metal levels at the Bryan Mound brine disposal site (From: Hann et al.,

1985b).
Metal Concentration (ug/g)*

8 Nov 1983 17 Feb 1984 10 May 1984 17 Aug 1984
Metal Diffuser Control Diffuser Control Diffuser Control Diffuser Control
cd 0.02 0.03 0.02 0.02 0.01 0.02 0.02 0.01
Cu 2.0 3.0 2.3 2.1 1.7 2.2 1.6 1.8
Ccr 2.4 3.0 3.1 2.4 2.5 3.7 2.1 2.5
Fe 3,604 5,029 4,481 3,716 3,017 3,776 2,943 3,314
Ni 2.7 4.3 2.6 2.3 1.7 2.4 1.4 1.6
Pb 5.1 8.3 8.3 7.2 8.7 10.3 8.6 8.3
Zn 20.2 23.5 20.7 19.8 16.9 19.1 17.4 17.6
Hg 0.02 0.02 0.05 0.05 0.09 0.10 0.05 0.06

*1 N Acid lteach.
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Table 5.12. Sediment barium (Ba) concentrations in various regions of the Texas-Louisiana continental shelf and slope as
a function of sediment iron (Fe) levels (From: Boothe and James, 1985).*

Mean Ba concentration + 1 standard deviation (ug/g dry wt)

Depth for samples with range of iron concentrations indicat
Water Interval
Depth Range fe Fe Fe Fe Fe
Area (m) (cm)§ <1.5% 1.5-2.5% 2.5-3.5% 3.5-4.5% >4.5%

Miss. River .-~ --- --- 307 (4D] 39 (4D) 460 + 12 (4) 475 (&)
Susp. Matter#
Eastern Shelf <200 0-2 620 + 122 (3) 645 + 95 (10) 600 + 141 (16) 615 + 179 (55) 555 + 42 (13)
(Delta-91.5°W) 8-29 --- --- 420 + 5 (2) 505 + 13 (2) 495 qb)
Barataria Bay 3 0-2 === 725 + 48 (5) --- --- ---
(89.75°W) 20-21 635 ) 680 D) --- --- ---
Western Shelf <200 0-2 320 + 130 (9 410 + 94 (26) 545 + 85 (30) 511 + 74 (11) 520 + 28 (3)
(91.5-94°W) 11-15 --- 390 (4b) 512 (@D --- ---
Eastern Slope >200 0-2 --- 470 + 28 (12) 590 + 111 (32) 565 + 68 (13)
(Delta-91.5°W) 5-20 --- --- 415 + 54 (2) 480 + 69 (24) 483 N
Western Slope >200 0-2 --- 535 + 5 (2) 565 + 199 (-18) 1,000 + 156 (4) ===
(91.5-93.6°W) 5-21 --- 245 + 17 (5) 335+ 29 (5) 445 + 42 (9) ---
Abyssal Plain 3,350 0-4 --- --- 290 + 25 (5) === ---

*All samples 500 mg, irradiated 14 h and counted 4,000 s with dead time <10X%. Decay time was 10-24 days and sample to
detector distances ranged from 4.3 to 9.3 cm. Total number of samples = 329.

umber of samples in each barium/iron group is given in parentheses.
§Deepel' sediment intervals (>4 cm) were deposited about 1940. This year predates the onset of offshore petroleum dritling
on the Texas-Louisiana continental shelf by at least five years. This sediment dating is based on sedimentation rates
calculated from lead-210 measurements made in this area. This sediment dating does not apply to the Barataria Bay
subsurface sample.
#Only unfractionated (whole) Mississippi River suspended matter data are reported here.



elevations observed are generally much smaller (i.e., averaging

<160 ppm) than predicted. A combination of large-scale transport of
fine-grain sediment off the shelf and dissolution of discharged barite is
the most likely explanation for the low retention of discharged barium in
shelf sediments. on the eastern shelf, the general lack of a direct
correlation between barium and iron is most likely due to discharged
drilling mud barium retained in the sediments.

Benthic Oorganisms. sShrimp are the most important offshore
fishery in the study area and as such have been frequently analyzed as
part of various studies conducted in the northwestern Gulf of Mexico.
The largest sample set is from the STOCS baseline study conducted from
1975 to 1977. Table 5.13 summarizes the trace element in shrimp muscle
data for the two STOCS transects that fall within the study area for this
report. No significant spatial trends in the data were detected for
either species. Penaeus setiferus was collected only from the inshore
stations, whereas P. aztecus was consistently collected from five of the
six stations sampled on the two transects during the three-year study.
Muscle trace element levels were not significantly different between the
two species, and no strong correlations were observed between these data
and corresponding sediment trace metal or potential prey organism
variables. Aluminum and iron levels in P. aztecus muscle were strongly
correlated, and both metals exhibited significant correlations with
certain sediment texture variables. These results suggest that shrimp
are assimilating sediment-derived aluminum and iron into their muscle
tissue. Zinc levels in P. aztecus did exhibit a significant seasonal
effect, with a fall maximum that probably reflects physiological changes
in the shrimp prompted by seasonal environmental changes.

Table 5.14 compares the STOCS shrimp muscle trace element data
with those from other monitoring studies conducted in the study area. As
with the fish samples discussed above, the trace element levels are
similar among the studies, with the exception of chromium, iron, lead,
and nickel. As discussed above, the differences for nickel and lead are
probably related to analytical differences among the studies. The
differences in iron may be caused by the differential assimilation of
sediment-derived iron, as suggested above in the sTocs study. A similar
difference in shrimp muscle iron levels was observed in a rig monitoring
study conducted off Corpus christi, TX (Boothe and Presley, 1987).

Shrimp collected during the last few days of drilling had muscle iron
levels more than twice those in shrimp sampled before or after drilling.
Enhanced iron solubility (biocavailability) in seawater, caused by soluble
organic chelating agents in the drilling muds and/or large increases in
suspended sediment resulting from drilling, is the most likely
explanation for the observed increases. The data in Table 5.14 also
shows that the trace element levels in shrimp are low and give no
indication of any widespread trace element pollution in the
Texas-Louisiana shelf area.

Despite the large number of shrimp samples analyzed from open
shelf waters of the Gulf of Mexico, very few sessile benthic organisms
have been analyzed. This is in spite of the desirability of analyzing
organisms that are fixed to the bottom in the study area. Many oysters
and clams taken from Gulf coast bays and estuaries have been analyzed, as
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Table 5.13. Average concentrations of trace elements in shrimp muscle from the STOCS study area (From: Flint and
Rabatais, 1981).

Metal Concentration (ug/g dry wt)

Transect/ No. of

Station Species Samples Al Ca cd Cr Cu Fe Ni Pb v n

171 Penaeus aztecus 3 18 1,200 0.13 <0.05 25. 3.0 <0.10 <0.05 <0.07 45
Penaeus setiferus 3 20 950 0.05 <0.05 21. 3.5 <0.10 <0.10 <0.05 50

1/2 Penaeus aztecus 7 20 1,100 0.08 <0.05 25. 4.5 <0.10 <0.07 <0.20 50

1/3 Penaeus aztecus 2 -- -- 0.15 -- 25. -- -- -- -- 50

1S VA Penaeus aztecus 5 36 2,500 0.08 <0.05 24. 3.5 <0.15 <0.15 <0.30 55
Penaeus setiferus 8 25 1,500 0.05 <0.05 24. 2.5 <0.10 <0.10 <0.05 60

1172 Penaeus aztecus 6 24 950 0.11 <0.05 25. 6.5 <0.10 <0.10 <0.10 50




Table 5.14.

Comparison of average trace element concentrations in brown shrimp

(Penaeus aztecus) and white shrimp (P. setiferus) muscle tissue from
different Gulf of Mexico studies.

Metal Concentration (ug/g dry wt)

Study No. of
Species (Year) Samples Cd cr Cu Fe Ni Pb Zn
P. aztecus CGPS™* 12 0.12 0.32 24, 47. 0.91 0.17 54
(1978)
SPR 5 0.17 0.17 26. 48. 0.70 <0.09 62
(1978)
stocsS 10 0.03 0.04 23. 5. 0.08 <0.05 53
1977)
P. setiferus CGPS* 2 0.10 0.21 26. 25. 0.43 0.14 62
(1978)
SPR 6 0.1 0.17 34. 41. 1.3 0.10 70
(1978)
stocs® 9 0.3 0.05 2. 5. 0.06 0.03 55
Q1977

*Central Gulf Platform Study, Tillery et al. (1981).
+Strategic Petroleum Reserve Studies, Tillery (1980).

West Hackberry Site.

$south Texas Outer Continental Shelf Studies, Boothe and Presley (1979).
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will be discussed below, and these data, along with the shrimp and fish
data discussed previously, will suffice to characterize macro-organism
trace metal levels in the area. Organisms living on or in the open shelf
sediments are generally too small to allow easy separation of clean
tissue samples for analysis. For example, Tillery and Thomas (1980)
report that they collected and analyzed 27 different species of organisms
by trawling during the Central Gulf Platform study, but only shrimp and
fish were common enough to make comparisons between collection sites.

Tillery (1980) reports data on epibenthic organisms collected at
the West Hackberry brine disposal site off Cameron, LA before brine
disposal began (Table 5.15). Very few samples were analyzed, and the
data are difficult to interpret. One epibenthic species (moon snail)
from the West Hackberry site was analyzed during brine disposal. These
data, as reported in Hann et al. (1985a) have been given in Table 5.4
along with water and sediment trace element data.

Although suitable benthic organisms for trace metal analysis are
hard to find on the open shelf of the Gulf, an almost perfect organism is
readily available in bays and shallow water areas; the commercial oyster,
Cragsostrea virginica. These organisms are relatively easy to collect
and prepare for analysis, they have high concentrations of many trace
metals (making them easy to analyze), and they are known to change in
trace metal content in response to changes in trace metal concentrations
in the environment. Even though these organisms are collected from
outside the geographic area of main concern in this report, they can
provide valuable information on potential transport of pollutants into
the study area.

Table 5.16 gives median values for levels of some environmentally
interesting trace metals in oysters, along with levels in water and
gsediment. The next-to-last column in Table 5.16 gives oyster metal
levels divided by seawater levels to show the extreme, but variable,
enrichment of all of these metals in the oysters. For example, silver is
enriched in oysters by a factor of 1 x 10% over dissolved seawater
values, and iron and zinc are even more enriched. Chromium and nickel,
on the other hand, show lesser enrichment in oysters. The last column in
the table compares trace metals in oysters with those in Mississippi
River derived sediment. The concentrating ability of the oysters can be
seen here too, as they are 43 times richer than sediment with respect to
silver and 33 times higher in cadmium.

A large, three-year Mussel Watch program to analyze oysters was
funded by the Environmental Protection Agency (EPA) during 1976 to 1978.
Data from this program, which included the Atlantic, Pacific and Gulf
coasts, can be found in Goldberg et al. (1983). These data suggest
site-specific trace metal concentrations in oysters along the Gulf
coast--that is, high and low values tended to repeat in the same places
each year, with some exceptions. However, it was not possible to
correlate high values with known point sources of pollution. The Mussel
Watch program was dropped by EPA after three years, but was reinstituted
by the NOAA in 1986, with an initial four-year funding commitment. The
Gulf coast part of the NOAA Mussel Watch is being