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PREFACE

The Chemosynthetic Ecosystems Study concerns the prominent biological
communities of tube worms, mussels, and clams that occur at natural hydrocarbon
seeps on the continental slope and that derive their food supply from chemicals
associated with the seeps. This is the Technical Report (Volume II) of the Final
Report that will be issued by the Study, which is sponsored by the U.S. Department
of Interior Minerals Management Service (MMS), Gulf of Mexico Region OCS Office
(Contract 14-35-0001-30555).

The Study is being conducted by ten principal investigators (PIs) and four
associates under the overall management of the Geochemical and Environmental
Research Group (GERG) of Texas A&M University (see next page). The Program
has completed all of the three scheduled research cruises and has completed
processing material collected on these cruises. The first report of the Study
(MacDonald 1992) presented a review of published literature pertinent to the subject
and a limited synthesis of data collected prior to commencement of the Program. An
appendix volume to this report reproduced the core, peer-reviewed literature pertinent
to Gulf of Mexico seep communities An interim report described the methods,
techniques, and equipment used during the field program, outlined the data sets and
collections obtained during the field study, and discussed the analyses and
interpretations employed to treat these materials. This report comprises some of the
introductory material from the two previous reports in order to provide unfamiliar
readers with a context for Study findings. In keeping with MMS guidelines, these
chapters are addressed to an audience of knowledgeable lay-people. To enhance
readability, extended listings of materials and methods will be given in an appendix

volume or by citation to previous reports or publications.
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1.0 Chemosynthetic Ecosystems Study: Overview

The chemosynthetic communities associated with hydrocarbon seeps on the
Louisiana/Texas continental slope are one of a series of functionally and
taxonomically related assemblages in the deep-sea. For the purposes of this report,
we define a chemosynthetic community as a persistent, largely sessile assemblage of
marine organisms that depend upon the chemoautotrophic productivity of bacteria.
These communities are characteristically associated with sources of hydrogen sulfide
and/or methane in an oxygenated environment. The underlying geological processes

supplying these reduced compounds vary from site to site.

1.1 Chemosynthetic Communities in the Gulf of Mexico

The first discovery of chemosynthetic communities was made at hydrothermal
vents in the eastern Pacific Ocean (Corliss et al. 1979). The principal components of
these communities are tube worms, clams, and mytilids that derive their entire food
supply from symbiotic bacteria, which were in turn supported by chemical
components in the venting fluids and by the physiological mediations of their host
organisms (Cavanaugh et al. 1981; Childress and Mickel 1985). This series of
discoveries contributed to what became a fundamental reordering of theories
regarding life in the deep sea (Tunnicliffe 1992). In 1984, a large quantity of bivalves
and tube worms was recovered in a series of trawls that were pulled through oil and
gas seeps on the northern Gulf of Mexico continental slope. It soon transpired that
these then unfamiliar animals were close relatives of a fauna found in so-called
"chemosynthetic communities” that had only recently been discovered at
hydrothermal vents in the eastern Pacific Ocean (Kennicutt et al. 1985).

Previously, the general concept of the continental slope of the Gulf of Mexico,

held that the sea floor comprised a vast extent of soft sediment, sparsely populated
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by diverse, but tiny burrowing animals and an assortment of depth-adapted fishes
and crustaceans. Occurrence of species that were taxonomically and functionally
similar to vent fauna on a passive continental margin meant that the distribution of
chemosynthetic fauna was much more wide-spread. Dependence on hydrocarbon
seepage also placed the communities in the one deep-sea benthic zone that is certain
to be subject to possible impact from human activities. Addressing these concerns,
Minerals Management Service (MMS) issued guidelines designed to protect the
biological communities at oil seeps from possible harm due to disturbance associated
with the energy industry (MMS 1988). Simultaneously, a review by MMS of
information needed for prudent management of the seep communities concluded that
additional study was required. Several critical questions were identified, including the

following:

1. What are the specific geological, chemical, and ecological processes
whereby seeping hydrocarbons support distinct communities?

2. How do these communities persist, and to what degree do physical-
chemical and biological factors interact on different spatial and temporal
scales?

3. How quickly and to what degree will chemosynthetic communities

recover from mechanical damage?

4, How rare or common are dense chemosynthetic communities across the
Gulf of Mexico?
5. How much biomass do these communities comprise on the continental

slope and what is the contribution to slope ecosystems?

To evaluate possible impacts, it is important to determine how these

communities persist in the natural environment and the extent to which they will be
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resilient in the face of petroleum-related activities. In this regard, our overall goal is
to determine to what extent the Gulf of Mexico deep water petroleum seeps fit into
two possible categories: a robust or fragile community.

Determination of the extent to which the hydrocarbon seep communities are
robust or fragile entails coordinated geological, geochemical, and ecological research
efforts that will develop an understanding of the spatial and temporal linkage pattern
between hydrocarbon seepage and the formation of chemosynthetic community
development on the seafloor. These investigations must determine how communities
are established and persist within the particular geological and geochemical
environments that support them. As stated above, the key to understanding
potential impacts lies in understanding how the processes of geology, geochemistry,

and biology interact.

1.2 Summary of Study Accomplishments

The Study was initiated on 26 July 1991. The Principal Investigators (PlIs)
made substantial resources available to the Study at no cost to MMS. These
resources included a large and diverse amount of data gathered during previous
investigations of chemosynthetic ecosystems in the Gulf of Mexico. Additionally, the
North Carolina National Oceanographic and Atmospheric Administration (NOAA)
National Undersea Research Center had granted the Pls a series of submarine dives
with the Johnson Sea-Link during 1991 and 1992. Consequently, the PIs were able to
offer MMS a research program that was more extensive and which commenced field
activities more expeditiously than anticipated in the Request for Proposal (RFP).

The first submarine cruise (JSL-91) on this project utilized the Johnson Sea-
Link I, deployed from the support ship R/V Seward Johnson during 25, 26, and 31
August and 14-27 September 1991. The cruise occupied locations of known

chemosynthetic communities in water depths of 500 to 750 m (Figure 2.1).
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Collectively, these sites were judged by the Pls to represent the faunal and
environmental diversity of the chemosynthetic communities on the mid- to upper
continental slope. A base-line set of water column, sediment, carbonate, and tissue
samples from chemosynthetic and heterotrophic fauna were collected at each site.
Additionally, extensive photographic and video documentation was obtained,
particularly from stations delineated with durable sea-floor markers and floats. At
selected sites, collections of tube worms, mussels, or clams were measured, marked,
and returned alive to their habitats to determine in situ growth rates for the species.
Samples of Beggiatoa mats were collected for shipboard experiments and laboratory
assay. Several deployments of two time-lapse camera systems were carried out to
determine short and long-term activity patterns within clusters of tube worms and
mussels. Various markers, shell collections, and cages were also deployed for
retrieval during subsequent cruises.

The second submarine cruise (JSL-92) on this project utilized the Johnson Sea-
Link I, deployed from the support ship R/V Seward Johnson during the period 3-31
August 1992. This cruise occupied the same sites as JSL-91 and successfully
resampled many of the stations established previously. The long-term experiments
were retrieved with uniform success, although there were some failures in
performance. New techniques utilized during JSL-92 included an in situ pore-water
sampling device and a small-diameter push-core array that made it possible to collect
up to 15 sediment and bacteria samples from a 1 m2 grid.

A limited cruise was recently completed using the R/V Gyre during 4-9
November 1992 (Gyre-92). This cruise collected sediment cores with a piston-corer
specially designed for collecting intact shell samples from the surface strata (3 m
subbottom). Two of the sites occupied during JSL-91 and JSL-92 were successfully
cored. A third non-study site was also cored and subbottom profile data were

collected at two sites.
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The first report was submitted in final form on 30 November 1992. For this
report, each of the PIs wrote an independent overview of both the published literature
in his topic area and of his unpublished results which are sufficiently advanced to
release. In addition, a collection of the core literature pertinent to the Gulf of Mexico
communities was assembled and reproduced in an appendix to this report. This
collection included the discovery papers, review articles, and a series of papers
entitled "Gulf of Mexico Hydrocarbon Seep Communities: I through VII," which has
been dispersed among a variety of journals.

The Interim Report was submitted in final form on June 29, 1993. It described
the methods, techniques, and equipment used during the field program. It also
outlined the data sets and analyses used by the principal investigators (Pls).

The major findings of the individual Pls were presented to the public during the
MMS Information Transfer Meeting held in New Orleans, Louisiana on 15 December

1993. This report closely follows the format of those presentations.
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2.0 The Regional Distribution of Chemosynthetic Communities
Across the Continental Slope in the Northern Gulf of Mexico
Ian R. MacDonald

2.1 Introduction

Hydrocarbon seepage is one of the major natural processes that shape the
geological and geochemical characteristics of the Gulf of Mexico. Evidence for
extensive natural hydrocarbon seepage in this region comes from historical records
of floating and beached oil that predate modern offshore production and transport
(Geyer and Giammona 1980), and from extensive collections of oil-stained marine
sediments (Kennicutt et al. 1988b). Hydrocarbons migrate upward along faults
from reservoirs situated at subbottom depths of 2000 m or greater (Kennicutt et al.
1988a; Cook and D'Onfro 1991); oil and gas escape the sediment column in discrete
regions known as seeps (MacDonald et al. 1989; MacDonald et al. 1990b); within
seeps, there are often highly localized vents where very active release of gas and oil
takes place; finally, the released oil floats to the sea surface where it forms slicks
that drift with wind and current until dispersed by evaporation, dissolution, and
bacterial consumption (MacDonald et al. 1993). This overall sequence produces
significant effects at length scales in the range of a few centimeters to a few
kilometers.

Appropriate management of human activities that might affect the
chemosynthetic communities that are supported by hydrocarbon seepage must refer
to reliable estimates of the abundance and distribution of the communities.
Collectively, the historical data indicate substantial seepage across most of
continental slope in the Gulf of Mexico; but they do not give a repeatable measure of
the distribution of seepage nor of the biological communities associated with
seepage. The small size and extreme inaccessibility of seep communities makes it

difficult to determine where they occur without direct observation. During the
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course of the Study, satellite and airborne remote sensing were successfully
employed as means for detecting seepage on a regional basis (MacDonald et al.
1993, in press). A newly developed optical sensor, the laser line scan system, was
also evaluated in a demonstration deployment. Brief description of these results
will be presented.

Subsequent chapters in this report will describe geological, geochemical, and
ecological effects of hydrocarbon seepage based on detailed observations and
collections at representative seep sites made during this Study. This section will
place these sites in their regional context by documenting the geographic range,

frequency and possible magnitude of seepage.

2.2 Types of Seep Communities

Four general community types were described by MacDonald et al. (1990b).
Respectively, these were communities dominated by vestimentiferan tube worms
(Lamellibrachia c.f. barhami and Escarpia n.sp.), mytilids (Seep Mytilid Ia, Ib, and
III), epibenthic vesicomyid clams (Vesicomya cordata and Calyptogena ponderosa),
or infaunal lucinid or thyasirid clams (Lucinoma sp. and Thyasira sp.). These
faunal groups display distinctive characteristics in terms of how they aggregate, the
size of the aggregations, the geological and chemical properties of the habitats in
which they occur, and to some degree, the heterotrophic fauna that occur with them.

Tube worms form dense clusters that range in size from small tangles 20 cm
in diameter to continuous bush-like stands tens of meters across. Tube worms are
most often found in association with oil-laden sediment, which often contain up to
10% extractable oil by weight (MacDonald et al. 1989). The oil contributes directly
or indirectly to high local concentrations of sulfide.

Mytilids generally occur in single- or double-layer beds that range in size

from less than 0.5 m2 to 500 m2 (MacDonald et al. 1990a; 1990b). The beds are
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restricted to the localized areas where methane and oxygen are simultaneously
available. Oxygen is present in the ambient seawater, methane from either direct
evolution of gas bubbles or dissolved in brine (MacDonald et al. 1989). Mytilid beds
often define the distinct boundaries of this availability.

Living clams are either infaunal, in the case of the lucinaceans, or epibenthic,
in the case of the vesicomyids. The latter often form distinctive furrow-like tracks
as they plow through the surface sediment in search of sulfide (Fisher 1990). Areas
which living vesicomyids occupy more or less continuously may be 100 to 150 m in
width (Rosman et al. 1987). The dead shells of both groups, however, tend to
accumulate on the surface sediment, sometimes producing shell "pavements"” that
cover more extensive areas (Callender et al. 1990). The shells of the two groups are
often difficult to distinguish from each other visually and dead vesicomyids often
occur in life position. Visual observations of shell beds may therefore indicate a

community of living vesicomyids or an infaunal community of lucinaceans.

2.3 Zonal Distribution of Chemosynthetic Communities in the Northern
Gulf of Mexico

2.3.1 Local Patterns

The best evidence for long-term seepage is presence of chemosynthetic fauna
at specific sites. Figure 2.1 shows the locations where the major chemosynthetic
fauna have been collected or unambiguously observed. Table 2.1 lists the groups of
chemosynthetic fauna found, nominal locations, depths, collection method and the
citation. Occurrence of a chemoautotrophic community can indicate a range of
environmental conditions; in all cases, however, this fauna is an indicator of
hydrocarbon seepage (Brooks et al. 1987; Kennicutt et al. 1988a). Reliability of
information on the areal extent, density, and continuity of the individual

communities shown in Figure 2.1 is uneven. Clearly, trawl samples will not provide
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Table 2.1 Sites where chemosynthetic metazoans have been collected by trawl
(Trl) or submarine (Sub), or definitively photographed by submarine,
remotely operated vehicle (ROV), or photosled (Photosl). Fauna
indicates the type of chemosynthetic fauna found: V=vestimentiferan
tube worms, M=Seep Mpytilids, C=vesicomyid or lucinid clams,
PG=pogonophoran tube worms; codes in bold face followed by asterisk
(e.g., 1* VM) are Sampling Sites for the present study. Lease block
designators follow MMS standard abbreviations. Data sources give
precedence to observations published in the open literature.

Fauna Latitude Longitude MMS Depth Obs Data
(North) (West) Lease Block (m) method source
VM 26°21.20' 94°29.80' AC0645 2200 Sub 1
M 27°23.50' 94°29.45' EB0602 1111 Trl 2
PG 27°27.55' 93°08.60' GB0500 734 Trl 2
vC 27°30.05' 93°02.01 GB0458 757 Trl 2
M 27°31.50' 92°10.50' GB0476 750 Sub 3
MC 27°33.40' 92°32.40' GB0424 570 Sub 3
v 27°35.00' 92°30.00' GB0425 600 Sub 3
vVC 27°34.50' 92°55.95' GBo0416 580 Sub 3
vC 27°36.00' 94°46.00’ EB0376 776 Sub 3
PG 27°36.15' 94°35.40' EB0380 793 Trl 2
MC 27°36.50' 92°28.94' GB0382 570 Sub 3
vC 27°36.60° 94°47.35' EB0375 773 Trl 2
vC 27°36.82 92°15.25' GBo0386 585 Sub, Trl 2,3
vVC 27°37.15' 92°14.40' GB0387 781 Sub, Trl 2,3
v 27°37.75' 91°49.15' GCo310 780 Trl 2
vC 27°38.00 92°17.50' GB0342 425 Trl 2
C 27°39.15' 94°24.30' EB0339 780 Trl 2
vC 27°39.60 90°48.90' GC0287 994 Sub, Trl 2
C 27°40.45 90°29.10' GC0293 1042 Trl 2
vC 27°40.50' 92°18.00' GB0297 589 Trl 2
VMC 27°40.88' 91°32.10' GCo0272 720 Sub, Trl 2,3,4
vC 27°42.65' 92°10.45' GB0300 719 Trl 2
v 27°43.10' 91°30.15' GCo0229 825 Trl 2
M 27°43.30' 91°16.30’ GC0233 650 Sub 5
VMC 27°43.70' 91°17.55' GC0233 813 Trl 2
VM 27°44.08' 91°15.27 GCo0234 600 Sub 3,6
VM 27°44.30' 91°19.10' GC0232 807 Sub 3
VM 27°44.80 91°13.30’ GC0234 550 Sub 3,7
vC 27°45.00' 90°16.31 GCo210 715 Sub 3
C 27°45.50' 89°58.30' GCo0216 963 Sub, Photosl 8,2
VMC 27°46.33' 90°15.00' GCo0210 796 Sub 3
VM 27°46.65’ 91°30.35' GC0184/5 580 Sub, Trl 2,3,9
VM 27°46.75' 90°14.70' GCo0166 767 Sub, Trl 2,3
VM 27°49.16' 91°31.95' GCo0140 290 Sub 10
v 27°50.00' 90°19.00’ GCo0121 767 Sub 3
VM 27°53.56' 90°07.07 GCo081 682 Photosl 11
vC 27°54.40’ 90°11.90' GC0079 685 Trl 2
VM 27°55.50 90°27.50' GC0030 504 Sub 3
VPG 27°56.65' 89°58.05' GC0040 685 Trl 2
C 27°57.10' 89°54.30' MCo0969 658 Trl 2
v 27°57.25' 89°57.50' EW1010 597 Sub, Trl 2,3
v 27°58.70' 90°23.40' EW1001 430 Sub, Trl 2,3
VC 29°11.00' 88°00.00' VK0826 545 Sub, ROV, Trl 3,4, 12

Data sources: 1-Brooks et al.. (1989), 2-Kennicutt et al. (1988a,b), 3-GERG unpubl. data, 4-Callender et al.
(1990), 5~MacDonald et al. (1990b), 6-MacDonald et al. (1990b), 7-MacDonald et al. (1990a), 8—Rosman et al.
(1987), 9-MacDonald et al. (1989), 10-Roberts et al. (1990), 11-Boland 1986, 12-Boss (1968), Gallaway et al.
(1990), Volkes (1963).
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Figure 2.1 Locations where vestimentiferan tube worms, seep mytilids, or vesicomyid clams have been collected or
photographed in the northern Gulf of Mexico. Observations separated by less than 1 NM have been

pooled. Study sites are indicated by their MMS lease block number.



reliable data of this type; and photo surveys generally cannot provide an exhaustive
mapping of individual communities. It is therefore difficult to determine what
constitutes a chemosynthetic community in terms of management concerns. Does,
for example, a single collection of clam shells signify a lush community? Likewise,
in how much detail should offshore operators be required to search in order to
certify that their operations will not impact a lush community? One approach to
this issue is to examine the variable evidence for the typical length scales and
geological dependency of well-documented chemosynthetic communities.

An analysis of clustering frequencies for tube worms at GC 234 found
significant clustering at spatial scales of about 5, 20, and 75 m (MacDonald 1990a),
which may be indicative of clustering due to formation of tube worm "bushes" at the
smaller scale, and to the size and spacing of fault zones at the larger scales. A
review of the occurrence of chemosynthetic fauna along the submarine track-lines
tends to confirm a characteristic size of 10 to 100 m for vestimentiferan and mytilid
communities and 100 to 300 m for clam communities. We therefore have support
for speculation that communities separated by less than 300 m probably share a
common hydrocarbon reservoir. Multi-channel seismic data from the GC 184/185
lease blocks (Cook and D'Onfro 1991) provided information on the spacing of
reservoirs and migration pathways at this site. From these data, it appears that
communities separated by distances of 1 km are not supported by seepage from a

common reservoir.

2.3.2 Regional Patterns

Chemosynthetic fauna have been found in a 700 km-long corridor between
88°W and 95°W and between the 290 and 2200 m isobaths. Distribution is uniform;
the greatest number of communities were found between 91°W and 93°W between

the 500 and 700 m isobaths. These observations have been influenced by the limits
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of exploration; the envelope of occurrence suggests that the potential number of
communities is much larger than those found to date. There was a gap in
occurrences where the Mississippi Canyon intersects the corridor. Although this
area has not been exhaustively explored for communities, geochemical exploration
shows a general absence of oil-stained sediments from the Canyon, which suggests
that the hiatus in community occurrence may be real (GERG unpublished data).

The easternmost community, in the Viosca Knoll block 826, was found by
investigations initiated by the Oryx Energy Company (Gallaway et al. 1990).
Interestingly, this area was trawled in 1955 by the U.S. Fish and Wildlife Service's
M/V Oregon. The resulting collections provided the holotype for the original
description of Calyptogena cordata (Boss 1968) and a paratype for the original
description of Acesta bullisi (Volkes 1963). The photograph of this paratype shows
the unmistakable shell deformation that is caused by the commensal interaction
with a vestimentiferan. The Viosca Knoll site represents early, unrecognized
evidence for hydrocarbon seep communities in the northern Gulf, as well as a recent
range extension.

Each chemosynthetic community supported by hydrocarbon seepage depends
on a reservoir of hydrocarbon and a migration pathway or pathways through which
these fluids reach the seafloor. Implicit in the distribution shown in Figure 2.1, or
in a larger scale mapping of community distribution, is a determination of what
spatial separation is required to consider two occurrences as distinct communities.
The number of communities in a given area should be indicative of the number of
hydrocarbon reservoirs, the number of migration pathways (i.e., faults), the
characteristic size of the faults, and interaction of the unconsolidated sediments,
hydrates, or carbonate with seepage. This determination is also important for
estimating the numbers of the communities and for management concerns

regarding the potential zone of impact for a seafloor activity.
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24 Remote-Sensing Detection of Natural Oil Seepage

24.1 ical Meth ] i h i
Communities

Our study suggests that geophysical techniques can be used to narrow the
areas of detailed study needed to locate and classify chemosynthetic communities.
Ultimately, no geophysical method will allow the reliable identification of such
communities without in situ observation. However, by using known geophysical
signatures and affinities, likely locations can be identified for more detailed study.

Seeps are located along faults and faults are usually identified in regional
seismic exploration profiling surveys. Thus, the first step in locating
chemosynthetic communities is to map the faults along which seeps could occur.
The likeliest faults to harbor seeps are those that are active and thus extend to the
surface and those that show a significant displacement.

Having found the faults, the next step would be to look for seep related
topography and sediment disturbance. Topographic features would be mud
mounds, carbonate mounds, and pock-marks. The mud mounds are typically more
than 10 m in height and more than 100 m in diameter and would be evident on
high-resolution bathymetry maps and side-scan sonar images. Carbonate mounds
can be somewhat smaller, one to a few meters high and 10 m wide, or less. In
addition, pock-marks are variable in size, from small, shallow craters a few meters
across to large craters many meters deep and hundreds of meters wide.

Sediment disturbances can usually be found using acoustic profiling and
imaging techniques. On side-scan sonar records, the disturbance can appear as an
increase in backscatter, particularly in conjunction with small mounds. In 3.5 kHz
and other echo sounder profiles, the disturbance may show up as an attenuation of

signal reflections ("wipe out"), as an enhancement ("hardbottom"), or as
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reverberation ("turbidity"). These are caused mostly by gas, carbonate layers or
disseminated nodules, or hydrate layers. In addition, if the seepage is particularly
strong and contains much gas, the gas bubbles may be detected within the water
column by these acoustic methods (Anderson and Bryant 1990).

Having located areas of larger scale topographic features or sediment
disturbances caused by seepage, a more detailed examination is necessary. To
locate chemosynthetic communities, various ultra-high-resolution imaging methods
are needed. Side-scan sonar images will show carbonate outcrops, and may even
show tube worm bushes or bivalve clusters if the resolution is high enough and the
organisms are dense enough. Typically, this will require a deep-towed sonar or
sonar affixed to a submersible, so that the acoustic source and target are not greatly
separated. However, many chemosynthetic organisms, such as bivalves, may be
invisible. Underwater photography, such as with a camera sled or a laser line-scan
device can provide visual sitings, as can submersible dives. Although these last are
slow and painstaking techniques, presumably they can be directed, using a nested
search technique employing increasingly higher resolution methods, so that the
time consuming visual searches can be minimized. Likewise, new technologies,
such as laser line-scanning imaging, may dramatically improve the search speed for
visual survey. Another nesting procedure would combine geophysical methods with

remote sensing of floating oil by use of airborne or satellite sensors.

2.4.2 rmation and D ion of il Slick

Oil, and other organic compounds, can be detected remotely in the ocean
because they form a floating film that modifies the characteristics of the surface
layer and locally increases specular reflection of radiant energy such as visible light
or radar waves (Garrett 1986; Scott 1986; Stevenson et al. 1988). The phenomenon

has been used to study small-scale oceanographic circulation (Cox and Munk 1954;
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Soules 1970; La Violette and Arnone 1988), the effects of ship wakes (Peltzer et al.
1992), and the surface slicks formed by natural oil seepage (Estes et al. 1985).
Micro-layer surfactants originate from at least two sources: petroleum oil and the
biological activity of plankton and fish (Garrett 1986). Although biological
surfactants are physically and chemically different from oil, and can be
distinguished remotely by their wave damping properties under some circumstances
(Huhnerfuss et al. 1989), confirming the source of a remotely detected micro-layer is
often difficult or impossible. By comparing remote sensing images that show
evident oil slicks with locations of chemosynthetic communities (Table 2.1) and
surface observation of floating oil (MacDonald et al. 1993) made it possible to

confirm the locations of perennial oil slicks from natural seepage.

2.4.3 Remote Sensing Methods
The remote sensing data base comprised images collected from three sensor
systems on board three satellites:

1) European Radar Satellite (ERS-1, SAR image)

Orbit Frame Date

9518 3051 8 May 1993
9475 3051 8 May 1993
11250 3051 9 Sept. 1993

2) Landsat - (Landsat 5 , Thematic Mapper image)
Path, Row Collection Time and Date
22,41 1105 CST 31 July 1991

3) Space Shuttle (Atlantis with 120 mm format photograph, hand-held)
Mission, Roll, and Frame Collection Time and Date

STS-30, 151, 028 1535-1538 CST; 05 May 1989
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The Space Shuttle photograph was scanned and digitally resampled to
conform with the position of known coastal features and offshore installations.
Suspected slicks in these images were outlined as closed polygons. The set of slick
polygons for each image was then stored as a layer in a geographic information
system (GIS) by use of MAPIX® software.

The objective of this exercise was to combine observations from the data sets
described above, then to review these observations to identify probable sites for sea-
floor seeps. This was accomplished in a 2-stage fashion: First, all possible image
pairs were compared to determine co-locations of slick polygons. Overlapping
polygons were classified according to the style of conjunction by use of the following

ranking scheme:

Rank A: Overlap of the upwind ends of slicks in two or more images.
Rank B: Overlap of slick ends irrespective of wind direction.
Rank C: Ends of slicks within =2 km of each other.

Rank D: Overlap of any portion of slick polygons in two or more images.

Second, slick polygons were compared to locations of collections of floating,
freshly surfaced oil and to locations of chemosynthetic communities. A location was
considered to be a geochemical anomaly if a visibly oil-stained sediment sample was
collected in the same lease block with a surface slick or community of
chemosynthetic animals.

By analyzing the remote sensing and ancillary data, we found 63 locations
where multiple data sets indicated presence of perennial oil slicks (Table 2.2, Figure
2.2). At six of these sites, we report collection of freshly surfaced oil from the
surface at locations that coincide with a target in one of the remote sensing images.

Oil-stained sediments and chemosynthetic fauna were also present in five and three

2-11



Table 2.2

overlap.

Oil slicks detected in one or more remote sensing images from the
northern Gulf of Mexico.

Latitude and longitude are for point of

Lease block designators follow standard MMS format.

Depths given are mean depths for lease block. Slicks listed as having
no overlap were confirmed by coincidence with sea truth collections or

observation from submarine.

ID Latitude Longitude Lease Depth Remote Sensing Seafloor Geochemical Floating Oil
Block (m) Overlap Manifestation  Anomaly Collected
— e —
1 27°44.83'N  91°13.33'W GC0234 831 nooverlap  Chemo fauna Oilycore  Floating oil
2 27°43.71'N  91°36.57 W GC0226 825 no overlap - Oily core  Floating oil
3 27°40.53' N 92°18.00 W GB0297 589 nooverlap  Chemo fauna Oily core Floating oil
4 27°31.55' N 92°10.58 W GB0476 891 nooverlap  Chemo fauna - Floating oil
5 27°2199' N 92°23.01' W (GB0648 1058 no overlap - Oily core  Floating oil
6 27°13.02'N  91°03.12 W GC0766 1523 no overlap - Oily core  Floating oil
7 27°57.88' N 90°43.23' W EW0995 281 upwind ends - - -
8 27°55.63' N 91°52.86'' W SMO0205 184 upwind ends - Oily core -
9 27°48.73' N 90°51.03 W GCO0154 715 upwind ends - Oily core -
10 27°48.65' N 91°07.20 W GC0148 551 upwind ends - - -
11 27°45.04' N 91°29.48 W GC0229 825 upwind ends - - -
12 27°42.74' N 91°19.14 W GC0232 807 upwind ends - Oily core -
13 27°40.52'N  90°49.46'W GCO0287 994 upwind ends Chemo fauna* - -
14 27°3893'N  90°48.39 W GC0331 1037 upwind ends - - -
15 27°37.26' N 91°17.38 W GCo0321 881 upwind ends - Oily core -
16 27°33.29' N 90°58.55 W GCO0415 1049 upwind ends - - -
17 27°32.55' N 90°60.00 W GCO0415 1049 upwind ends - - -
18 27°32.10' N 90°59.75 W GC0415 1049 upwind ends - - -
19 27°32.04' N 91°24.65 W GCO0451 1027 upwind ends - - -
20 27°31.96'N  91°23.18 W GC0451 1027 upwind ends - Oily core -
21 27°31.41'N 91°22.31'W  GC0451 1027 upwind ends - - -
22  27°27.12°N  90°55.64 W GC0504 1181 upwind ends - - -
23 27°24.89'N 91°22.67 W GC0539 1288 upwind ends - - -
24 27°2453'N  91°21.86 W GC0540 1307 upwind ends - - -
25 27°24.12N  91°39.70 W GCO0577 1274 upwind ends - - -
26 27°23.88' N 91°21.05 W GC0584 1375 upwind ends - - -
27 27°22.70' N 91°45.022 W GC0576 1302 upwind ends - - -
28 27°2256'N  91°10.25 W GC0588 1502 upwind ends - - Floating oil
29 27°22.32'N  91°10.45 W GC0587 1558 upwind ends - - -
30 27°2139°N  91°03.09 W GCO0590 1404 upwind ends - Oily core -
31  27°21.31'N  90°02.97 W GCO0611 1341 upwind ends - Oily core -
32 27°1797 N  91°11.95W GC0675 1622 upwind ends - - -
33 27°14.35'N 91°36.36' W GCO0711 1412 upwind ends - - -
34 27°13.98'N 90°54.122 W GCO0725 1455 upwind ends - - -
35 27°13.62'N  91°01.21'W GC0723 1421 upwind ends - Oily core -
36 27°13.56'N  90°47.80 W GC0727 1374 upwind ends - Oily core -
37 27°1241'N  91°02.04 W GC0766 1523 upwind ends - Oily core -
38 27°05.60'N  91°21.69 W GC0892 1999 upwind ends - - Floating oil
39 27°05.09' N 91°23.75' W GC0891 2006 upwind ends - - -
40 27°44.24'N  91°18.83'W GC0232 807 endsundeter. Oil seepobs. Oilycore Floating oil
41 27°42.74' N  91°19.14 W GC0232 807 ends undeter. Chemo fauna Oily core -
42 27°31.35'N 91°24.25' W  GCO0451 1027  ends undeter. - - -
43 27°15.05' N 91°35.83 W GCO0711 1412 ends undeter. - - -
44 27°13.76' N 91°02.02 W GC0722 1414 ends undeter. - Oily core  Floating oil
45 27°13.57 N 90°48.89 W GC0727 1374 ends undeter. - Oily core -
46 27°48.51' N 90°51.07 W GCO0154 715 ends < 2km - - -
47 27°39.64' N 91°22.03' W GC0319 909 ends < 2km - - -
48 27°24.73' N 91°18.44'W GCO0541 1374 ends < 2km - - -
49  27°10.42'N  91°12.36' W GC0807 1676 ends < 2km - Oily core -
50 27°47.63' N 91°07.23' W GC0148 551 random overlap - - -
51 27°46.67 N  91°30.39' W GC0185 718 random overlap Oil seep obs. Oily core Floating oil
52 27°4447T N 91°12.75' W GC0235 841 random overlap - Oily core -
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53 27°43.62'N  91°25.19 W GC0230 825 random overlap - - -
54 27°4093' N 91°36.46' W GC0271 851 random overlap - Oily core -
55 27°32.79' N 90°58.3¢' W GC0416 1072 random overlap - - -
56  27°82.60'N  91°32.57 W GC0404 947 random overlap - Oily core -
57 27°28.39'N  90°56.73' W GC0504 1181 random overlap - - -
58 27°27.09' N 90°54.70' W GC0505 1172 random overlap - - -
59 27°26.18' N 91°50.52 W GC0530 1176 random overlap - - -
60 27°22.43' N 91°21.62° W GC0584 1375 random overlap - - -
61 27°20.55' N 91°23.44 W GC0627 1395 random overlap - - -
62 27°18.90'N  91°38.93 W GC0666 1323 random overlap - - -
63 27°18.13' N 91°10.80' W GC0675 1622 random overlap - - -

cases, respectively. At 39 sites listed in Table 2.2, we make our primary
determination based on overlap of the evident upwind ends of slicks in two or more
of the remote sensing images . Floating oil was collected at two of these sites and
oil-stained sediments were collected at an additional ten sites within this group.
Among the remaining 23 locations listed in Table 2.2, four are distinguished as
particularly strong candidates for perennial seeps because of positive indicators
among the supporting data sets. The remaining sites fit into our scheme of
overlapping targets in multiple remote sensing images, but they lack supporting
evidence.

Three locations were selected for dives with the research submarine Johnson
Sea-Link because they coincided with remotely detected oil slicks. The dives had
the objective of trying to locate a chemosynthetic community or other definitive
evidence for long term seepage on the sea floor below each surface target. In
particular, the concern was to explore potential new sites that were in greater water
depths than previously known sites. All dives were made with the research
submarine Johnson Sea-Link, which has a maximum depth rating of 1000 m.
Johnson Sea-Link was supported by the mother ships R/V Seward Johnson and R/V
Edwin Link. Dives consisted of approximately 2 h of bottom time; during which, the
submarine was first directed to the appropriate location by a surface ship, then

carried out autonomous exploration based on what was visible to scientists in the

submarine.
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Figure 2.2 Overlap between oil slicks detected in remote sensing images from different dates reveals the locations of
perennial oil seeps. (Rectangular outlines show coverage for individual remote sensing images.) ERS-1:
European Radar Satellite 1, TM: Thematic Mapper, LFC: Linhoff Frame Camera.



Sites selected for dives were located in the Green Canyon 232, 287 and 321
lease blocks (Table 2.2). We were able to find chemosynthetic fauna at the first two
of these sites, but not at the third. The surface slick in Green Canyon 232 was
spotted from an airplane and was clearly visible to ship-board observers before it
was noted in the satellite data. During two dives to depths of 700 m, we noted
dense aggregations of tube worms and seep mussels similar to assemblages at the
Bush Hill site (MacDonald et al., 1989). One of us (Guinasso) inadvertently caused
a copious discharge of oil and gas from the sea floor by attempting to collect some of
the mussels. The mussels were clustered within a field of authigenic carbonate
rubble. Probing the mussel cluster with a scoop sampler disturbed the carbonate
substratum and initiated a burst of gas bubbles followed by a flow of oil droplets
that continued unabated for over 30 min. Arrival of the oil droplets at the surface
was noted by the shipboard observers at a location about 100 m from the
submarine's sea floor position.

The surface slick at Green Canyon 287 was noted in the LandSat TM and
ERS-1 data sets. The site is the location is on a plateau that rises from a base depth
of 1500 m to a crest depth of 760 m. A salt body has intruded to the near seafloor
and salt movement has produced a series of shallow faults trending.northwest-
southeast normal to the salt (see Reilly et al., this volume). The Johnson Sea-Link
bottomed at a depth of 800 m and followed a southern course across the flank of the
uplift block. This track took the submarine across a series of northwest-southeast
trending valleys. Clam shells, carbonate outcrops encrusted with tube worms, and
occasional gas seeps were observed in the floors of these valleys. Although clam
shells were broadly distributed, the abundance of chemosynthetic fauna in the
communities at this site was much less than at the Green Canyon 232 site.

Although gas venting was evident at several locations, macro-seepage of oil was not
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observed. Extractable hydrocarbons from sediment samples at the site were heavily
biodegraded (MacDonald, unpubl. data).

Surface slicks at the Green Canyon 321 site were evident in all of the remote
sensing data sets. We traversed the sea floor below these slicks repeatedly during
more than 6 hours of submarine exploration that covered depths from 750 to 900 m.
Occasional indications of oil seepage, i.e. mats of Beggiatoa bacteria and outcrops of
authigenic carbonate, were observed, but neither significant aggregations of
chemosynthetic fauna nor other definitive sea floor indications of macro-seepage

were observed.

2.4.4 Estimates of Total Seepage

Estimating the magnitude of seepage required to produce slicks of a given
length requires knowledge of the detectable thickness of the visible oil slick, the rate
at which it advects away from the point at which the oil arrives at the surface, and
the rate of disappearance due to evaporation and dissolution. Direct measurement
of slicks over oil seeps suggests slick thicknesses of 0.1 to 1.0 pm (Allen et al. 1970).
Duckworth (personal communication 1993) dispensed a variety of crude oils on
seawater and observed the coverage. Although results depended upon oil type,
water cleanliness, and evaporation, generally 1 ml of oil will spread to produce a
stable silver-gray film that covers 10 sq m, which corresponds to a mean thickness
of 0.1 pm. The stable film degraded to an invisible film that suppressed capillary
waves and enhanced reflectivity, and that occupied an area consistent with a
thickness of approximately 0.01 um. Slick thicknesses required to produce the
rainbow sheen and mousse reported during the sea-truth trials probably exceeded 1
um; however, these observations were restricted to small areas within the overall
slicks, and the slicks themselves contained patches of un-oiled water. A thickness

of 0.01 um is therefore a reasonable lower limit for a detectable slick.
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0Oil floating on the sea degrades as a result of evaporation and dissolution. As
a slick disperses from its point of origin, these effects will compound progressive
thinning of the slick due to spreading until the slick is no longer detectable
(Hollinger and Mennella 1973). A slick formed by an instantaneous release of oil
will therefore have a set detectable life span. A persistent slick represents a
continuous flux of oil to the surface (Fallah and Stark 1976). Oil coming to the
surface continuously into an advective regime caused by current or wind forms a
plume. An advective velocity of 20 cm sec-1 would move oil downstream from a
point at about 17.2 km day-1. Plumes with lengths of the order of 5 km contain oil
that has been on the surface for less than 1 day. Hollinger and Mennella (1973)
noted that the oil slicks are thickest along a central axis and suggested that most of
the oil in a slick is confined to a small fraction of its total area.

More about the nature of these plumes can be learned by proposing a simple
dispersion model of a plume. We posit a Gaussian distribution of oil thickness in
the transverse cross-section of a plume because this is consistent with previous
findings and because analytical solutions to Gaussian functions are well-described.

A three-dimensional Gaussian plume can be described by

2
c=—9 exp(ﬂ - L)
2TUG U 9g2 (1)

where c is the thickness of the oil on the surface, cm; q is the seafloor seepage rate,
cm3 sec-1; u is the advection velocity, cm sec-1; x is the downwind distance, cm; r is
a degradation coefficient for the oil, sec-1; y is the cross plume distance, cm; and s is
the cross plume standard deviation. The standard deviation is given by assuming

diffusion-like spreading so that

oc=Y2dx/u (2)
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where x is downwind distance, cm; and d is a dispersion coefficient, cm2 sec-1.
Similar models are described by Csandy (1972) to describe a plume resulting from a
continuous oil spill.

The x,y points that lie on the boundary of the detectable plume satisfy the

equation

2
1 exp('r—x - y——) -c3=0
2RUG U 262 (3)

where cd is the minimum detectable thickness of oil, cm; r is the e-folding time or
degradation constant (r = 0.693/(86,400T), sec-1; T is a degradation half life, days;
and s is given by (2). The model requires that the size and shape of the detectable
plume is dependent on the parameters q, cd, u, r, and d, which we will refer to as
the parameters. Some insight can be gained into these equations by scaling them in
terms of some simple dimensionless variables. A natural scale length for the

problem is given by

u (4)

Substituting the dimensionless variables Y=y/L, X=x/L, R=rd/u2, and Q=g/(dcd) into

(1) gives

1 Q Y?
C=— -RX - —
2 exp( 4x)

VrX (5)
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When Y, the dimensionless crossplume distance equals zero, then

=12 exp(-RX)

2 \nX (6)

The length of the plume is that value of X defined by (6) when C=c/cd = 1.
Substituting C=1 into (6) we can solve for Q as a function of the overall length of the

plume XL

0= 2\/—E\/ZCXP(RXL) N

The shape of the plume is given by solving (5) for Y with C=1. This gives

_ o 2nX
' NE\/ ln(QeXp(—RX)J

(8

We estimated the range of possible seepage rates required to produce the
slicks in the two images by solving (7) for the lengths of slicks measured in the
Shuttle and TM images. We used an advection rate, u = 20 cm s-1, which we
estimate from the recorded wind speeds, and threshold thicknesses, cd = 0.01 and
0.1 pm, and degradation half-life, T = 0.25 and 1 day, which we regard as a
reasonable range for these parameters. This exercise suggests that natural seepage
is on the order of 4.3 x 103 to 7.8 x 104 m3 y-1 in the 8,200 sq km area imaged in the
TM scene and 1.1 x 104 to 4.8 x 105 m3 y-1 in the 15,000 sq km area imaged in the
1989 Atlantis photograph.
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2.4.5 Trial of the Laser Line Scan System

At present there are two means for sea-floor imaging: seismic and optical.
Seismic imaging, such as side-scan sonar or active sonar, is distinctly limited in
resolution. Optical imaging, such as underwater photography, has long been
limited in scope because of backscatter. The Laser Line Scan System (LLSS) is a
state-of-the-art optical imaging system that overcomes the back-scatter problems
plaguing underwater photography. Very recent design improvements by
Westinghouse Electric Corp., Underwater Laser Systems have produced a new
LLSS, Model SM20008S, that reduced power requirements to under 200 watt and
reduced size and weight by roughly half. This improvement makes this LLSS a
potential tool for much of the research submersible fleet including ROV's and towed
fish, but as yet, the submarine user community has not undertaken any detailed
scientific or engineering tasks with the system. In its current configuration, the
LLSS provides high-resolution pictures of the seafloor along swaths up to 40 m
wide. Despite the promise of this technology, it was unclear whether it could be
used to image chemosynthetic fauna in adequate detail.

A modification to the Study program was made to facilitate a trial with a
laser system over Bush Hill. In this trial, the ART laser system, operated by SAIC,
diverted from another mission and spent 12 hr surveying the GC 184 study site.
This laser system was deployed in a towed fish by the R/V Gyre. The laser produced
excellent images in shallow water, but was severely limited by tow-fish stability in
deeper waters. The results over Bush Hill were, therefore, disappointing in terms of
providing a detailed map of the community. The effort did produce several quite
satisfactory images of tube worm clusters and bacterial mats (Figure 2.3). This

demonstrates that the technique can work, provided the stability problem is solved.
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Figure 2.3 Laser line scan image collected over Bush Hill during the June 1993
trials. Note the extreme image distortion caused by the roll, pitch and
yaw in the towed vehicle. During a brief intervals of relative stability,
the instrument captured a very clear image of several tube worm
colonies. The largest colony is probably 1 to 2 m in diameter. Note the
very abundant white patches of bacterial mats.

2.5 Summary

Chemosynthetic fauna occur across most of the continental slope in the
northern Gulf of Mexico. Their distribution is more homogeneous over larger
geographic and depth ranges than is the case for hydrothermal vent communities.
Seep communities tend to be dominated by vestimentiferans, seep mytilids, or
vesicomyid and lucinid clams, but intergradations among these community types
are the rule, particularly between vestimentiferans and mytilids. The MMS

Chemosynthetic Ecosystems Study encompasses a series of study sites which were
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selected from the known list of communities on the basis of community type and
geographic location.

Methods for the remote sensing of chemosynthetic communities, many of
which were developed or refined during this Study, can be applied to improve
understanding of the distribution of hydrocarbon seepage. The distribution of
macro oil seepage revealed by satellite remote sensing demonstrates that the
conditions required for formation of hydrocarbon seep communities extend well
beyond the artificial limits imposed by the exploration tools previously used. It is
quite defensible to assume that hydrocarbon seep communities occur to depths of

2000 m or greater across much of the northern Gulf of Mexico slope.
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3.0 Geological and Geophysical Characterization of Hydrocarbons
William W. Sager, Changshik Lee, and William W. Schroeder

3.1 Introduction

Hydrocarbon seeps have been routinely studied by the oil industry using
geophysical techniques. Often the deep subsurface structure is known through
multichannel seismic reflection profiles acquired to find oil. Also, in areas where
drilling rigs or pipelines are to be located, the oil industry has often acquired high-
resolution geophysical data for a "hazard" survey. Even the most precise of high-
resolution surveys, however, has insufficient resolution to image objects on scales of a
few meters because of the separation of the observer at the sea surface from the
target on the seafloor. Thus, small features and biologic communities at seeps are
not routinely imaged by traditional sea surface geophysical techniques.

In contrast, much of our knowledge of the biology or geochemistry of
hydrocarbon seep communities comes from either dredge or trawl samples, or
submersible viewing and sampling. Dredges and trawls provide spot samples, but are
often difficult to relate to the seafloor in detail because they are typically dragged over
the seafloor. Submersible studies provide a detailed view of the community
inhabitants, relations, and small scale distribution, but are limited in scope by
visibility and the slow speed at which observers can traverse the seafloor in a
submersible.

What is missing in this spectrum of studies is a link from the broad scale of
geophysical sounding to the ultra small scale of the submersible viewport. In this
report we examine the use of a hybrid technique, geophysical data collected from a
submarine, as the basis of a study of the geological and geophysical characteristics of

hydrocarbon seeps in the Gulf of Mexico. These geophysical data provide a synoptic
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view on the scale of hundreds of meters, but with a resolution of less than a meter and
this allows us to compare viewport-scale observations with broad scale seismic data.
Our primary observations were made with two acoustic tools, a 25 kHz echo-
sounder and a 77 kHz side-scan sonar. Both were used aboard the U.S. Navy nuclear
submarine NR-1 to collect profile data in grids over four hydrocarbon seeps known to
be inhabited by chemosynthetic communities. We chose these particular seeps
because they have been the subject of intensive interdisciplinary studies and industry
geophysical data are also available for all to some degree. This situation allowed us to
examine the middle scale geologic characteristics and to link the ultra small and broad
scale data sets. In this report, we attempt to synthesize the geological and
geophysical characteristics of each of these four sites and then extrapolate this

information to the broader population of chemosynthetic community sites.

3.1.1 Study Locations

The four seep sites examined in the geological/geophysical study are all located
on the Louisiana continental slope in the Green Canyon (GC) and Garden Banks (GB)
lease blocks areas (Figure 3.1). From east to west, the sites are GC234, GC 184/185,
GB 386/387, and GB 424/425 (for brevity, we henceforth refer to the last three sites
as GC1 184, GB 386, and GB 425). GC 234 is located along a portion of a tensional
fault between salt diapir ridges (Behrens 1988). The other sites are all mounds
located either on the flank of a salt diapir (GC 386, GB 425) or on a fault radiating
from a salt diapir (GC 184). The deepest seep site is GB 425 at 575 m, next is GB
386 at 585 m, GC 184 at 540 m, and the shallowest is GC 234 at depth of 530 m.

3.1.2 logi n ms of H n in th If of Mexi
Hydrocarbon seeps are widely scattered throughout the ocean basins because

the two main ingredients that give rise to seeps, hydrocarbon source sediments and
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tectonic fracturing, are relatively common (Hovland and Judd 1988). In the Gulf of
Mexico, the source layers are Cretaceous carbonate sediments and Cenozoic
terrigenous sediments, both of which have layers containing abundant organic matter
that can form hydrocarbons.

Early in its history, during the Jurassic Period, the Gulf of Mexico was a
shallow, periodically desiccated basin in which an extensive evaporite layer (the
Louann Salt), up to several kilometers in thickness, was deposited (Buffler et al.
1980; Worrall and Snelson 1989). Many additional kilometers of sediment, first
carbonate and then terrigenous were piled atop the evaporites, as the basin margins
aged and subsided (Worrall and Snelson 1989; Wu et al. 1990a). The organic material
in these sediments was compressed and heated to form gas and oil. Salt is the main
constituent of the evaporites. Because it is nearly incompressible, its density
changes little with burial whereas the overlying sediments become denser through
compaction. Moreover, under differential stress, salt deforms plastically on geologic
time scales. The end result is that with continuing burial, the Louann Salt became
mobile beneath the Gulf of Mexico shelf and slope during the Cenozoic Era.

The mobile salt has greatly affected the physiography of the northern Gulf of
Mexico (Jackson and Seni 1983; Jackson and Galloway 1984; Jackson and Talbot
1986; Wu et al. 1990b; Simmons 1991). It has moved vertically to form diapirs and
ridges, only some of which have reached the surface. It has moved laterally to form
salt nappes and intraslope salt-withdrawal basins. Of greatest significance for
chemosynthetic ecosystems, the movements have caused faulting, which is active
today at many locations. The faults are typically tensional, listric, growth faults,
often with parasitic antithetic faults (Worrall and Snelson 1989; Seni and Jackson
1992). These faults frequently tap reservoirs of hydrocarbons deep within the
sediment column. Not only to they break the reservoir seal, but they also provide a

conduit for upward hydrocarbon migration. Thus, hydrocarbon seeps are associated
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with active salt movement and active faulting. Because the hydrocarbons cannot
penetrate impermeable hemipelagic muds to any great degree, seeps are found along
the faults that liberated the hydrocarbons (Roberts et al. 1990). Moreover, because
it is the salt movement that causes the faults, usually seepage is on faults near salt

bodies (Behrens 1988; Roberts et al. 1990; Kennicutt and Brooks 1990).

3.1.3 Geophysical Signatures of Seeps

For some time it has been realized that hydrocarbon seepage at the seafloor
has effects that can be recognized by acoustic profiling and imaging methods
(Hovland and Judd 1988). The effects can be generally broken into two categories:
those that cause some sort of topographic feature and those which change the
acoustic reflection characteristics of the sediments.

Seep-related topographic features range from depression to uplift. The latter
include mounds of authigenic (i.e., formed in situ) carbonate (Roberts et al. 1990) or
mud mounds (Hovland and Judd 1988; Neurauter and Bryant 1990). Authigenic
carbonate mounds are formed by precipitation of carbonate during microbial
degradation of hydrocarbons, whereas the mud mounds were probably formed by fluid
mud entrained by the ascending hydrocarbons (e.g., Figure 3.2). The negative
topographic features are pockmarks (small, subcircular, shallow craters) or blow-out
craters, probably formed by escaping gas (Hovland and Judd 1988).

The acoustic effects of hydrocarbon seeps are several. Gas bubbles within the
sediment column can attenuate the acoustic signal, preventing further penetration
and causing a "wipe out" zone in which deeper layers are hidden (Behrens 1988,
Anderson and Bryant 1990). This signature can also be caused by near-surface
biogenic gas, so it is not necessarily a sign of deep-rooted seepage. Authigenic
carbonates change the reflection characteristics of the sediments, causing a

reverberation or "turbidity” owing to the scattering of sound energy by disseminated
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Figure 3.2 3.5 kHz echo sounder profile over the flat-topped mud mound in GB 425.




nodules (Behrens 1988). This may also be the source of strong acoustic
backscattering sometimes seen around seeps using side-scan sonars. Gas hydrates
within the sediment column also change the reflection characteristics. A hydrate
layer may attenuate penetrating acoustic waves and it may also cause bottom
simulating reflectors (BSRs) owing to the acoustic impedance contrasts at its edges

Hovland and Judd 1988).

3.2 Data

As stated above, the primary data for this study were 25 kHz echo sounder
profiles, 77 kHz side-scan sonar images, and bathymetry data acquired with the
submersible NR-1 during surveys in 1991-1992 (GC 184/194, GC 234, GB 386) and
1993 (GC 425). Both the echo-sounder and side-scan sonar were mounted on the
lower hull of the submarine, which was sailed at an a more-or-less constant altitude of
3 to 10 meters above the seafloor, typically at a velocity of 1 to 2 knots. The echo
sounder records were recorded in analog fashion on videotape and have a vertical
resolution of less than 10 cm. Side-scan sonar records were also recorded in analog,
on paper records 20 inches wide. The sonar swath width was set at 100 m, and the
images have a resolution of about 0.5 m. Most surveys consisted of lines spaced 30
to 100 m apart, giving more than 100% overlap of the side scan images from adjacent
tracks.

Although they are related, the side-scan sonar and echo sounder data show
somewhat different aspects of the seafloor characteristics. The echo-sounder sends
an acoustic wave to the seafloor at vertical incidence, so the received energy is
proportional to the reflection coefficient of the seafloor and other interfaces (Urick
1975; Dobrin and Savit 1988). Some of the acoustic energy bounces back, but the
rest penetrates into the seafloor, to be reflected by subsurface interfaces (e.g.,

sediment layers) or dissipated. Thus, a plot of received energy versus time gives a
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picture of the interfaces at which significant acoustic impedance contrasts occur and
these are interpreted as having geologic significance. Many investigators have
employed the technique known as "seismic stratigraphy”, using external and internal
reflection characteristics as a scheme for the classification and interpretation
sediment layers (Damuth 1975; Damuth and Hayes 1977). Our purpose for the echo
sounder data was similar. Except at the nadir, acoustic waves from a side-scan
sonar strike the seafloor obliquely, so the energy that returns to the instrument is not
reflected, but is "backscattered” (Urick 1975). Backscattering depends on many
factors and chief among them are topography, seafloor roughness, and sediment
texture (Johnson and Helferty 1990).

Bathymetry data were also collected along submarine tracks, using a high-
frequency echo sounder on the bottom of NR-1. Bathymetric depths were determined
from the two-way travel time of acoustic waves emitted and received by the echo
sounder. Because the distance from the transceiver and seafloor was small, the
separation was calculated using a constant sound velocity. This distance was added
to the submarine depth, determined by pressure sensor, to arrive at total depth.

Some NR-1 cruises produced data in the form of audio and video records of
objects and organisms on the seafloor. These records were of from visual
observations of features seen out the small forward viewing ports on the submarine.

Positioning of the NR-1 was accomplished by inertial navigation between
acoustic fixes from the mothership at the sea surface. Although the surface ship was
positioned with the military Global Positioning System (GPS) satellite navigation,
there are unknown errors in the acoustic ranging position of the submarine at fix
locations. Furthermore, currents or inaccurate drift corrections can lead to
significant horizontal positioning errors between fixes, depending on the frequency and

quality of fixes. However, comparison of side-scan sonar record overlaps on adjacent

3-8



tracks suggests that for most of the data, the navigation for any given survey is
internally consistent on the order of 5 m or less.

Geologic ground truth data were provided by 0.5-m push cores, visual
observations, and video photography obtained with the submersible JohAnson Sea-
Link as well as 3-m piston cores acquired aboard the R/V Gyre. Both the Gyre and the
motherships for the Johnson Sea -Link (R/V Seward Johnson and R/V Edwin Link),
were positioned by civilian GPS satellite navigation, with an accuracy of about 30 m.
The submersible was positioned relative to the ship by an acoustic ranging system,
which was repeatable to a few tens of meters. Although the Gyre's position was
typically well determined, during coring both the ship's drift and currents pushing the
coring wire off vertical can lead to errors in positioning the cores.

Sea surface geophysical data were available for all four sites, but these data
were diverse in type and parameters because most were borrowed from industry
sources. For GC 184, GC 234, and GB 386, a few industry multichannel seismic
reflection profiles were available. Likewise a variable number of hazard survey
profiles, typically either run with a 3.5 kHz or similar echo-sounder or a high
resolution multichannel seismic system, were also obtained. The navigation methods
used for these surveys were typically unknown, since the data are proprietary, but
industry standards are such that these data probably have navigation accuracies of
less than 10 m. A more serious problem was offsets between different navigation
data sets; these offsets were sometimes found to be on the order of a few hundred
meters. In such instances, we had to resort to feature-matching to align submarine
and sea surface data. We did not acquire industry data for GB 425, but instead
carried out a 3.5 kHz and 12 kHz echo sounder survey with the R/V Gyre.
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3.3 Objectives

The objective of this study was to use maps of geophysical (mainly acoustic)
characteristics of the seafloor and shallow subbottom at hydrocarbon seep sites to
provide a framework for assessing the effects of the seeps on the seafloor and the
relationship to chemosynthetic communities. Using the principles of seismic
stratigraphy, we wished to classify and map the extent of sediments affected by
seepage. Our goal was to ground truth these classifications with geologic data (cores
and submersible observations) and to correlate these characteristics with other
geophysical and geologic data. A major objective of this task was to compare the
geophysical framework with locations of chemosynthetic communities, surface
features, and subsurface structures, such as faults. In addition, we wished to use the
observational framework developed in this study for implications about the geologic

formation and evolution of hydrocarbon seeps.

34 Methods

For each survey, the geophysical data were plotted at the same scale so that
maps could be made for comparison of features. Bathymetric data were determined
as described above and contoured at 5-m intervals. Where other sources of
bathymetry data were available, the different data sets were compared to quantify
and correct navigation offsets. The additional data were used to fill gaps or extend
bathymetry contours outside the submarine survey area.

Side-scan sonar records from NR-1 were automatically slant-range and speed
corrected to produce deskewed images in which the along track and cross track
dimensions are nearly the same. The slant-range correction method is internal to the
sonar electronics and assumes a flat seafloor. Consequently, significant deviations
from horizontal can cause errors in the plotting of features in the images. Sonar

records were combined to make a mosaic of the acoustic backscatter variations over
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each site. The paper side-scan records were electronically scanned as 8-bit gray scale
images and were manipulated with a computer program (Photo Styler) to match
common features on adjacent sonar swaths. This typically required some small
adjustments of line navigation. The resultant image was a mosaic of the backscatter
variations for each site. Some of the mosaics have gaps where it was impossible to
manipulate the side-scan records to be consistent with adjacent tracks. This usually
occurred at turns and where the submarine stopped or changed velocity in a manner
that produced inaccurate speed corrections in the records.

The 25 kHz echo sounder data were recorded with a video camera on 8-mm
videotape. These images were played on a videotape player and a Macintosh
computer with video frame grabbing board was used to capture the images digitally.
Each image represented only about 2 minutes of data, so longer records were
constructed by electronically mosaicking adjacent images. As described below, the
echo sounder records were classified by reflection characteristics and these
characteristics were plotted along navigation tracks and then contoured to fill in the
gaps between lines. Where possible, the side-scan images were used to help the
interpolation between lines.

For ground truthing, piston cores and push cores (see Tables 3.1 and 3.2) were
used along with visual observations and video data from submarine NR-1 and the
Johnson Sea-Link submersible. The piston cores were obtained from a surface ship
and examined for geologic features; samples were also taken for porosity and
carbonate percentage analysis. Push cores were taken using the manipulator arm of
the Johnson Sea-Link submersible. They were typically 30 to 50 cm in length, if full,
and were extruded and examined visually. Video and voice records were used to
identify the locations of chemosynthetic organisms for some surveys. The time of an
observation was noted, so the observation could be plotted versus the submarine

navigation and thus correlated to sediment acoustic character.
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Table 3.1  Description of piston cores.

Core 1D Description Echo Core
Type length
(cm)

GB 386-A  Compact carbonate rock layer at the top of the I 225
core

GB 386-B1 Empty I 0

GB 386-B2 Empty I 0

GB 386-C Homogenous mud (no carbonate) VI 230

GB 386-D Homogenous mud (no carbonate) VI 230

GB 386-S5 Carbonate rock layer in the top 50 cm I 182
Cracks filled with oil

GB 425-A 10 cm gas expansion void I1 215
Numerous vesicles and black-stained mud above
the void

GB 425-B Homogenous mud II 230
Vesicles in the top 50 cm

GB 425-C Homogenous mud with frequent empty spaces II 235
Vesicles between empty spaces

GB 425-D Carbonate nodules in the top 35 cm v 212
Shell fragments and oil stains throughout the core

GB 425-E Homogenous mud II 240

Vesicles in the top 70 cm
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Table 3.2  Description of push cores.
Core ID Echo Gas QOil Carbona Shell Bacterial
Type te Mat
GC 184-a 11 P tr - - -
GC184-b 11 P P P P -
GC 184-c II P P P - -
GC 184.d 1II P - - P -
GC 184-¢ VI - - - - P
GC 184-f II P - - P -
GC 184 I P P P -
GC 234-a VI - - - - P
GC 234-b VI - - - - -
GC 234-¢ 1III P tr tr - -
GC 234d VI - - - - P
GC 234-e 1II P P tr - -
GC 234-f 111 P tr - - -
GC 234-g VI - - - - P
GC 234-h VI - - - - -
GB 386-a 1I - - - - P
GB 386-b VI - - - - P
GB 386-¢ VI - - - - P

(P = present, tr= trace)
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To determine the interrelation of deep and shallow structure, faults and deep
structure were interpreted on select multichannel seismic lines and extrapolated to
the near surface. Structure maps were then compared with the side-scan sonar,

bathymetry, and acoustic character maps.

3.5 Results
3.5.1 Acoustic Echo Types

Echo sounder records were divided into six classes (Figure 3.3) based on the
amount and type of apparent disturbance of the sediment layers. Descriptions of
these classifications are as follows:

Type 1: Characterized by a strong reflector at the seafloor and no evident
acoustic penetration into the subbottom. The strong reflector is probably carbonate
or gas hydrate at or near the seafloor and has a high reflection coefficient, causing
much of the acoustic energy to be reflected or attenuated near the seafloor.

Type 2: Shallow penetration with an abrupt termination of acoustic
penetration. This signature probably represents a thin layer of mud overlying a
hardbottom, such as carbonate or hydrate. It may show areas in which recent mud
flows have covered a pre-existing hardbottom.

Type 3. Scattered subbottom echoes without continuous horizontal internal
reflectors. Such a pattern probably shows non-layered sediments disturbed by oil,
gas, or disseminated carbonate precipitates.

Type 4. Scattered subbottom echoes with indistinct, horizontally-continuous
reflectors. This signature probably represents layered sediments disturbed by gas,
oil, or carbonate precipitates.

Type 5. Zones in which acoustic energy is abruptly attenuated; typically

laterally-continuous features disappear within these zones. Such zones are widely
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Figure 3.3 Examples of acoustic echo types seen in 25kHz subbottom
reflection profiles.
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recognized as the result of acoustic attenuation owing to scattering or absorption by
gas bubbles within the sediments (Hovland and Judd, 1988).
Type 6. Parallel, continuous subbottom reflectors. These characteristics

denote normal, undisturbed hemipelagic sediments.

3.5.2 Ground Truth

In this section we describe the implications of our ground truth data for the
interpretations of acoustic facies. Our interpretation of the Type 1 hardbottom zones
is based on cores, side-scan images, and submersible observations. Cores within
these zones were typically short and contained carbonate rocks, usually within the
upper 20 cm, as seen for example in core GB 386-A from the seep mound in GB 386
(Figure 3.4). Side-scan mosaics often showed rough topography in these regions and
when viewed by submersible, carbonate outcrops were often seen.

Type 2 is similar to Type 1, but is a hardbottom covered with a thin sediment
layer. Such zones usually appeared no different from surrounding sediments when
seen in side-scan images or from a submersible, because of the covering of sediment.
Cores taken in these areas, however, showed similar features to Type 1 area cores,
but the hard layers were buried below the surface. Push cores from a Type 2 area on
the seep mound in GC 184 typically contained mud with disseminated carbonate, but
one had nodular carbonate at its bottom. About half of these push cores showed
traces of 0il. Core GC 425-A, from a similar zone on the mound in GB 425, retrieved
muds of two different colors, separated by an expansion void above which were small
vesicles and a band of dark mud (Figure 3.5). This core seems to show the boundary
between two layers, presumably that seen in the echo sounder records. However, the
two muds do not have sufficiently different properties to cause a strong reflection at
their interface. Instead, the gas expansion features suggest that gas hydrate may

have existed at the interface, but it evaporated when the core was raised. Thus, the
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Figure 3.4 Description of Core GB386-A, from a Type 1 (hard substrate)
echo character zone. At right are trends in carbonate percentage
and porosity.
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Figure 3.5 Description of Core GB 425-A, from a Type 2 (buried hard
substrate) echo character zone. At right are trends in carbonate
percentage and porosity.
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Figure 3.6 Description of Core GB 425-D, from a Type IV (disseminated
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Figure 3.7. Patterns of acoustic echo types in the GB 425 survey area.
Bathymetry contours shown at 5-m intervals. Echo types are
explained in Figure 3.3. Letters A- D show piston core locations
(see Tables 3.1 and 3.2); the letter V shows active vent locations.
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Patterns of acoustic echo types in the GC 184 survey area. Bathymetry contours shown at 5-m
intervals. Echo types are explained in Figure 3. Also shown are locations of tube, worm bushes and
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push cores (see Tables 3.1 and 3.2).



types show that hardbottoms are at or near the surface, owing to active or recently
active carbonate precipitation or hydrate formation. The Type 2 signatures may
indicate recent mudflows that have buried a previous hardbottom, as interpreted
from submersible observations at GB 425. The typical nearness of the hard
substrate to the seafloor suggests that with time, the covering of sediments is
probably incorporated into the hard substrate, so that the hard reflector moves
upward through the sediment column. Alternatively, erosion may uncover some hard
substrate. Given the uniformity of the burial or exposure of most hard substrate
reflections, it seems that the upward movement is probably the most likely
occurrence.

Interestingly, patterns of Type 1 and Type 2 occurrence are slightly different
at each site. GB 386 has Type 1 over the mound summit and Type 2 around its edges
(Figure 3.8), whereas the distribution on the GB 425 mound is almost opposite (Figure
3.7). GC 184 appears different from the other two because the areas of Type 1
returns are patchy and scattered (Figure 3.9). These differences probably reflect a
variability in the occurrence of carbonate or hydrate, which in turn may signify
variability in the structure of the mounds and hence the geometry of hydrocarbon
seepage.

Around the mounds, the acoustic facies are variable, apparently dependent on
the areal extent of the seepage zone. GB 386, seems to be an isolated seep mound, as
it is surrounded by undisturbed, Type 6, sediments. Both GB 425 and GC 184 are
evidently part of zones of seep disturbance that are larger than the survey areas. In
GB 425 Type 1 and Type 4 sediments surround the mound (Figure 3.8), whereas in
GC 184, Type 3 sediments surround the mound (Figure 3.9). In both cases, sea
surface geophysical survey data indicate that the study areas are only small parts of

larger zones of seepage.
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GC 234, which has no large mound structure, has acoustic facies patterns that
are clearly different from the other sites (Figure 3.10). Here, the distribution is
complex, but mainly consists of small patches of Type 1 (hard substrate), Type 3
(disturbed sediments), and Type 5 (acoustic wipe out) within an area of Type 6
(undisturbed) sediments. The occurrence of Type 1 and Type 5 reflections, scattered
in patches throughout the survey area, seems to indicate that carbonate or hydrate
formation and gas seepage are widespread along the fault scarp and not as localized

as at the mound sites.

3.5.4 Backscatter Mosaics

Acoustic backscatter patterns in the side-scan sonar records seem to mainly
show the effects of small scale topography and this topography is extremely variable
in its appearance at the sites we studied. In some instances, the topography is
apparently related to mound structure or formation because the topographic features
follow the bathymetric contours, such as curved ridges at the edges of the mounds in
GB 386 (Figure 3.11) and GB 425.

In some locations, the topography appears to be rock outcrop. In the images,
such features appear as small scale roughness or clusters of mounds (Figure 3.12).
The roughness, blockiness, and clear acoustic shadows cast by these features
suggests they are outcrops. Probably these outcrops consist mainly of authigenic
carbonate; however, in some areas it is possible that the small scale roughness is
actually caused by clusters of tube worms (e.g., at GC 234) or even by hydrate
mounds (MacDonald et al. 1990a). Our study indicates that these outcrop zones are
often correlated with Type 1 acoustic facies reflection patterns (compare Figs. 3.10
and 3.12). Because the Type 1 character is a hard substrate, this is not surprising.
Furthermore, at GC 234, at least, many of the "outcrops" are more-or-less linear and

seem to be correlated with faults mapped in multichannel seismic data (Figure 3.13).
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Figure 3.10 Patterns of acoustic echo types in the GC 234 survey area. Bathymetry contours shown at 5-m
intervals. Echo types are explained in Figure 3.3. Also shown are locations of tub<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>