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Executive Summary

This Final Synthesis Report summarizes a four-year program to characterize and monitor
carbonate mounds on the Mississippi/Alabama outer continental shelf (OCS). The study
area is shown in Fig. ES.1. The study was conducted by Continental Shelf Associates,
Inc. and the Geochemical and Environmental Research Group (GERG) of Texas A&M
University (TAMU), for the U.S. Geological Survey (USGS), Biological Resources

Division.

Based on previous studies and new geophysical
reconnaissance, nine sites in the Mississippi/
Alabama “pinnacle trend” area were selected for
monitoring (Fig. ES.1). Hard bottom community
structure and dynamics were monitored because
the potential sensitivity of these communities to
OCS oil and gas industry activities is of interest to
the Minerals Management Service (MMS), the
client agency for which the USGS administered
this program. Geological and oceanographic
processes were studied to help to understand
environmental factors that control or influence hard
bottom communities. These included substrate
characteristics such as relief, microtopography,
sedimentology, and contaminant levels; near-
bottom current patterns; and the presence, extent,
and dynamics of nepheloid layers. In addition, two
“companion studies” provided information on
epibiont recruitment and the distribution and
orientation of sea fans in relation to currents and
microtopography.

Objectives

Overall program goal:

To characterize and monitor biological
communities and environmental
conditions at carbonate mounds along the
Mississippi/Alabama OCS.

Specific objectives:

To describe and monitor seasonal and
interannual changes in community
structure and zonation and relate these to
changes in environmental conditions (i.e.,
dissolved oxygen, turbidity, temperature,
salinity, etc.); and

To characterize the geological, chemical,
and physical environment of the mounds
as an aid in understanding their origin,
evolution, present-day dynamics, and
long-term fate.

Phases and Cruise Scheduling

The program consisted of four phases, each lasting approximately 12 months. These are

summarized briefly below.

® Phase 1 included two reconnaissance cruises (Cruise 1A, November 1996; and
Cruise 1B, March 1997) followed by final site selection (April 1997) and the
beginning of monitoring and companion studies on Cruise 1C (May 1997).

® Phase 2 included two monitoring cruises, M2 (October 1997) and M3 (April-May and
August 1998). In addition, mooring service cruises were conducted in July 1997

(S1), January 1998 (S2), and July 1998 (S3).
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® Phase 3 concluded the field sampling program with two additional mooring service
cruises (S4, October 1998; and S5, January-February 1999) and one final monitoring
cruise (M4, April and July-August 1999).

® Phase 4 did not include any new field work. During this phase, investigators
analyzed and synthesized data from the entire program. Preliminary results have
been discussed in three previous Annual Interim Reports.

Site Selection

The contract specified that nine sites be selected, including high (>10 m), medium (5 to
10 m), and low (<5 m) relief sites in the eastern, central, and western parts of the study

area. Other factors considered in site selection were representativeness, availability of

existing video and photographic data, and previous oil and gas industry activities. Site

selection during Phase 1 involved the following steps:

® Megasite Selection. Prior to Cruise 1A, five large areas (“megasites”) were selected
for geophysical reconnaissance (Fig. ES.1). The selection of the five megasites was
based on geophysical data collected during previous MMS-sponsored studies in the
area. The megasites were selected because they were known to contain numerous
features of varying relief (candidate sites) and could be surveyed within the time and
financial constraints of the contract.

® Geophysical Reconnaissance and Preliminary Site Selection. During Cruise 1A
(November 1996), the five megasites were surveyed using swath bathymetry,
high-resolution side-scan sonar, and subbottom profiler to produce detailed maps.
After the initial survey of all five megasites, small subsets were chosen for higher
resolution mapping. After the cruise, a list of candidate high, medium, and low relief
features within the megasites was prepared and the historical video and photographic
data were tabulated. At this point, three high relief and two medium relief sites were
tentatively selected. '

® Visual Reconnaissance. Three low relief sites and one medium relief site with little
or no previous video or photographic data were identified as needing visual
reconnaissance. During Cruise 1B (March 1997), these features were briefly
surveyed using a remotely operated vehicle (ROV) to determine whether a hard
bottom community was present. All sites visited during Cruise 1B were ultimately
chosen as final sites.

® Final Site Selection. After the completion of Cruises 1A and 1B, the program
managers and key principal investigators developed a final site list in consultation
with the USGS, the MMS, and a Scientific Review Board.
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Site Descriptions

The nine monitoring sites ultimately selected are shown in Fig. ES.1, and characteristics
are summarized in Table ES.1. Each site was defined asacircular area of acertain
diameter. Diameters of the nine sites were determined through an analysis of the
bathymetric data collected during Cruise 1A. Resulting site diameters ranged from 100
to 200 m. Physical oceanographic moorings and epibiont recruitment arrays
(biomoorings) were placed on areas of flat bottom near certain sites. Fig. ES.2 shows an
example of a side-scan image of Sites 1 and 3 with adjacent moorings.

Fig. ES.2. Side-scan sonar mosaic showing the setting of Sites 1 and 3.
Site diameters are 200 m for Site 1 and 150 m for Site 3.
Current meter mooring locations are indicated by flags and
the biomooring location is indicated by a triad.

ES-4



Table ES.1. Monitoring site locations.

¢-S4d

Geographic  Relief Water Depth (m)* Site
Site Megasite £rap Diameter Lat/Long Lease Block
Category Category Min Max Mean (m)

1 1 Eastern High 60.4 78.2 66.0 200 29°26'19.131"N Destin Dome 533
87°34'27.273"W

2 1 Eastern Medium 70.3 823 77.6 120 29°26'41.053"N Destin Dome 532
87°3626.512"W

3 1 Eastern Low 74.5 83.2 79.9 150 29°26'15.901"N Destin Dome 533
87°34'15.266"W

4 2 Central Medium 96.5 108.7 102.2 140 29°19'39.041"N Destin Dome 661
87°46'07.849"W

5 3 Central High 61.8 71.6 68.2 160 29°23'35.930"N Main Pass 223
87°58'51.055"W

6 3 Central Low 68.2 75.7 72.8 150 29°23'52.887"N Main Pass 249
87°58'42.610"W

7 5 Western High 69.0 88.0 77.7 200 29°1524.844"N Main Pass 286
88°201221.455"W

8 5 Western Medium 87.0 97.0 922 100 29°13'53.857"N Main Pass 285
88°19'01.565"W

9 5 Western Low 86.9 95.5 92.3 150 29°14'19.499"N Main Pass 286

88°19'36.859"W

? Minimum, maximum, and mean water depths recorded at photographic stations within the site.



Overview of Sampling Program

Fig. ES.3 shows the general schedule of field sampling activities. A brief summary is
presented below.

During Cruise 1C (May 1997), subbottom profiling was conducted to geophysically
characterize each site in more detail than was possible with the broad-scale geophysical
reconnaissance (Cruise 1A). Grab samples were collected for geological and
geochemical analyses. Hydrographic profiling was also conducted at each station. Hard
bottom and fish community monitoring was conducted at each site using the ROV.
Monitoring included random video/photographic transects and stations and fixed
video/photoquadrats. Voucher specimens also were collected at some sites to help
identify certain species.

The overall program consisted of repeating the Cruise 1C sampling (except for subbottom
profiling) on three subsequent monitoring cruises.” These were Cruise M2 (October
1997), Cruise M3 (April-May and August 1998), and Cruise M4 (April and

July-August 1999).

Six physical oceanographic/sediment dynamics moorings were installed during

Cruise 1C. Three moorings were installed at Site 1, and one each at Sites 4, 5, and 9.
Each of these sites had at least one oceanographic mooring in place throughout the study.
After about a year (Cruise M3), two of the three moorings initially placed at Site 1 were
redeployed at Site 5 for the remainder of the program. Each mooring included current
meters at 4 and 16 m above bottom (mab), sediment traps at 2, 7, and 15 mab, and an
instrument that measured temperature, conductivity, dissolved oxygen, and turbidity.

Eleven “biomoorings” (arrays containing sets of settling plates) were also deployed
during Cruise 1C as part of the epibiont recruitment study. Eight were deployed at Site 4
as a “time-series” experiment, with plates retrieved after different intervals of exposure.
Single biomoorings were deployed at Sites 1, 5, and 9 and left in place for the same
length of time to investigate spatial differences among sites.

Report Organization and Chapter Summaries

The Final Synthesis Report discusses all program components. Chapter 1 (Introduction)
discusses the rationale and background for the program and summarizes program
objectives, phases, components, and report contents and organization. Chapter 2
describes Site Selection and General Methods. The geological components are discussed
in Chapter 3 (Geological Characterization), Chapter 4 (Geochemistry), and Chapter 5
(Sediment Dynamics). Chapter 6 discusses Physical Oceanography and Hydrography.
Chapters 7 and 8 discuss Hard Bottom Communities and Fish Communities, respectively.
Chapters 9 and 10 discuss the two companion studies (GIS and Microhabitat Studies, and
Epibiont Recruitment, respectively). Each subject chapter includes an introduction,
methods, results, and discussion. Chapter 11 (Synthesis) draws together information
from all study components. One-page summaries are presented on the following pages.
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Program Component

1996

1997

Geophysical reconnaissance

Visual reconnaissance

Video & photographic sampling

Hydrographic profiling *

1.9

Grab sampling

Oceanographic mooring servicing **

| BN BN BN |

Biomooring servicing **

* Hydrographic profiles were limited to Sites 1, 4, 5, and 9
during mooring service cruises (S1, 82, S3, 84, S5)

* Mooring servicing may include deploying, removing;
and/or servicing (retrieving and redeploying)

Cruise 1A

Cruise 1B

Cruise 1C

Cruise §1

Cruise M2

Cruise S2

Cruise M3

Cruise §3
Cruise M3 (cont) | &

Cruise S4

Cruise S5

Cruise M4

Cruise M4 (cont)

Fig. ES.3. Sampling schedule.




Geologic Characterization (Chapter 3)

Investigators
W. Sager and W. Schroeder

Objectives Methods
e Characterize the geology and morphology of * Geophysical surveys (high-resolution side-scan

carbonate mounds sonar, swath bathymetry, subbottom profiler)
e Characterize monitoring sites (bathymetry, o Grain size analysis of grab samples

topography, sediment texture, etc.) ® Visual analysis of substrates seen in photographs

and videotapes

Results and Discussion

Four megasites (1, 2, 3, and 5) contained recognizable carbonate mounds. The size, number, and
morphology of mounds varied significantly. For purposes of discussion, the mounds were classified into
several different forms: small, “unit” mounds; composite mounds; irregular mounds; smooth-top mounds;
and carbonate hard bottoms.

From prior MMS-funded surveys in the study area, it was known that carbonate mounds are often clustered
with sizes ranging from several meters on a side to hundreds of meters wide and 10 to 18 m high. It was
also known that areas of high acoustic backscatter are associated with many mounds and that in some cases
these areas are located to the southwest of the mounds. The present study emphasizes and broadens these
findings. In addition, the study improved our understanding of the relationship of backscatter to the
mounds and the sediment characteristics.

Although it was known that many of the carbonate mounds are subcircular in plan view, new side-scan
sonar data show the details of mound flanks and co-occurrences with far greater resolution. The data also
show that the shelf-edge, irregular “pinnacle” mounds are unlike the shallower mounds in that the pinnacle
mounds are often irregular or linear in plan view whereas the shallower mounds are usually subcircular in
plan view and often made up of clusters of smaller subcircular “unit” mounds. The data also imply a third
class of mounds: low, wide, carbonate hard bottoms hundreds of meters in diameter but only a few meters
in height. These mounds often have tops with features a few meters or less in height that make them appear
to be made up of many smaller “mini-mounds” and in this sense they are similar to many of the other,
shallower subcircular mounds.

Morphologic differences among mounds suggest differences in development. The low, wide carbonate
hard bottoms imply slow upward growth over a large area, perhaps indicating stable sea level or slow sea
level rise. It was previously speculated that such mounds grew at the shelf-edge during the slow sea level
rise after the last ice age, but now they are known to be even more widespread. The tall, steep-sided
“pinnacle” mounds suggest rapid growth during faster sea level rise. The widely-dispersed, shallower
mounds, which are highly variable in size and height, may represent a short period of sea level stabilization
in the middle of the deglaciation.

The data also give insights about the location of mound formation. Prior data implied the mounds formed
atop erosional unconformities on the two deltas in the study area. The new data support this observation.
The data also imply that in some places, larger mound groups formed on bathymetric scarps or atop
carbonate hard bottoms, suggesting that the mounds formed where suitable substrates were available.

Subbottom profiles over the mounds frequently show asymmetric profiles, another clue to mound
formation. Often large mounds have a peak at the seaward edge and have sediments dammed up on their
landward sides. These characteristics suggest that mound growth was most intense on the side facing the
sea, where perhaps nutrients are highest and sediments least. This is similar to the formation of coral reefs
and lends credence to the hypothesis that mounds were formed by biological action in shallow water.

Sediments at the monitoring sites are mainly sand, with a small and variable amount of clay. The sand-silt-
clay ternary diagram implies two end-members, sand and clay, that are intermixed. Since the sediments
currently being deposited in the region are fine clays, this could occur due to resuspension events that mix
clay with sand in sediments. A third component consists of gravel-sized fragments, usually shell fragments
or other biogenic debris. Gravel content is usually highest near mounds, indicating them as a source or
suggesting mound proximity as an important factor controlling the presence of organisms. While normal
sedimentation is not very active, evidently there are high-current events that cause significant reworking of
the sediments. Evidence comes from both the grain size data and from scour marks seen in the side-scan
sonar mosaics and the chirp sonar profiles that imply sediment redeposition during storms.
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Geochemistry (Chapter 4)

Investigator
M. C. Kennicutt II
Objectives Methods
¢ Document the degree of hydrocarbon and trace ¢ Analysis of hydrocarbons (total petroleum
metal contamination in the benthic environment hydrocarbons [TPH], extractable organic matter
at each site [EOM], polycyclic aromatic hydrocarbons
e Characterize the geochemical environment at [PAHs]), and selected trace metals in grab
each site to aid in determining the origins of samples (Cruise 1C only)
sediment and to define the relationship between ¢ Analysis of total organic carbon (TOC) and total
sediment texture and biological patterns inorganic carbon (TIC) in grab samples from all
four monitoring cruises
e Trace metal and TOC/TIC analysis of sediment
trap samples

Results and Discussion

Measures of sediment hydrocarbons at the sites were low and relatively uniform. Little or no
evidence of petroleum related hydrocarbons was observed at any of the nine study sites. PAHs
were at or below the method detection limits and appear to be derived from low-level,
background contamination from atmospheric deposition that is seen Gulf-wide. The levels
detected are several orders of magnitude below concentration levels that are thought to invoke
biological responses. PAH concentrations at the study sites are equal to or lower than
concentrations that have been detected at undisturbed sites in the western Gulf of Mexico far
from platforms. There was a slight increase in EOM and PAHs toward the west, which is most
likely due to finer sediments in that area (i.e., silts and clays tend to have higher concentrations of
these contaminants).

Trace metals indicative of contamination were at or near background levels at all sites as well.
Barium, a tracer of drilling mud discharges, was observed to be at background levels with only a
very few samples that might be interpreted as slightly elevated. Sediment metal concentrations in
the study area are similar to those that have been observed far from platforms in the western Gulf
of Mexico. These comparisons suggest that the study sites have been exposed to little or no
contamination and that the concentrations observed are well below levels known to induce
biological responses. There was a slight increase in a few metals (barium, chromium, iron, and
zinc) toward the west, which is most likely due to finer sediments in that area (i.e., silts and clays
tend to have higher concentrations of these metals).

TOC in sediments at the study sites was low and relatively uniform. In most instances, TOC was
less than 0.5%, occasionally reaching 1.0% or more. Sedimentary carbon was primarily in the
form of carbonate. TIC ranged from ~3.5% to more than 8% (pure calcium carbonate would be
12% carbon). Carbonate content decreased from east to west by nearly a factor of two, reflecting
proximity to riverine inputs of particulate matter.
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Sediment Dynamics (Chapter 5)

Investigator
I. Walsh

Objectives Methods
* Make quantitative and qualitative measurements | e Vertically separated sediment traps (2 m, 7 m,

of extent and occurrence of the nepheloid layer and 15 m above bottom [mab])
¢ Determine sedimentation and resuspension rates |  CTD/transmissometer/OBS profiles on each
e Determine how topographic highs affect cruise

present-day sedimentation ¢ OBS instruments on current meter arrays
¢ Relate short-term sediment dynamics to ¢ Trace metal, grain size and TOC/TIC analysis

long-term sediment accumulation of sediment trap samples

e ROV observations

Results and Discussion

The study area exhibits high spatial and temporal variability in particle flux. However, a benthic
nepheloid layer (BNL) was present at all sites in all casts, though its intensity as measured by the
beam attenuation and the vertical gradient in attenuation was variable. The BNL increased as
bottom water temperatures decreased. The surface layer was characterized by low salinity and a
local maximum in the particle concentration reflecting biological activity during both Cruise M2
(October 1997) and Cruise S2 (January 1998), with lower salinity and higher particle
concentrations encountered in a westward direction.

Particles in the nepheloid layer are inferred to have had similar size distributions and adsorption
properties throughout the study period. This argues strongly for a local origin for the nepheloid
layer particles, and against significant wide-scale advection of sediments through these sites.
Rather, the local surface sediments probably have a rapid cycling between the water column
following resuspension events and the surface sediments following deposition.

Sediment trap results reflect the influence of resuspension at the study sites, with fluxes
increasing toward the bottom for all moorings and time periods. Average vertical fluxes during
non-hurricane periods ranged from 1.5 to 6 g m™ d”' in'the traps 15 mab and from 6.7 to

29.3 gm™ d” in the 2.5 mab traps. A persistent and energetic nepheloid layer at Site S resulted in
the highest average bulk fluxes and lowest TOC concentrations in the settling material. Sites 1
and 4 had the lowest rates of resuspension and the lowest fluxes, though Site 1 had the highest
sediment trap TOC concentrations. Site 9 had a robust and persistent nepheloid layer, with a peak
mean concentration twice that found at Sites 1 and 4, though half of the peak mean was found at
Site 5. Similarly, Site 9 fluxes fell between the low fluxes measured at Sites 1 and 4 and the high
fluxes measured at Site 5. There was no consistent geographic trend in the sediment trap data set
at any given depth level, suggesting that mesoscale variability was more important than local
effects averaged over a mesoscale time period (i.e., the trapping period).

No seasonal trends are apparent over the study period, which may reflect the dominance of storm
and event-driven resuspension. The dominant temporal signal in the data set is the extremely
high fluxes recorded during period 6 (21 July to 13 October 1998). During this period, Hurricane
Georges passed near the mooring sites and energetic currents were recorded. Fluxes during this
period were the highest recorded for each site and depth during the study, and ranged from 4 to
70 times the average fluxes exclusive of period 6.
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Physical Oceanography/Hydiography (Chapter 6)

Investigators
F. Kelly, N. Guinasso, Jr., and L. Bender
Objectives Methods
¢ Characterize regional and local current dynamics e Moored instrument arrays (currents,
e Determine the dynamics of important environmental conductivity, temperature, dissolved oxygen,
parameters including temperature, salinity, turbidity, sediment traps)
dissolved oxygen, and turbidity ¢ CTD/DO/transmissivity/PAR/OBS profiles
¢ Define the relationship of current dynamics and e Collateral data (satellite imagery,
environmental parameters to the geological and meteorological observations, etc.)
biological processes of the mounds

Results and Discussion

Current meters at 16 meters above bottom (mab) measured the mesoscale flow just above the mounds.
Across the entire study region there was substantial similarity in the observed flow fields. The most
frequent direction octant and the direction of the vector mean current were east at Sites 1 and 9. At
Site 4, located farther from shore in deeper water, there was a slight southwesterly bias as compared
with the other sites. At all sites, the most frequent speed range was 5 to 10 cm/s, reflecting the normal
tidal influence. Strong currents, i.e., greater than 40 cm/s, were most frequently directed to the
southwest or west, particularly during Hurricane Georges (maximum of 97 cm/s at Site 1, 92 cm/s at

Site 9, and 66 cm/s at Site 4).

The near-bottom (4 mab) flow was more site specific. Bottom friction and the local topography
influenced flow, particularly at Site 1. Compared to the other three sites, the 4 mab currents at mooring
Site 1A (located about one “mound diameter” northeast of Site 1) had (a) a lower mean speed, (b) a greater
percentage of near stagnant conditions, and (c) a much larger counter-clockwise rotation of the principal
axis. These observed characteristics are consistent with the downstream flow disruption observed in
published reports of laboratory experiments of stratified non-rotating flow over small hills.

September 1998 was the most unusual month because of several events. Hurricane Earl crossed the
eastern side of the study area on 3 September and the eye of Hurricane Georges passed over Site 5 on
29 September. Currents were strongest during Hurricane Georges. At 16 mab, speed reached 97 c¢m/s
at Site 1. The direction of hurricane driven currents was mainly southwest at Sites 1 and 4, and shifted
between southwest and northwest at Sites 5 and 9. Hurricane Earl, which moved more quickly across
the shelf, forced a response of about half the intensity forced by Hurricane Georges. In the
near-bottom currents (4 mab), the response to Hurricane Earl was strongest at Site 1, reaching about
50 cm/s, and was almost nonexistent at Site 4. During Hurricane Georges, the near-bottom response
was strongest at Site 4, reaching 60 cm/s. Only during the hurricanes did turbidity values exceed
normal background ranges. Between the two hurricanes, an oceanic circulation feature may have
intruded onto the shelf. The intrusion event between the hurricanes was most evident at Site 4, where
current speed at 4 mab exceeded 20 cm/s for 8 days.

Based on a review of the temperature, salinity, and density profiles for each of the cruises, the density of
the water in the upper part of the water column is controlled mainly by salinity. This suggests water
properties determined by coastal processes. In the lower half of the water column, density is mainly
controlled by the temperature, which suggests water properties determined by the presence of Gulf waters.
Bottom salinity always ranged from 36.0 to 36.5 regardless of site depth, site location, season, or year.
Water with this salinity is indicative of common Gulf water. Furthermore, salinity was generally uniform
in the bottom half of the water column. Temporal variations in density, which were frequently seen, are the
result of temperature variations. Intrusion of Loop Current water was seen only during the summer (July
1997) Cruise S1, occurring across the study region. The presence of Mississippi River plume water in the
surface layer was seen in every summer cruise at every site. During the spring cruises, plume water was
seen sporadically at the western sites. Plume water was not seen during the autumn and winter cruises.
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Hard Bottom Communities (Chapter 7)

Investigators
D. Hardin, K. Spring, S. Viada, A. Hart, B. Graham, and M. Peccini

Objectives
* Describe hard bottom community structure and
seasonal dynamics at each site

¢ Identify differences in hard bottom community
structure among sites differing in relief and

Methods

¢ Random video/photographic transects and
stations

¢ Fixed video/photoquadrats

¢ Collection of voucher specimens

location
e Understand relationships between community
structure and environmental parameters

Results and Discussion

A total of 2,997 random photographs were analyzed from four monitoring cruises. With a few
exceptions where the water was too turbid to obtain clear images, at least 85 random photographs
were analyzed from each site on each cruise.

The 40 taxa with the highest overall cover represented 14 taxon groups. Octocorals were the
most diverse group (10 taxa), followed by sponges (6), ahermatypic corals (4), antipatharians (4),
and ectoprocts (4). Ahermatypic corals were the most abundant group, due to the dominance of
Rhizopsammia manuelensis. Cover varied substantially among sites but not much between
cruises. Mean biotic cover (combined over all taxa and cruises) ranged from 13.5% at Site 3 to
30.6% at Site 4. Cover of Rhizopsammia manuelensis averaged 6.0% (over all sites and cruises).

Statistical analysis showed that most of the 40 dominant taxa varied with respect to both relief
category and region, as well as related environmental variables. Most of the taxa preferred
medium-high relief habitat. Many taxa were found in higher abundances toward the east (i.e.,
farther from the Mississippi River), but some taxa increased toward the west. The generally low
amount of variation accounted for by the linear models suggests that stochastic or unexamined
processes contribute substantially to distribution patterns of hard bottom communities. Very
patchy occurrences of dominant taxa within sites, such as Madrepora carolina and Rhizopsammia
manuelensis at Site 3, exemplify this situation.

Both linear models analysis and canonical correspondence analysis (CCA) indicated an important
effect of sediment veneer, especially for medium-high relief taxa. CCA results indicated that
25% of the 40 dominant taxa were negatively related to the presence of a sediment veneer.

The highest overall abundance was observed at high relief sites, with organisms distributed
primarily on the sides and tops of features. These observations substantiate previous findings of
high organism abundances on features elevated above the surrounding seafloor. This pattern may
reflect reduced sedimentation and flux of suspended sediments, as well as increased food flux
associated with current acceleration. Multiple regression using sediment trap data indicates there
is a strong combined influence of proximity to the Mississippi River and height above the bottom
on normal fluxes of suspended sediments, which could be influencing hard bottom communities.

Observations from the fixed quadrats reveal a dynamic near-bottom environment. Numerous
instances of sediment deposition, and occasional instances of erosion and organism growth and
damage or mortality were noted. Over all sites and all fixed quadrat observations, the observed
frequency of sediment deposition exceeded that of sediment erosion. Frequencies of
damage/mortality and growth/recruitment were about equal.

ES-12




Fish Communities (Chapter 8)

Investigator
D. Snyder
Objectives Methods
¢ Describe fish community composition and temporal | e Analysis of video and photographs from hard
dynamics at each site bottom community monitoring

¢ Identify differences in fish community composition | e Literature review of trophic relationships
among sites differing in relief and location

¢ Understand relationships between fish communities
and environmental parameters

e Identify trophic relationships among fishes, as well
as between fishes and the epibenthic community

Results and Discussion

Analysis of videotapes and still photographs yielded 76 fish taxa in 33 families. Mean numbers
of fish taxa per cruise (combined over all sites) varied from 15 to 28. There were no significant
differences in numbers of taxa among cruises, sites, relief categories, or location categories.
Total numbers of taxa were not strongly correlated with any environmental variables.

The most speciose families were sea basses (Serranidae), squirrelfishes (Holocentridae), morays
(Muraenidae), lizardfishes (Synodontidae), jacks (Carangidae), wrasses (Labridae), and
butterflyfishes (Chaetodontidae). The most frequently occurring taxa were roughtongue bass
(Pronotogrammus martinicensis), short bigeye (Pristigenys alta), bank butterflyfish (Chaetodon
aya), red barbier (Hemanthias vivanus), scorpionfish (Scorpaena sp.), and tattler (Serranus
Pphoebe). Streamer basses (e.g., roughtongue bass and red barbier) probably numerically
dominate the mounds. These species hover above the substrate, picking plankton from the water
column. Streamer basses provide forage for a number of piscivorous species (e.g., amberjacks,
groupers, sharks, and mackerels). The ichthyofauna consists primarily of reef fishes, although
pelagic species (e.g., sharks, jacks, bluefish, and king mackerel) and demersal fishes (flounders)
also were observed. Commonly seen species represent the deep reef fish assemblage reported for
water depths of 50 to 100 m in the western Atlantic. The total number of taxa represents about
half of the fish fauna known from the hard banks and reefs of the northern Gulf of Mexico.

The influence of environmental variables on fish assemblage composition was examined by
canonical correspondence analysis. Variables included relief, location, water depth, substrate
classification, sediment flux, and distance from the Mississippi River mouth. Overall, there were
no strong, consistent relationships. Site 1 had the most distinct species composition and
supported the highest richness of reef species. Site 1 is in the high relief category, is the farthest
from the Mississippi River mouth, and more importantly, is the shallowest of the study sites.
Many fishes observed here, but not at other sites, commonly occur in shallow waters. The
different species composition at Site 1 may be due to shallow water depth or other unmeasured
correlates of water depth rather than relief category or distance from the Mississippi River.

Frequency of occurrence of 17 common taxa was analyzed in relation to habitat characteristics at
three scales: large (tens of kilometers to hundreds of meters), meso (tens of meters to 1 m), and
small (1 m to centimeters). There were no strong patterns at the large scale. Meso-scale
observations showed that some species regularly used portions (tops, sides, bases) of larger
features, generally reflecting their feeding behavior. A fundamental pattern observed in

meso- and small scale analyses was the separation of sedimentary and hard bottom habitats.

Most smaller species remain near features for shelter from larger groupers, amberjacks, and
sharks that patrol the structures. There was considerable overlap in use of the small scale habitats.
Crevices, ledges, and holes were especially important to some species such as short bigeye
(Pristigenys alta) and spinycheek soldierfish (Corniger spinosa).
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GIS and Microhabitat Studies (Chapter 9)

Investigators
I. MacDonald and M. Peccini

Objectives Methods

* Integrate physical measurements with ® Geographic information system (GIS) techniques were
blologlc':al.observatl_ons on a microhabitat used to integrate and display data. Base maps of each
scale within study sites site were prepared. Layers included bathymetry,

¢ Provide uniform mapping products and side-scan sonar imagery, photograph and video
geographic tools in support of the overall transect locations, grab sample and mooring locations,
program substrate classifications, and gorgonian orientations.

Results and Discussion

Orientations of gorgonian colonies were measured from videotapes recorded at Sites 1, 3, 5, 7,
and 9. The angle perpendicular to the major axis of the fans was used for the analysis. Colony
numbers were plotted as a circular histograms. Circular statistics were used to test for
relationships between mean current direction and gorgonian orientation.

At every site, gorgonian orientations were non-random, with a distinct and unimodal central
tendency. Gorgonian orientations at Sites 3, 5, and 7 generally agreed with the mean vectors of
water flow recorded by the nearby current meters. Colony orientations at Site 9 were rotated
counterclockwise from the mean flow, which is consistent with an Eckman effect upon the
near-bottom flow. Gorgonian orientations at Site 1 were rotated by about 15° counterclockwise
from the mean vector of the water flow; it is not clear whether all of the observed rotation is due
to an Eckman effect. The results suggest that mean orientations of gorgonians are strongly
influenced by mean directional water flow. Deviations from the current meter readings probably
indicate local topographic steering that is not captured by moorings located well away from
features.

A detailed substrate classification scheme was applied to photographs taken at Sites 1, 3, 5, and 7.
Six habitat categories were selected for further analysis. These were morphology, location on
feature, silt veneer, small-scale roughness, medium-scale roughness, and slope. Abundances of
gorgonian and antipatharian colonies in random photographs were then compared against habitat
factors, following a set of standardized routines. Partial ANOVA tests were completed for the
pooled abundance of all taxonomic groups (total colonies) and for the most abundant groups.

In all cases, substrate characteristics were significant factors in determining the abundance of
gorgonian or antipatharian colonies. Morphology, which distinguished among types of
attachment substrata, was nearly always a significant factor in determining colony abundance.
Although colonies did occur at photo-stations where there was no visible hard substratum, most
were associated with a hard structure on the seafloor. Comparison of the types of structures used
at different sites and by different taxonomic groups prevides an indication of habitat preferences.

Location on the feature was also a significant factor for the total abundance of all groups.
Consistent with previous findings, the top edges and sides of features were preferred locations.
Individual groups occupied a wider range of locations. The Bebryce and Ctenocella (Ellisella)
groups, for example, were frequently found on the interior of the hard bottom features.

Other important factors included silt veneer, which was a significant influence primarily at Site 3,
a low-relief feature. This is consistent with a regime in which partial burial of hard bottom was
common. Silt veneer was also significant at Site 7, where the sediment flats beyond the edges of
the mound occupied a substantial portion of the study area.
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Epibiont Recruitment (Chapter 10)

Investigators
T. Holmberg and P. Montagna

Objectives Methods

e Document the process of larval Settling plates were attached to “biomoorings.” Major
settlement, growth, and community elements of the settling plate experiment studies were
development of hard bottom epibiota 1. Spatial study at Sites 1, 4, 5, and 9 to last for 1 year;

o Test hypotheses about the effects of 2. Replication of the spatial study during the second year;
location, height above bottom, duration 3. Uncaged3 caged, and partially-caged treatments;
of deployment, surface texture, predation, 4. Three heights above bottom (0 m, 3 m, and 13 m), and;
and water flow on recruitment 5. Time series study at one station (Site 4), retrieval after

I year and 2 years.

Results and Discussion

Nine phyla were found in the recruitment studies: Rhizopoda, Porifera, Cnidaria, Ectoprocta,
Entoprocta, Mollusca, Annelida, Arthropoda, and Chordata. All except Porifera were present at
every study site. Sponges were found on only a handful of samples from 3 and 13 meters above
bottom (mab) at Sites 1 and 4.

Bottom Temporal Study — There were significant temporal changes for most taxa and categories
at near-bottom depths. The r-selected, opportunistic epifauna were the earliest colonizers of new
substrate patches in the study area. Diversity was low after 5 and 15 months but increased by

27 months of exposure. Specialized, K-selected species settled and grew in greater numbers
throughout time. Community composition within phyla changed over time as well. For example,
there was a shift in bryozoan communities from predominantly soft-bodied Ctenostomata to
calcareous Cheilostomata and Cyclostomata. Overall, there was succession on the settling plates.
The surrounding hard bottom communities were the likely source of recruits.

Bottom Spatial Study — There were significant differences in community structure and
development among sites on near-bottom (0 mab) substrates. Settlement plates in the bottom
spatial study were deployed and retrieved over a 15- or 27-month period. Site 4 was a
polychaete-dominated community after 15 and 27 months exposure. Both Sites 1 and 9 were
dominated by bivalves, but Site 1 had almost as many polychaetes as bivalves. Community
differences among Sites 1, 4, and 9 at 0 mab were not reflected at 3 and 13 mab. It is unclear if
there was sufficient difference in physical variation among Sites 1, 4, and 9 to cause the
differences in community structure and development.

Elevated Spatial Study — There were no consistent trends among sites for percent cover,
abundance, or community structure. Height of plates above bottom had the greatest spatial effect
on community abundance and structure. Percent cover and abundance were greatest at 3 mab
compared to 0 and 13 mab when differences existed. There were no significant patterns for
effects of disturbance and small-scale turbulence on community structure. Plate orientation was a
significant factor; vertical plates were covered by significantly greater abundances of
stoloniferous organisms, including bryozoans, while solitary or slow-growing colonial animals
were less abundant on the sides when compared to the bottom-oriented, or often top-oriented,
plates. Results suggest that substrate relief and microhabitat characteristics (e.g., orientation of
substrata to mean flow) have the strongest effects on community structure and development.
Variations in larval supply due to flow field variance and sediment flux may explain the
site-to-site and height above bottom differences.

Just the earliest successional stages of community development were found on settling plates, and
community structure was quite different from the surrounding, mature, hard bottom communities.
Therefore, if disturbed, deepwater hard bottom communities could require decades to recover.
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Synthesis (Chapter 11)

Investigators
N. Phillips and D. Gettleson
Objectives Methods
¢ Highlight relationships between hard * Review and interpretation of previous chapter findings

bottom communities and environmental | o Review of relevant published literature
conditions, including temporal changes

¢ Discuss implications of study findings for
resource management

e Evaluate program objectives

Results and Discussion

Hard bottom community development is generally greater on higher relief features, and this result
is likely due in part to the negative effects of resuspended sediments on hard bottom epibiota.
Even though our sites were east of the 70 km “Mississippi Threshold” hypothesized by previous
authors, there are some east-west patterns in hard bottom communities in the study area. Whether
these reflect a direct or indirect influence of the Mississippi River or some other factor is not
known. Other factors, including substrate variables and stochastic or unexamined processes,
contribute substantially to distribution patterns of hard bottom communities.

Substrate characteristics exert a profound influence on the distribution and abundance of hard
bottom epibiota. At the regional scale, the mounds are “islands” of hard bottom in a surrounding
“sea” of soft bottom sediments. Among sites, there is generally a positive relationship between
percentage of emergent hard bottom and biological variables including biotic cover and numbers
of epibiotal and fish taxa. At a finer scale, relationships between microhabitat factors and hard
bottom taxa were documented, including effects of feature morphology, small- and medium-scale
roughness, slope, location on feature, and sediment veneer. Habitat use by fishes within sites was
documented, including certain species making use of features such as crevices, holes of different
sizes, and epibiota such as sponges, crinoids, and soft corals.

The current meter data indicate a regional flow regime with local variations dependent on
topography, rather than a strong east-west or onshore-offshore gradient. Current direction is an
important influence on the orientation of filter-feeding sea fans. The distribution of other
epifauna on hard bottom features may also be affected by current directions. Existing knowledge
of flow over bottom features suggests that different mounds, and different areas within a mound
or mound complex, could experience local flow regimes that could affect the exposure of epibiota
to sedimentation, erosion, and food flux. Also, effects of storm currents on sediment distribution
around mounds is evident in the geological data, though effects on hard bottom community
distribution have not been investigated.

Information from this program may be used by the MMS to aid in leasing decisions. The existing
lease stipulation focuses on avoiding mechanical damage (from placement of rigs, platforms, and
pipelines) rather than avoiding exposure to drilling discharges. The emphasis on mechanical
damage rather than sedimentation seems appropriate because the communities are exposed to
significant natural sedimentation. However, relationships among community development, relief,
and sediment flux suggest that it would be more detrimental to discharge drilling effluents on top
of large, flat top mounds than to discharge them in low relief areas. Because the stipulation
avoids features during rig and platform placement, drilling discharges are unlikely to occur on or
near large, high relief mounds. This study does not suggest any simple classification scheme for
mound communities for management purposes. Data collected during this program suggest that
recovery of hard bottom communities following a disturbance would be slow.
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Chapter 1: Introduction
Neal W. Phillips and David A. Gettleson

This report summarizes a four-year program to characterize and monitor carbonate
mounds on the Mississippi/Alabama outer continental shelf (OCS). The study area is
shown in Fig. 1.1. The “Northeastern Gulf of Mexico Coastal and Marine Ecosystems
Program: Ecosystem Monitoring, Mississippi/Alabama Shelf” was conducted by
Continental Shelf Associates, Inc. and the Geochemical and Environmental Research
Group (GERG) of Texas A&M University (TAMU), for the U.S. Geological Survey
(USGS), Biological Resources Division.

Based on previous studies and new geophysical reconnaissance, nine sites in the
Mississippi/Alabama “pinnacle trend” area were selected for monitoring. Hard bottom
community structure and dynamics were monitored because the potential sensitivity of
these communities to OCS oil and gas industry activities is of interest to the Minerals
Management Service (MMS), the client agency for whom the USGS administered this
program. Geological and oceanographic processes were studied to help to understand
environmental factors that control or influence hard bottom communities. These included
substrate characteristics such as relief, microtopography, sedimentology, and contaminant
levels; near-bottom current patterns; and the presence, extent, and dynamics of nepheloid
layers. In addition, two “companion studies” provided information on epibiont
recruitment and the distribution and orientation of sea fans in relation to currents and
microtopography.

Background

The Mississippi-Alabama OCS is an important multiple use area for human commerce,
fisheries harvest, recreation, and other activities, including oil and gas exploration and
development (Brooks 1991). Adjacent states have placed heavy demands on its natural
resources for marine transportation, dredge dumping, and commercial and recreational
fishing. Because of the petroleum industry’s interest in the area and the potential for
environmental impacts, an understanding of hard bottom communities and environmental
processes that influence them is critical.

Fig. 1.2 shows locations of selected previous studies in the region. Hard bottom features
on the outer shelf were first reported by Ludwick and Walton (1957), who documented a
1.6-km-wide band of shelf-edge features in water depths ranging from 68 to 101 m.
These “pinnacles'” typically had vertical relief of about 9 m, with some exceeding 15 m.
Subsequent observations were reported during oil and gas lease block surveys by
Woodward-Clyde Consultants (1979) and Continental Shelf Associates, Inc. (1985).
Two major mapping and characterization studies were subsequently funded by the MMS:
the Mississippi-Alabama Marine Ecosystems Study (MAMES) (Brooks 1991) and the

! Hence the term “pinnacle trend.” A more general term for hard bottom features in the study area is
“carbonate mounds.” The pinnacles described by Ludwick and Walton (1957) are a subset of this category
(see Chapter 3).




Fig. 1.1. Study area.
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Fig. 1.2. Locations of selected previous hard bottom studies in the northeastern Gulf of Mexico.
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Mississippi-Alabama Shelf Pinnacle Trend Habitat Mapping Study (MASPTHMS)
(Continental Shelf Associates, Inc. 1992). MAMES included new field studies and
provided a detailed synthesis of existing regional information about water masses and
circulation, sediment characteristics and contaminants, water column biota, and soft
bottom benthic communities including demersal fishes.

Information collected during MAMES, MASPTHMS, and earlier reconnaissance efforts
consisted mainly of descriptive observations. These studies characterized major habitat
types and identified some representative species. In addition, they provided some initial
indications that epibiota vary with proximity to the Mississippi River, vertical relief of
hard bottom, and position on hard bottom features, possibly due to current exposure and
near-bottom fluxes of suspended sediments (Gittings et al. 1991, 1992). However,
several data needs were identified (Continental Shelf Associates, Inc. 1992). These
included investigations to determine the origin, current state, and probable future of
carbonate mounds, both biologically and geologically; studies of turbidity and nepheloid
layers on the Mississippi-Alabama shelf; and studies of species tolerance to turbidity and
other factors. The present study was conducted to gather more detailed information about
the distribution of carbonate mounds in the study area, to document the characteristics of
hard bottom communities at greater resolution and in greater detail than was previously
possible, to study relationships between epibiota and environmental variables, and to
monitor the dynamics of biological and physical variables over time.

Ultimately, the information from this program may be used to aid in OCS leasing
decisions and to evaluate potential lease stipulations to protect pinnacle communities
during petroleum exploration and development. A series of studies during the 1970’s and
1980’s resulted in a biological community-based classification scheme for the Flower
Garden Banks and northern Gulf hard banks (Rezak et al. 1985). These studies also
documented the extent and importance of the nepheloid layer in controlling the
composition of hard bottom communities. Biological, geological, and oceanographic
data from these studies were used to develop lease stipulations, including shunting
requirements and no-discharge zones near certain banks, which have been used
successfully for many years in the northern Gulf of Mexico.

Objectives

The overall goal of this program was to characterize and monitor biological communities
and environmental conditions at carbonate mounds along the Mississippi-Alabama OCS.
Specific objectives were as follows:

e To describe and monitor seasonal and interannual changes in community structure
and zonation and relate these to changes in environmental conditions (i.e., dissolved
oxygen, turbidity, temperature, salinity, etc.); and




e To characterize the geological, chemical, and physical environment of the mounds as
an aid in understanding their origin, evolution, present-day dynamics, and long-term
fate.

Phases

The program consisted of four phases, each lasting approximately 12 months. These are
summarized briefly below, and details are provided in Chapter 2.

e Phase 1 included two reconnaissance cruises (Cruise 1A, November 1996; and
Cruise 1B, March 1997) followed by final site selection (April 1997) and the
initiation of monitoring and companion studies on Cruise 1C (May 1997).

e Phase 2 included two monitoring cruises, M2 (October 1997) and M3 (April-May and
August 1998). In addition, mooring service cruises were conducted in July 1997
(S1), January 1998 (S2), and July 1998 (S3).

e Phase 3 concluded the field sampling program with two additional mooring service
cruises (S4, October 1998; and S5, January-February 1999) and one final monitoring
cruise (M4, April and July-August 1999).

e Phase 4 did not include any new field work. During this phase, investigators
analyzed and synthesized data from the entire program. Preliminary results have
been discussed in three previous Annual Interim Reports (Continental Shelf
Associates, Inc. and Texas A&M University, Geochemical and Environmental
Research Group 1998a,b, 1999).

Components

Table 1.1 summarizes program components, including objectives, methods, and principal
investigators. Four components formed the core of the program. These are geology,
physical oceanography/hydrography, hard bottom communities, and fish communities.

The geology component included three subtasks: geologic characterization,
geochemistry, and sediment dynamics. The geologic characterization attempted to derive
as detailed a physical picture of the mounds as can be done with conventional
geophysical and geologic data. Target areas were mapped using high-resolution
side-scan sonar images, high-frequency subbottom profiles, grab samples, and video
observations. The geochemistry subtask included a combination of hydrocarbon, metal,
grain size, total organic carbon, and total inorganic carbon measurements in sediments
and sediment trap materials. The sediment dynamics subtask included monitoring of
nepheloid layer dynamics using sediment traps, transmissometer and optical backscatter
profiles, and optical backscatter instruments on moored arrays.



Table 1.1. Program components.

Component Objectives Methods Principal Investigators

Geology

Geological Characterization + Derive as detailed a physical picture of the mounds as can + High-resolution side-scan sonar W. Sager
(Chapter 3) be done with conventional geophysical and geologic data « High-frequency subbottom profiles W. Schroeder
» Document spatial and temporal variations in sediment « QGrain size analysis of grab samples
texture (grain size) * Visual analysis of videotapes
* Characterize substrates according to morphology,
roughness, and sediment cover

Geochemistry * Document the degree of hydrocarbon and trace metal « Hydrocarbon and trace metal analysis M. Kennicutt
(Chapter 4) contamination in sediments at each site of grab samples (Phase 1)
+ Determine concentrations of total organic carbon and total * TOC/TIC analysis of grab samples and
inorganic carbon in sediments and sediment trap materials ~ sediment trap samples

Sediment Dynamics + Determine sedimentation and resuspension rates * Vertically separated sediment traps L. Walsh
(Chapter 5)  Describe the extent and dynamics of nepheloid layers + CTD/transmissometer/OBS profiles
+ Determine how topographic highs affect present-day * Optical instruments on moored arrays
sedimentation » Trace metal and grain size analysis of
* Relate short-term sediment dynamics to long-term sediment trap samples
sediment accumulation
Physical Oceanography/ * Characterize regional and local current dynamics * Moored instrument arrays (currents, F. Kel}y
Hydrography * Determine the dynamics of temperature, salinity, suspended sediments, conductivity, N. Guinasso
(Chapter 6) dissolved oxygen, and turbidity temperature, and dissolved oxygen, L. Bender
+ Define the relationship of current dynamics and sediment traps)
environmental parameters to the geological and biological <« CTD/DO/transmissivity/OBS profiles
processes of the mounds + Meteorological observations

« Collateral data (satellite imagery, etc.)




Table 1.1. (continued).

Component Objectives Methods Principal Investigators
Hard Bottom Communities * Describe hard bottom community structure and seasonal *+ Random video/photographic transects D. Hardin
(Chapter 7) dynamics at each site and stations (ROV) K. Spring
» Describe differences in hard bottom community structure * Fixed video/photoquadrats (ROV) S. Viada
among sites differing in relief (high/med/low) and * Collection of voucher specimens A. Hart
location (east/central/west) (ROV) B. Graham
« Describe relationships between community structure and M. Peccini

environmental parameters such as small-scale habitat
variability, rock type, sediment cover, turbidity, and other
geologic and oceanographic variables

Fish Communities » Describe fish community composition and temporal * Analysis of video and photographs D. Snyder
(Chapter 8) dynamics at each monitoring site from hard bottom community
« Identify differences in fish community composition monitoring (ROV)
among sites differing in relief and location « Literature review of trophic
« Identify relationships between fish communities and relationships

environmental parameters such as small-scale habitat
variability, rock type, sediment cover, etc.

« Identify trophic relationships among fishes, as well as
between fishes and the epibenthic community

GIS and Microhabitat + Determine whether sea fan orientation corresponds to + Analysis of photographs and I. MacDonald
Studies predominant current direction videotapes from hard bottom M. Peccini
(Chapter 9) « Determine relationships between sea fan distribution and community component
substrate/microhabitat types » Development of GIS as illustrative

and analytical tool

Epibiont Recruitment « Document process of larval settlement, growth, and + Settling plates on moored arrays T. Holmberg
(Chapter 10) community development of hard bottom epibiota (“biomoorings™) P. Montagna
« Test hypotheses about effects of time and space, height
above bottom, orientation of settling surface, disturbance,
and flow disruption

Abbreviations: CTD = conductivity/temperature/depth; DO = dissolved oxygen; GIS = geographic information system; OBS = optical backscatter; ROV = remotely
operated vehicle; TIC = total inorganic carbon; TOC = total organic carbon.



Physical oceanographic and hydrographic data were collected to help understand the
geological and biological processes of the carbonate mounds. Data from moored
instrument arrays, hydrographic profiles, and collateral sources provided a basis for
characterizing regional and local current dynamics and understanding the dynamics of
environmental parameters such as temperature, salinity, dissolved oxygen, and turbidity.

Hard bottom and fish community monitoring consisted mainly of video and photographic
sampling at each site. These included both random photography and video transects, as
well as repetitive photography of fixed stations. Random photographs were used to
estimate the abundances of sessile and motile epibiota, whereas video images were used
to quantify larger and more widely dispersed organisms and to broadly characterize
substrates and species composition. Fixed video/photoquadrats were used to study
temporal changes related to growth, recruitment, competition, and mortality.

In addition, two “companion studies” were designed to provide information on key
ecological processes. The first, Microhabitat Studies, focused on sea fan orientation in
relation to currents, and sea fan distribution in relation to microtopography. The
microhabitat studies also included development of a geographic information system
(GIS) that proved useful in other parts of the program. The second companion study,
Epibiont Recruitment, used settlement plates deployed on moored arrays to document the
process of larval settlement, growth, and community development. It tested hypotheses
about variations with time and space, height above bottom, and orientation of settling
surface, as well as effects of disturbance and small-scale turbulence.

Report Contents and Organization

This report presents the rationale and methods for all field work and discusses results
from all program components. Following this introduction, Chapter 2 describes Site
Selection and General Methods. The geological components are discussed in Chapter 3
(Geological Characterization), Chapter 4 (Geochemistry), and Chapter 5 (Sediment
Dynamics). Chapter 6 discusses Physical Oceanography and Hydrography. Chapters 7
and 8 discuss Hard Bottom Communities and Fish Communities, respectively.

Chapters 9 and 10 discuss the two companion studies (GIS and Microhabitat Studies, and
Epibiont Recruitment, respectively). Each subject chapter includes an introduction,
methods, results, and discussion. Chapter 11 (Synthesis) draws together information
from all study components.



Chapter 2: General Methods
Neal W. Phillips

Detailed methods for each program component are included in the individual chapters.
This chapter discusses site selection and presents an overview of the sampling program.

Experimental Design

This program is not, strictly speaking, a monitoring program. Monitoring studies are
conducted to detect whether a change occurs in the existing or baseline condition, usually
due to human activities (Green 1979). Although there has been some oil and gas drilling
activity in the study area, sediment sampling indicates contaminant concentrations are not
elevated (see Chapter 4). Moreover, the purpose is not to detect changes due to human
activities. Therefore, this program might be more appropriately termed a “baseline
study” in which spatial and temporal variations in the baseline condition are included.

The program design was specified in the contract issued by the USGS. The contract
specified that a total of nine sites be selected, including high (>10 m), medium (5 to

10 m), and low (<5 m) relief sites in the eastern, central, and western portions of the
study area. These were to be “monitored” on four surveys. This design was intended to
facilitate a factorial analysis with three main categorical variables (relief, location, and
survey). The four surveys provided some information about temporal variability, though
sampling was not frequent enough to detect seasonal changes.

Stratification of sites by relief and longitude was considered reasonable based on
previous studies. Studies of hard bottom communities in the Gulf of Mexico, South
Atlantic Bight, and off Southern California have shown that community structure varies
greatly with substrate relief (Marine Resources Research Institute 1984; Rezak et al.
1985; Continental Shelf Associates, Inc. 1987a; Phillips et al. 1990; Hardin et al. 1994).
Observations with a remotely operated vehicle (ROV) during MAMES showed that the
composition of hard bottom communities varied with relief and proximity to the
Mississippi River plume. It was hypothesized that the river plume influences long-term
water quality, resulting in diminished community development on hard bottom features
close to the Mississippi River delta (Gittings et al. 1992).

In practice, the designation of sites as high, medium, or low relief proved simplistic due
to the size of sites in relation to the mounds. For example, high relief sites were
generally located on top of large mounds where there were extensive areas of relatively
flat hard bottom. At other sites, the presence of multiple smaller mounds created a
variety of hard bottom relief and orientation that was not captured by the single relief
designation of a whole site. These issues are revisited in the Hard Bottom Communities
chapter (Chapter 7) and the Synthesis chapter (Chapter 11). However, the designations
for relief and geographic location are maintained throughout this report for completeness.




Site Selection

As noted above, the contract specified that nine sites be selected, including high (>10 m),
medium (5 to 10 m), and low (<5 m) relief sites in the eastern, central, and western parts
of the study area. Other factors considered in site selection were representativeness,
availability of existing video and photographic data, and previous oil and gas industry
activities. Site selection during Phase 1 involved the following steps:

® Megasite Selection. Prior to Cruise 1A, five large areas (“megasites™) were selected
for geophysical reconnaissance (Fig. 2.1). The selection of the five megasites was
based on geophysical data collected during MAMES (Brooks 1991) and
MASPTHMS (Continental Shelf Associates, Inc. 1992). The megasites were selected
because they were known to contain numerous features of varying relief (candidate
sites) and could be surveyed within the time and financial constraints of the contract.

® Geophysical Reconnaissance and Preliminary Site Selection. During Cruise 1A
(November 1996), the five megasites were surveyed using swath bathymetry,
high-resolution side-scan sonar, and subbottom profiler to produce detailed maps
(see Chapter 3). After the initial survey of all five megasites, small subsets were
chosen for higher resolution mapping. After the cruise, a list of candidate high,
medium, and low relief features within the megasites was prepared and the historical
video and photographic data were tabulated. At this point, three high relief and two
medium relief sites were tentatively selected.

® Visual Reconnaissance. Three low relief sites and one medium relief site with little
or no previous video or photographic data were identified as needing visual
reconnaissance. During Cruise 1B (March 1997), these features were briefly
surveyed using an ROV to determine whether a hard bottom community was present.
All sites visited during Cruise 1B were ultimately chosen as final sites.

® Final Site Selection. After the completion of Cruises 1A and 1B, the program
managers and key principal investigators prepared a final site list. Site selection was
discussed and approved during a teleconference with the USGS Contracting Officer's
Technical Representative, the Scientific Review Board, and the program principal
investigators.

Site Descriptions

The nine monitoring sites ultimately selected are shown in Fig. 2.2, and characteristics
are summarized in Table 2.1. Brief monitoring site descriptions are presented below.
Detailed descriptions of bathymetry and substrate characteristics are given in Chapter 3.

Each site was defined as a circular area of a certain diameter. Diameters of the nine sites
were determined through an analysis of the bathymetric data collected during Cruise 1A.
In this analysis, the standard deviation of the slope magnitude, slope direction, and depth
were iteratively calculated for progressively larger areas of each feature, starting at the
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Table 2.1. Monitoring site locations.

el

Geoeraphic Relief Water Depth (m)* Site
Site Megasite grap Diameter Lat/Long Lease Block
Category Category Min Max Mean (m)

1 1 Eastern High 60.4 78.2 66.0 200 29°26'19.131"N Destin Dome 533
87°3427.273"W

2 1 Eastern Medium 70.3 82.3 71.6 120 29°26'41.053"N Destin Dome 532
87°3626.512"W

3 1 Eastern Low 74.5 83.2 79.9 150 29°26'15.901"N Destin Dome 533
87°34'15.266"W

4 2 Central Medium 96.5 108.7 102.2 140 29°19'39.041"N Destin Dome 661
87°46'07.849"W

5 3 Central High 61.8 77.6 68.2 160 29°23'35.930"N Main Pass 223
87°58'51.055"W

6 3 Central Low 68.2 75.7 72.8 150 29°23'52.887"N Main Pass 249
87°58'42.610"W

7 5 Western High 69.0 83.0 71.7 200 29°1524.844"N Main Pass 286
88°2021.455"W

8 5 Western Medium 87.0 97.0 92.2 100 29°13'53.857"N Main Pass 285
88°19'01.565"W

9 5 Western Low 86.9 95.5 92.3 150 29°14'19.499"N Main Pass 286

88°19'36.859"W

a

surrounding areas, see Chapter 3.

Minimum, maximum, and mean water depths recorded at photographic stations within the site. For more general bathymetry of each site including




center of the study site. Plots of these calculated standard deviations versus area were
examined to ascertain the areas around the site center over which the standard deviations
stabilized. This insured that the variability in elevation that the feature added to the
surrounding background elevation was appropriately considered. Resulting site
diameters ranged from 100 to 200 m. Physical oceanographic moorings and epibiont
recruitment arrays (biomoorings) were placed on areas of flat bottom near certain sites, as
discussed later.

e Site 1. This site is located on a large, flat-top mound known as 40 Fathom Fishing
Grounds. The site extends across the top of the mound and down the steep
northeastern flank toward a flat seafloor (Fig. 2.3). This was the shallowest site, and
most photographic stations were on top of the mound (mean depth of 66 m); however,
photographic station depths ranged from 60 to 78 m.

e Site 2. Bathymetry data show a mainly flat seafloor at a depth of about 78 to 80 m
with a medium-sized mound about 50 m in diameter along the southern edge of the
site (Fig. 2.4). The mound is about 9 to 10 m in height. Photographic station depths
ranged from 70 to 82 m.

e Site 3. This low relief site is located to the east-southeast of the large mound where
Site 1 is located (Fig. 2.3). It consists of patchy low relief mounds with diameters
ranging from 1 to 10 m and relief of a few meters. Photographic station depths
ranged from 74 to 83 m.

e Site 4. This medium relief site is located among large “pinnacle” mounds near the
shelf edge. The site is located on a mound at least 10 m in height with a northwest
trending ridge on its northwest side and a relatively flat top (Fig. 2.5). On top, the
substrate is hard bottom with a thin sand veneer and low relief rock outcrops (0.5 to
2 m). This was the deepest site, with photographic station depths ranging from 96 to
109 m.

e Site 5. This high relief site has a tall, flat-top mound near its center and a lower
mound at its southwestern edge (Fig. 2.6). Smaller outcrops occur along the edges of
the mound. Photographic station depths ranged from 62 to 78 m.

e Site 6. This low relief site covers part of a large, carbonate hardground (Fig. 2.6). It
consists of extensive areas of low-relief rock features ranging up to about 1 m in
height on a relatively flat seafloor and covered with a thin layer of fine sediments.
Photographic station depths ranged from 68 to 76 m.

¢ Site 7. This high relief site is located on a large, flat top mound known as 36 Fathom
Ridge, which is elongated north-south (Fig. 2.7). The mound has more irregular
edges than the two other flat top mounds (Sites 1 and 5). Photographic station depths
ranged from 69 to 88 m.
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Fig. 2.3. Side-scan sonar mosaic showing the setting of Sites 1 and 3. Site diameters
are 200 m for Site 1 and 150 m for Site 3. Current meter mooring locations
are indicated by flags and the biomooring location is indicated by atriad.

N s il jA I

Fig. 2.4. Side-scan sonar mosaic showing the setting of Site 2. Site diameter is 120 m.
There were no current meters or biomoorings located near this site.

B
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Fig. 25. Side-scan sonar mosaic showing the setting of Site 4. Site diameter is 140 m.
Current meter mooring location is indicated by a flag and biomooring
locations are indicated by triads.

Fig. 2.6. Side-scan sonar mosaic showing the setting of Sites5 and 6. Site diameter
are 160 m for Site 5 and 150 m for Site 6. Current meter mooring locations
areindicated by flags and the biomooring location is indicated by atriad.
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Fig. 2.7. Side-scan sonar mosaic showing the setting of Site 7. Site diameter is
200 m. There were no current meters or biomoorings located near this site.

#

Fig. 2.8. Side-scan sonar mosaic showing the setting of Sites8 and 9. Site diameters
are 100 m for Site 8 and 150 m for Site 9. Current meter mooring location is
indicated by aflag and the biomooring location is indicated by atriad.
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e Site 8. This medium relief site has a rugged mound near its center with numerous
crevices and overhangs. The mound is slightly-elongated, approximately 40 m in
north-south extent and 15 m in east-west extent with a smaller mound located nearby
to the east (Fig. 2.8). Reliefis 7 to 8 m above the surrounding seafloor.
Photographic station depths ranged from 87 to 97 m.

e Site 9. This low relief site consists of low subcircular mounds, generally 0.5 to 2 m
in height with diameters of 5 to 20 m (Fig. 2.8). There are a few features with up to
5 m relief with ledges, overhangs, and crevices. Photographic station depths ranged
from 87 to 96 m.

Overview of Sampling Program

Fig. 2.9 shows the general schedule of field sampling activities. Table 2.2 provides more
detailed information about the specific sampling activities conducted at each site on each
cruise. Cruise summaries are presented in Appendix A.

During Cruise 1C (May 1997), subbottom profiling was conducted to geophysically
characterize each site in more detail than was possible with the broad-scale geophysical
reconnaissance (Cruise 1A). Grab samples were collected for geological and
geochemical analyses (see Chapters 3 and 4). Hydrographic profiling was also conducted
at each station, including conductivity/temperature/depth (CTD), dissolved oxygen (DO),
photosynthetically available radiation (PAR), transmissivity, and optical backscatter
(OBS) (see Chapter 6). Hard bottom and fish community monitoring was conducted at
each site using the ROV (see Chapters 7 and 8). Monitoring included random
video/photographic transects and stations and establishment of fixed
video/photoquadrats. Voucher specimens also were collected at some sites to aid in
species identification.

The overall program consisted of repeating the Cruise 1C sampling (except for subbottom
profiling) on three subsequent monitoring cruises. These were Cruise M2 (October
1997), Cruise M3 (April and August 1998), and Cruise M4 (April and July-August 1999).

Six physical oceanographic/sediment dynamics moorings were installed during Cruise 1C
(see Chapter 6). Three moorings were installed at Site 1, and one each at Sites 4, 5, and
9. Each of these sites had at least one oceanographic mooring in place throughout the
study. After about a year (Cruise M3), two of the three moorings initially placed at Site 1
were redeployed at Site 5 for the remainder of the program. Each mooring included
current meters at 4 and 16 m above bottom (mab), sediment traps at 2, 7, and 15 mab, and
an instrument that measured temperature, conductivity, DO, and turbidity.

Eleven “biomoorings” (arrays containing sets of settling plates) were also deployed
during Cruise 1C as part of the epibiont recruitment study (see Chapter 10). Eight were
deployed at Site 4 and one each at Sites 1, 5, and 9. The biomoorings at Sites 1 and 9
were retrieved during the second leg of Cruise M3 (August 1998); turbidity prevented
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61

Program Component

1996

1997

Geophysical reconnaissance

Visual reconnaissance

Video & photographic sampling

Hydrographic profiling *

1l

Grab sampling

Oceanographic mooring servicing **

Biomooring servicing **

* Hydrographic profiles were limited to Sites 1, 4, 5, and 9
during mooring service cruises (S1, S2, S3, 84, S5)

** Mooring servicing may include deploying, removing,
and/or servicing (retrieving and redeploying)

Cruise 1A

Cruise 1B

Cruise 1C

Cruise S1

Cruise M2

Cruise S2

Cruise M3

Cruise S3

Cruise M3 (cont)| g

Cruise S4

Cruise S5

Cruise M4

Cruise M4 (cont)

Fig. 2.9. Sampling schedule.
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Table 2.2. Summary of activities conducted on each monitoring cruise and mooring service cruise.

Cruise and Date(s)
Site 1C S1 M2 $2 M3 S3 g4t J SSF . M4
C an-Fe
%49?) 1(921;) 1(909(:7t) 1(9J;§) g’;‘g;;May 1(‘;‘9“8% 1(9];1;) 1(998) ( 1999)  Ap JulyAug
1 PHGV HS(3) HGV HS(3) HGV HS(1) HS(1) HS(I) HR() HGV
D(3) d(1) 5(3) d(1) S(1)R(2) r(1) r(1)
2 PHGV -- HGV - HG A" -- -- -- -- HGV
PHGYV -- HGV " HG A" -- -- - -- HGV
4 PHGV HS() HGV HS() HG % HS(1) HS() HS() HR() HGV
D(1) d(8) S(1) r(1) d(1) S(1) r3)* r(4)
5 PHGV HS(1) HGV HS(1) H G HS(3) HSGB) HSQ2) HRE) HGV
D(1) d(1) S(1) d(1) S(1) D2) D(1)° r2)°
6 PHGYV - HGV " H G -- -- - -- HGV
7 PHGV -- HGV - H GV -- -- - -- HGV
8 PHGYV -- HGV - H GV -- -- - -- HGV
9 PHGV HS() HGV HS() HS) GV HS(1) HS() HS() HR() HGV
D(1) d(1) s(1) d(1) (1) (1)
Abbreviations: P = subbottom profiling D(#) = deploy oceanographic mooring(s) d(#) = deploy biomooring(s)

H = hydrographic profiling
G = grab sampling

S(#) = service oceanographic mooring(s)
R(#) = remove oceanographic mooring(s)

A fourth biomooring was not recovered because it was visibly damaged (no plates remaining).

® Array not recoverable, replacement deployed. Top current meter subsequently found by a fishing boat; data recovered.

¢ Includes one biomooring that could not be retrieved on Cruise M3 due to turbidity.

r(#) = retrieve biomooring(s)
V = video and photography




retrieval of the Site 5 biomooring. Another set of biomoorings was deployed at the same
sites on Cruise S2 (January 1998) and was recovered on the second leg of Cruise M4
(July-August 1999). The eight biomoorings at Site 4 are a “time-series” experiment; the
original plan was to retrieve one on each subsequent service cruise and monitoring cruise
until all eight were retrieved. However, this was changed so that all biomoorings could
be retrieved on monitoring cruises when the ROV was present to cut the anchor line.
One Site 4 mooring was retrieved on Cruise M2 (October 1997) and redeployed on
Cruise S2 (January 1998). On the second leg of Cruise M3 (August 1998), three of the
original Site 4 moorings were recovered and one was found to be damaged (no plates
remaining); the remaining four were recovered on the second leg of Cruise M4
(July-August 1999).
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Chapter 3: Geologic Characterization
William W. Sager and William W. Schroeder

Introduction

The purpose of the geologic characterization segment of this program was to investigate
the geology and morphology of carbonate mounds and surrounding sediments on the
Mississippi-Alabama outer continental shelf (OCS). These mounds formed in an
unknown manner at lower sea level stands of the Pleistocene-Holocene transgression
(Ludwick and Walton 1957; Sager et al. 1992) and they have become a substrate upon
which a diverse marine ecosystem has evolved (Gittings et al. 1992).

Much of our current geological knowledge of the Mississippi-Alabama carbonate mounds
and their environs comes from two prior MMS-funded studies: Mississippi-Alabama
Marine Ecosystems Study (MAMES; Brooks 1991) and Mississippi-Alabama Shelf
Pinnacle Trend Habitat Mapping Study (MASPTHMS; Continental Shelf Associates, Inc.
1992), both of which mapped the occurrence of carbonate mounds and the distribution of
surficial sediments. Thousands of carbonate mounds ranging from less than a few meters
in diameter to nearly a kilometer were found arrayed mostly in two isobath-parallel bands
(Sager et al. 1992). Isobath-parallel ridges also were mapped in the shallower of these
two depth zones. Both features are thought to be related to sea level stillstands during the
last deglaciation. Surficial sediments are largely related to three late Pleistocene deltas,
the Lagniappe Delta (Kindinger 1988, 1989) in the western part of the present study area
(Fig. 3.1) and the “eastern” and “western” deltas in the original MAMES study area
(Sager et al. 1999). These delta sediments were deposited during sea level lowstands, or
in the case of the “eastern delta,” during the early part of the last deglaciation (Sager et al.
1999). Atop these sediments is a thin, variable-thickness layer, consisting mostly of
sand, that is thought to have been deposited by reworking of shelf sediments near sea
level as it rose across the shelf during the last deglacial transgression (Sager et al. 1999).

The goal of the geologic characterization subtask has been to derive as detailed a physical
picture of the mounds as can be done with conventional geophysical and geologic data, in
effect, to bridge the gap between prior broad-scale surveys and seafloor observations
made in other elements of this program. The MAMES and MASPTHMS surveys were
reconnaissance in nature, defining the broad distribution and setting of the Mississippi-
Alabama OCS mounds. This project has sought to provide greater detail in the
characterization of the mounds and their geologic environment. Target areas were
mapped using four different data types: (1) high-resolution side-scan sonar images;

(2) high-frequency subbottom profiles; (3) grab samples; and (4) remotely operated
vehicle (ROV) videos. High-resolution side-scan sonar mapping was used to construct
acoustic images of the seafloor, which yield large-scale physical characteristics, such as
shape, location, and large-scale roughness. Swath bathymetry data were derived from the
side-scan and also give a rough measure of morphology. High-resolution subbottom
profiler records and grab samples have been used to examine surrounding sediments and
long term sedimentation. ROV videos were used to provide geologic characteristics at an
even smaller scale (down to centimeters).
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Fig. 3.1. Locations of MAMES, MASPTHMS, USGS study, and Megasites 1-5. Boxes show
areas surveyed by MMS-funded MAMES and MASPTHMS studies along with area
encompassed by USGS survey (Kindinger 1988; 1989). Small, numbered black boxes
show megasite survey areas from this study. Hachured areas show locations of shelf-
edge fluvial deltas mapped with high-resolution seismic reflection data (Kindinger
1988; 1989; Sager et al. 1999). Isobaths at 20-m intervals to 120 m and at 100-m
intervals for deeper depths are shown for reference.
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Methods

High-Resolution Geophysical Baseline Cruise (1A)

The purpose of the high-resolution geophysical baseline cruise was to gather large-scale
geophysical images of the five megasites (Fig. 3.1). Two geophysical tools, a digital
72 kHz TAMU? side-scan sonar and an X-Star 2-12 kHz chirp sonar profiler were
employed to produce three different data types: (1) sonar seafloor images; (2) swath
bathymetry; and (3) subbottom acoustic reflection profiles.

One hundred eighty track lines, totaling 797 km in length and covering an area of
144.5 km?2 with side-scan sonar swaths, were collected at the five megasites with the
side-scan sonar and chirp sonar. Ship's tracks were spaced 175 m apart and the ship's
speed was approximately 5.5 knots with a sonar layback of about 85 m continuously
measured with an ultra-short baseline acoustic tracking system. Navigation was done
using a Skyfix differential global positioning system (GPS), with an accuracy of better
than 5 m. On these tracks, which were either oriented at a heading of 0° or 30°, an
image swath of 400 m was used to provide ~228% coverage of the seafloor. This
allowed features directly beneath the sonar on one ship track to be imaged by adjacent
tracks. This duplication was important because features have different appearances
depending on the incidence angle of the acoustic waves and because the TAMU? sonar
has a “blind spot” directly beneath the track. Because the sonar bathymetry swath is
limited to 3.4 times water depth, the bathymetry swaths overlapped by 25% to 50% in
these surveys.

The sonar digitization rate was typically 1,650 pixels per ping at a ping rate of

2.5 per second. This configuration implies that each pixel is representative of an area of
seafloor 1.25 m by 0.24 m. In addition to these data, slightly higher resolution data were
also collected during Cruise 1A on tracks oriented perpendicular to the main survey
tracks over areas of particular interest. These “detailed” surveys typically had track
spacings of 150 m, sonar swath widths of 200 m, and were digitized with 3,300 pixels per
ping, and at up to 5 pings per second. The goal was to provide higher resolution images
of likely sites for more detailed study. In all, 34.7 km of data were collected on these
“detailed survey” lines covering an area of 5.6 km? with side-scan swaths.

Other Cruises (1C, M2, M3, M4)

Grab samples were collected for geologic analysis on the ROV baseline cruise (1C) and
subsequent monitoring cruises (M2, M3, and M4). In total, 94 grabs were collected at the
nine monitoring sites on Cruise 1C and five grab stations at each site were re-collected on
subsequent cruises for a total of 45 samples for each cruise (Appendix C).

Additional chirp sonar data were collected on Cruise 1C. A grid of perpendicular lines
was acquired between the lines collected over the “detailed” survey sites from Cruise 1A.
Because the original grid had tracks with an east-west spacing of 175 m and north-south
spacing of 150 m, the Cruise 1C data filled in the grids at spacings of 87.5 and 75 m.
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Cruise 1C subbottom lines were positioned by differential GPS with an accuracy of about
5 m. The total length of subbottom data collected on Cruise 1C was 199.8 km.

TAMU?2 Sonar Data Interpretation

Sonar backscatter mosaics were produced by C&C Technologies, Inc. using proprietary
image manipulation software. Images for each track were imported, georeferenced, and
adjusted for sonar layback. The entire mosaic was built up of images for each of the
component lines. Data gaps at the sonar nadir were filled with data from adjacent tracks.
Owing to limitations of the proprietary image manipulation software, typical pixel sizes
are about 1 m x 3-5 m. Subsequent analysis of the sonar mosaics has been carried out
using ERMapper, a geographic information system (GIS) analysis software package.
Analysis showed that the “detailed” surveys produced images with a resolution only
marginally better than the standard surveys. Moreover, the detailed survey swaths
contained data gaps between lines owing to the lesser swath widths. As a consequence,
most of the sonar image analysis was done on the standard survey lines, with the
“detailed” survey lines used for comparison where appropriate.

Bathymetry grids also were produced by C&C Technologies, Inc. Using proprietary
software, sonar acoustic raypath takeoff angles were computed from phase angles
measured at the sonar acoustic arrays. Takeoff angles and acoustic wave round-trip
travel times were used to compute a depth profile perpendicular to the sonar track for
each sonar ping. Depth locations and raypaths were corrected for variations in sound
speed determined from periodic conductivity/temperature/depth (CTD) casts made during
the survey. Depth values were binned and plotted using the public domain Generic
Mapping Tools (GMT) software package (Wessel and Smith 1995). Megasite
bathymetry grids were binned at 15-m intervals whereas detailed survey bathymetry data
were binned at 1-m intervals.

The analysis of TAMUZ? images and mosaics is similar to geologic interpretation of aerial
photographs. These images give a high-detail acoustic picture of sea bottom morphology
and surface texture. The sonar builds an image based on the amplitude of acoustic return
(“backscatter”) from the seafloor and this is related to morphology, roughness, and
volume scattering within near-surface sediments (Johnson and Helferty 1990). Other
data, such as swath bathymetry, subbottom profiles, and seafloor grabs, give different
characteristics or ground-truth data (the grabs) that have been used to understand and
interpret the images collected by the sonar. Using megasite sonar mosaics, we classified
and characterized backscatter patterns and used these to make interpretation maps of
geologic features. Sonar images were also used to describe mound morphology in a
variety of ways: classifying mound shapes, calculating mound size distributions, and
calculating mound aspect ratio variations.

TAMU? bathymetry data were used to make large and small-scale contour maps of each

megasite and each monitoring site. These have been used to examine seafloor
topography and mound morphology, orientation, and large scale roughness.
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Subbottom Profile Interpretation

Data from the chirp echo sounder have been used to examine thickness and character
variations of shallow sediments in the study areas. The profiles have been analyzed using
standard seismic stratigraphic techniques (e.g., Mitchum and Vail 1977). This involves
(1) recognition and correlation of acoustic reflectors by their characteristics, and

(2) mapping and interpretation of seismic facies. The latter step assumes that sediments
of different sedimentary facies give a common, recognizable acoustic response. In
addition, the subbottom records have been an invaluable tool for interpreting the
side-scan sonar mosaics because they show seafloor topography and sediment layers that
can be compared with the sonar images.

High-Resolution Bathymetry

Because of the limited resolution of the TAMU? bathymetry (see next section), additional
bathymetry data were collected at each of the monitoring sites using a high-frequency
echo sounder during the monitoring cruises. These data were gridded to produce higher
resolution bathymetry maps of the monitoring sites.

Sediment Grain Size Analysis

Grain size measurements were made on grab samples using standard techniques (Folk
1974). Samples were homogenized, treated with bleach to oxidize organic matter, and
washed with distilled water to remove soluble salts. Sodium hexametaphosphate was
added to deflocculate each sample before wet-sieving with a 62.5 micron (4¢) sieve to
separate the sand and gravel from the mud fraction. The sand and gravel fraction was
dried, weighed, and sieved at 1/2¢ intervals from -1.5¢ to 4.0¢. Each fraction was
examined for aggregates and those found were disaggregated. Sample fractions were
weighed to three significant figures. The mud fraction was analyzed for particle size by
the pipette settling method at intervals of 4.5¢, 5.09, 5.5¢, 6.00, 7.0, 8.0¢, 9.0¢, and
10.0¢.

ROV Vided and Photo Classification

ROV videotapes and still photographs were collected during the baseline and three
monitoring cruises. These data provide valuable geologic information concerning
seafloor features, hard bottom types, and texture. Tapes and photos from Cruise 1C were
viewed and characterized for all sites using the descriptors in Table 3.1. As a first cut,
we attempted to characterize only the random photo stations, thinking that they
constituted the most uniform data set since all photos were taken at the same distance
from the sea bottom (0.7 m). However, it became apparent that the geologic context was
difficult to assess solely from the photos owing to the small area covered by each
(approximately 0.75 m x 0.75 m). Consequently, transects between photo stations were
analyzed to determine the broader geologic setting.

The set of descriptor terms (Table 3.1) was selected to describe the morphology,
roughness, and sediment cover of the sea bottom viewed by the ROV. These terms are an
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attempt to assess qualitative features that might be significant to biologic populations for
comparison with biologic data collected in other aspects of this program. Because rock
outcrop is often covered by a veneer of sediments, the presence or absence of outcrop
was determined by seafloor relief or lack thereof. Flat areas were mainly described by
their surroundings: open, channel, and terrace. Outcrop areas were characterized in a
number of ways. Relief was described as near-vertical, moderate, or near-horizontal.
Outcrops were classified by size: small outcrops (~meter size) were termed mounds,
large isolated rocks were termed monoliths, whereas extensive hard substrates were
termed hard bottoms. In this context, the top of a large mound would be described as a
hard bottom. Where a station was on an outcrop that rose above an area of flat
sediments, the height was estimated. Sediment cover was described on outcrop areas in
two ways. At many sites, fine-grain sediments tend to make a veneer whereas coarse
sediments and shell hash often fill depressions. In such situations, the descriptors thin,
moderate, and thick were applied to the veneer of fine-grain sediments. For coarse
sediments, the degree of burial was estimated (none, partial, near complete). The
surfaces of outcrops often show small-scale texture or pitting, probably owing to
dissolution or bioerosion. When present, we classified this texture as small (tens of cm)
or medium (~50-100 cm). Using a GIS program (ArcView), the photo stations and video
transects were plotted and continuous boundaries between morphological regions were
approximated.

Table 3.1. Seafloor geologic descriptors used for ROV photo and video classification.

General Morphology Relief Texture Sediment Sediment
(large scale) (scale m) (scale cm) Texture (Fine) Texture (Coarse)
Relief Mound Vertical Small Thin None
present Monolith Moderate (10s cm) Moderate Part burial
(outcrop) Hard Bottom Near- Medium Thick Near-complete
Horizontal  (50-100 cm) burial

Flat area Open Not desc. Not desc. Not desc. Not desc.
(no Channel
outcrop) Terrace
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Results
Megasite Bathymetry and Mosaics

The bathymetry data produced from the 74MU? sonar far exceed previous similar data
sets for accuracy and coverage. Nevertheless, several limitations of this sonar are
obvious in bathymetry maps produced for this project. To obtain greater depth precision,
adjacent data values were averaged, so mounds have rounded shapes in comparison to
their shapes seen in the sonar backscatter images. Furthermore, small mounds do not
appear in the data because the averaging process causes smoothing, which attenuates
them. Overlapping data from adjacent tracks are frequently offset by 10 to 15 m (and
sometimes more), owing to navigation uncertainties, so a small mound on one track can
be averaged with a flat patch of seafloor on an adjacent track. Furthermore, smaller
mounds are usually averaged with adjacent flat seafloor when their size is much smaller
than the depth value bin size. As a result of this smoothing, the megasite bathymetry
maps typically show only those mounds greater than about 25 m in diameter. In the
detailed survey bathymetry, features with diameters greater than about half that size are
preserved.

Two additional artifacts are noted by their along-track trends. First, the data occasionally
display offsets of ~1 m from data collected on one track to those adjacent. In some
instances this may be a “roll bias” in which the values on one side of the cross-track
depth profile are slightly too great or too small. It is most obvious when we examine the
data in extreme detail in small areas around the monitoring sites. The second artifact may
be related. It appears as a crenulation of the contours in a track-parallel direction caused
by the cross-track depth profile being bowed upwards in the center. This is probably a
result of imperfect corrections for the refractive effects of sound-velocity variations in the
water column because it is worse at some sites (e.g., Megasites 1, 2, and 5) than at others
(e.g., Megasites 3 and 4). To understand this effect, recall that depths near the track lines
are calculated from acoustic waves that travel nearly vertically through the water column
and are therefore less affected by refraction. In contrast, depth soundings near the edge
of the sonar swath leave the sonar at shallow angles, so their paths are affected by
refraction to a greater degree. Consequently, a small error in determining water velocity
versus depth profiles can translate to a greater error in determining depth at the edges of
the sonar swath. At Megasite 1, for example, the crenulations typically appear as
variations of about £150 m in the lateral position of a particular contour in “flat” areas.
The regional slope is about 0.17°, so this suggests an error of about +0.45 m in depth,
which is in turn 0.6% of the water depth in Megasite 1. Thus, the bathymetry data are
better than “hydrographic” precision (<1% of water depth), yet because the slope is very
shallow, the bathymetry contours appear irregular. For presentation purposes, the large
scale bathymetry maps in the following sections were hand-smoothed and redigitized.

Mosaics made from TAMU? side-scan sonar data contain images constructed from the

merging of backscatter image strips from individual ship’s tracks. The side-scan sonar
sends out a fan-shaped acoustic pulse that is narrow and parallel to the ship’s track and
wide in the orthogonal direction. The sonar then plots a “scan” depicting the amplitude
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of the backscattered signal for that particular pulse. By sequentially plotting many scans
from subsequent pulses, an image is constructed. Typically the image is transformed to
appear as if made by an “aerial photograph” illuminated from the ship’s track, i.e., “light”
areas face the sonar and shadows are on the opposite sides. Usually little of the returned
acoustic energy comes from reflection because the incidence angle is such that most such
energy continues to propagate away from the sonar. Most of the returned energy is
“backscattered,” a process that includes diffraction from microtopography and scattering
of energy from particles in the uppermost sediments (so called “volume scattering”)
(Johnson and Helferty 1990). In the images, strong echoes are plotted dark whereas weak
returns and shadows are light. Much of the returned acoustic signal appears to be related
to mound topography and roughness (i.e., shadows, strong returns from faces that are
directed towards the sonar, and diffraction from rough areas) and backscatter variations
caused by sediment textural variations.

Megasite 1

Megasite 1 (Figs. 3.2, 3.3, and 3.4) shows two large mound clusters near the shelf edge in
water depths of 68 to 90 m. The western cluster is subcircular, approximately 600 m in
diameter, and contains several smaller, steep-sided mounds. The other cluster is a
crescentic band, approximately 800 m wide and 3,000 m long, located in the northeast
part of the megasite. It contains two large flat-top mounds, approximately 300 to 400 m
in diameter, and about a dozen smaller mounds. The large features are part of the
“40-Fathom Fishing Ground” mound cluster that has been studied in prior MMS projects.
One of these is the location of Site 1 (Fig. 3.3). The seafloor around the mounds is nearly
flat, with a shallow slope to the south. Contours suggest that there is a 3 to 5 m depth
difference from north to south across the crescentic mound band. This is in part owing to
sediments tending to pile up on the north sides of these features.

Prominent in the Megasite 1 mosaic are numerous groups of medium to large mounds,
principally located in the northern, central, and western parts of the survey area (Figs. 3.3
and 3.4). In contrast, much of the seafloor in the southern part of the survey area is
mostly featureless. The large mound group in the north-central part of the megasite
contains several large, flat-top mounds greater than 100 m in diameter. Numerous
smaller mounds are associated with these larger mounds. Another large mound group
appears at the western edge of the survey. Associated with all of the mounds are areas of
high backscatter, which appear dark in these mosaics. These high-backscatter features
usually are located on the southwest sides of the large mounds and mound groups. In
subbottom profiler records, these areas show some erosion of the surficial sediments, so
they are probably a textural difference caused by current winnowing (see discussion of
sediment texture below). Many small to medium mounds show high-backscatter “tails”
extending to the southwest (Fig. 3.5). These appear as shallow gullies in the subbottom
profiler records, implying erosion by bottom currents (Fig. 3.5; see discussion of current
scour marks below). In the northeast part of Megasite 1 are three linear to sub-linear
high-backscatter features that appear to be small buried ridges in the subbottom profiler
records. The most linear is about 25 m wide by 300 m long. These may be related to the
shoreline ridges noted in the original MAMES survey (Sager et al. 1992).
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Fig. 3.2. Bathymetry of Megasite 1, derived from TAMU? sonar data. Contours shown at 1-m
intervals with 5-m contours bold. UTM plot with axes labeled in meters.
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Fig. 3.5. Example of high-backscatter "tail" southwest of a mound in Megasite 1 and associated
erosional gully. (Top) Chirp sonar subbottom profile showing gully approximately 3-m
deep and 150 m across. (Bottom) High-backscatter "tail" to southwest of mound. Dark
areas indicate high backscatter and light represents low backscatter. Acoustic
illumination is directed away from shiptrack (vertica line at right). Note: The two
examples are from different |ocations because the subbottom profiler must pass directly
over thetail feature to image it, but the side-scan sonar does not image well directly
beneath the sonar. 2



Megasite 2

Depths in Megasite 2 range from 93 to 200 m and show numerous mounds at the shelf
edge (Figs. 3.6, 3.7, and 3.8). Seafloor north of the mounds is flat and is at about 100 to
103 m depth. To the south, the shelf edge, at about 115 m depth, separates the mounds
from the steeper upper slope to the south. The mounds are subcircular to linear in plan
view and seem to have two distinct morphologies. One type occurs as broad, low, round,
flat-topped topographic features several hundred meters in diameter. The others appear
as taller, steeper, less-rounded features. The latter are the “pinnacles” described by
Ludwick and Walton (1957), whereas the low features appear to be carbonate platforms.
The bathymetry shows that these low platforms are typically flush with the seafloor on
their north sides, whereas the south sides usually have a drop of 3 to 5 m. The
bathymetric map shows that the steepest and tallest mounds are clustered in the central
and eastern part of the megasite, whereas those mounds in the western part tend to be
dominantly the low, hard bottom type.

The Megasite 2 mosaic shows numerous mound clusters in a broad band that trends
southwest to northeast across the survey area (Figs. 3.7 and 3.8). In the western part of
the survey area, areas of medium backscatter define broad, low hard bottoms typically
several hundreds of meters across. Detailed examination of the sonar records shows that
small mounds, typically less than 10 to 15 m across, are associated with these features.
These large features appear to be carbonate hard bottoms, which may consist of many
smaller mounds. In the central and east-central part of the survey area , taller mounds are
evidenced by acoustic shadows. These are often irregular in shape and associated with
subcircular regions of high backscatter. In the far-eastern part of the survey, small
mound clusters are associated with subcircular areas of high backscatter. Subbottom
profiler records suggest these small mounds are the outcropping parts of larger buried
mounds. There is also a suggestion that some of the tall irregular mounds are associated
with broad carbonate bases, as if they grew atop hard bottoms similar to those farther
west. Unlike high-backscatter features in other megasites, those in Megasite 2 are not
linear and rarely appear to have a preferred direction or location relative to the mounds.
Near the southern edge of the mosaic, a faint, curvilinear higher-backscatter feature is the
scar of a slump mapped by prior MMS surveys (Laswell et al. 1992).

Megasite 3

Megasite 3 shows a gently sloping area of the outer shelf with depths of 64 to 86 m
(Figs. 3.9, 3.10, and 3.11). The main feature is a bulge in the contours that represents a
broad, thin dome of sediments surrounding several groups of mounds. One mound
group, in the western part of the megasite, is linear with a south-southeast trend. This
linear feature is asymmetric, with a shallow slope on its north side and a steeper slope on
its south side. To the north and southeast of this linear feature, two other smaller mounds
have similar trends, implying some relationship. In the eastern half of the megasite,
about a dozen medium mounds appear in several clusters. These are associated with a
broad, low mound, similar to those in Megasite 2. This broad mound is about 400 x

800 m in dimension, and like its cousins in Megasite 2, it shows a 2 to 3 m drop off its
south edge, whereas its northern edge is flush with surrounding seafloor. The side-scan
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Fig. 3.6. Bathymetry of Megasite 2, derived from TAMU? sonar data. Conventions as in Fig. 3.2.
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TAMU? side-scan sonar mosaic of Megasite 2, showing monitoring Site 4 (small box). Conventions asin Fig. 3.3.
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sonar mosaics also show a larger, but less obvious low hard bottom in the central region
of Megasite 3. This is seen in the bathymetry contours by slightly steeper slopes on its
south edge, in the south-central part of the megasite.

The Megasite 3 mosaic shows four main features: mounds, low carbonate hard bottoms,
high-backscatter areas, and a shoreline ridge (Fig. 3.10). Large mounds are seen
clustered in two main areas on the east and west sides of the site (Fig. 3.11). The eastern
mounds are mainly subcircular features 50 to 100 m in diameter and many have flat tops.
Site 5 is located in the cluster in the eastern central part of the megasite (Fig. 3.10). On
the west side of the megasite, large and small mounds are clustered into a linear group
that trends to the southeast. Two smaller groups appear to its north and northeast. Two
areas of broad carbonate hard bottoms appear in the megasite, one in the center of the
survey and another in the northeast corner. These low hard bottoms are similar in
appearance to those noted in Megasite 2. Both of these hard bottoms have higher
backscatter than the surrounding seafloor, although the northeastern one shows more
backscatter contrast. In detail, each hard bottom appears to have many smaller mounds,
less than 10 to 15 m across, making up much of its surface. This is also similar in
appearance to the Megasite 2 hard bottoms. As at other sites, areas of higher backscatter
are associated with the mounds, often on the southwest sides of the topographic features.
Also like other sites, many of these high-backscatter areas are linear, or have linear
edges, with a west-southwest trend. The linear, shoreline ridge feature appears mainly in
an extension on the northeast corner of the survey. This extension was added because the
ridge was known to be there from previous MMS surveys. The ridge shows high
backscatter and is patterned with streaks parallel to its trend. This part of the ridge
connects with a larger ridge that extends for over 10 km to the east (Sager et al. 1992).

Megasite 4

Depths in Megasite 4 range from 93 to 189 m (Figs. 3.12 and 3.13). This site is similar
to Megasite 2 in its shelf-edge position. Slopes in Megasite 4 are somewhat steeper than
the others, being about 0.7° landward of the 120 m isobath. The main bathymetric
features are curvilinear areas of steeper slope that appear to be the edges of fluvial deltas.
The most prominent such feature runs from west to east across the southern part of the
megasite at depths of 112 to 133 m. Another obvious feature of the bathymetry in
Megasite 4 is the lack of large mounds. This implies that all of the mounds are too small
to be seen in the 15-m bathymetry grid.

The appearance of the Megasite 4 mosaic is unique among all of the sites that were
surveyed (Fig. 3.13). Unlike any other site, there are no large mounds. Mounds in this
mosaic, if they exist, are seen only as small, subcircular, high-backscatter features
typically less than 20 m in diameter. Few show any evidence of acoustic shadow,
indicating they are also low in height. The most obvious mosaic features are mottled
backscatter seafloor in the north and northwest parts of the megasite, and a curvilinear
feature that runs from west to east across the southern part of the megasite. The
curvilinear feature coincides with an area of slightly greater slope in the bathymetry
(Fig. 3.12) and probably indicates the edge of a delta sediment wedge. The patchy
backscatter areas in the northern parts of the survey do not match up with features in the
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subbottom profiler or bathymetry data. These are probably areas of slightly different
sediment texture.

Megasite 5

The shelf edge is also a prominent feature in the Megasite 5 bathymetry map, which
shows depths ranging from 69 to 161 m (Figs. 3.14, 3.15, and 3.16). Most of the
northern two-thirds of the megasite is relatively flat seafloor of the outer shelf.
Superimposed is a curvilinear mound group that stretches from northwest to southeast
across almost the entire megasite. The bathymetry shows several large mounds and
numerous smaller mounds and mound groups. An extraordinary feature is the tall, linear
mound at the northwest end of the mound group, which is the location of Site 7

(Fig. 3.15). Across the curvilinear mound group, the contours often show a depth offset
of about 2 to 4 m. Seaward of the mound lineation is a flat bench at a depth of about

95 m, adjacent to the shelf edge.

In the Megasite 5 mosaic, a curvilinear group of hundreds of large to small mounds is the
most obvious feature (Fig. 3.15). This group contains most of the mounds in the
megasite. At its northwest end is a large, rough, linear mound (named “36-Fathom
Ridge”) whose north-south trend deviates from the overall northwest-southeast trend of
the mound group. This mound is about 1,000 m long by about 150 to 300 m wide. Site 7
is at the northeast end of this mound. In the center of the curvilinear mound group are
several large mounds, approximately 50 to 100 m across, including two that appear to
have flat tops. The number of mounds decreases to the southeast, except for one
moderately large group. As at other megasites, high-backscatter areas are associated with
the mounds. Usually these areas are on the southwest sides of mounds and mound groups
and often they are linear with a southwest-northeast trend. A unique feature of

Megasite 5 is a curvilinear, high-backscatter band that appears seaward of the mound
group. This feature is not associated with any mounds nor is it evident in the bathymetry.
It appears to be the upper edge of certain sediment layers exposed at the shelf edge.

Monitoring Site Descriptions
Site 1

Monitoring Site 1 bathymetry shows the northeast flank of the large flat-topped mound in
eastern Megasite 1 (Fig. 3.17). The data show a large flat-topped feature with a top depth
of about 66 m, a steep flank, and flat seafloor to the northeast at depths of about 75 to

80 m. Depth variation on the flat top of the mound appears to be generally less than 1 m.
The regional seafloor depth increases from about 76 m on the north side of the mound to
82 m on the southeast side. This increase is a result of greater burial of the mound by
sediments on the north side.

In the side-scan sonar mosaic (Fig. 3.18), sediments to the northeast of the mound display
low backscatter, whereas the top of the mound shows high backscatter. This difference is
likely a result of the difference in texture: the flat seafloor is mantled by fine-grain
sediments that cause little backscatter, but the mound top has much centimeter-to-meter-
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Fig. 3.14. Bathymetry of Megasite 5, derived from TAMU? sonar data. Conventions as in Fig. 3.2.
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Fig. 3.15. TAMU? side-scan sonar mosaic of Megasite 5, showing monitoring Sites 7-9 (small
boxes). Conventionsasin Fig. 3.3.
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Fig. 3.17. Bathymetry of Monitoring Site 1. Contours shown at 1-m intervals. Circle
indicates the boundary of ROV seafloor observations.
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Fig. 3.18. Side-scan sonar image of Monitoring Site 1. Circle indicates the boundary of ROV
seafloor observations.
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scale roughness that causes higher acoustic backscatter. The mound flanks and an apron
at the base of the flank give high backscatter. Dark/light zones show large monolithic
rocks that occur at the edge and their acoustic shadows (white areas). The apron
probably displays strong backscatter because it is composed of coarse debris from the
mound.

Most photo stations from Site 1 are on the top of the mound, so most geologic
observations apply to this environment. Although sediment cover is partial or complete
at most stations, outcropping carbonate rock is also common, so the area is characterized
as continuous hard bottom (Fig. 3.19). Nevertheless, meter-scale relief is typically low
and the small-scale roughness is low to medium. Sediments are typically coarse and shell
hash is common, implying a significant biogenic component. Monolithic outcroppings
describe the flanks of the mound with its large boulders and rubble, whereas flat bottom
mantled with sediment is typical of the seafloor to the northeast (Fig. 3.19). Unlike many
other monitoring sites, the three zones are large and contiguous with sharp boundaries
between them. There is also a significant depth difference (11-14 m) from the plateau
atop the mound and the surrounding seafloor.

Site 2

Monitoring Site 2 encompasses a medium-size mound located in the western part of
Megasite 1 (Fig. 3.3). Bathymetry data from this site show a subcircular, medium-size
mound approximately 30 m (top) to 60 m (base) in diameter sitting on flat seafloor at a
depth of about 78 to 80 m (Fig. 3.20). Contours indicate the mound is approximately
9-10 m in height and reaches a depth of approximately 70 m. Smaller closed contours
around the base of the mound suggest smaller mounds.

The side-scan sonar image shows a mound consisting of a collection of subcircular
bumps, each 8-10 m in diameter (Fig. 3.21). On the image, these bumps show high
backscatter (dark) on the side facing the sonar and shadow on the opposite side (light).
This mound, and many others like it, suggest that some mounds are composite features
amalgamating many smaller mounds. High backscatter is also seen on the south and east
sides of the mound. The highest backscatter area is lobate and follows the slightly
elevated bathymetry of several smaller mounds on the east side of the larger mound.
From its highly variable texture in the sonar image, this high-backscatter area looks like it
may be a zone of coarse rubble. The high-backscatter region to the south and southwest
of the larger mounds is one of the dark, linear backscatter “tails” seen to emanate from
many mounds in this megasite (see Fig. 3.3).

Analysis of seafloor photographs and videos showed only two bottom types, monolithic
outcroppings and flat, sediment mantled seafloor (Fig. 3.22). The largest monolith zone
corresponds to the area around the main mound. Located atop the medium-size mound,
approximately half of the photo stations show rock outcrop and these are preferentially
on the northeast side of the mound. Such a configuration is consistent with current flow
from the northeast, which would account for the southwestward trending high-backscatter
“tail” emanating from this mound group, causing sediments to be eroded off the northeast
side of the mound and deposited on the southwest side. Most stations, however, show
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Fig. 3.19. Bottom type map for Site 1 derived from ROV photo and video observations. Circle
boundary corresponds to circles in Figs. 3.17 and 3.18.
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Fig. 3.20. Bathymetry of Monitoring Site 2. Contours shown at 1-mintervals. Circle
indicates the boundary of ROV seafloor observations.
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Fig. 3.21. Side-scan sonar image of Monitoring Site 2. Circle indicates the boundary of ROV
seafloor observations.
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Fig. 3.22. Bottom type map for Site 2 derived from ROV photo and video observations. Circle
boundary corresponds to circles in Figs. 3.20 and 3.21.
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partial sediment cover and the sediments are generally fine, so any currents are not so
energetic as to sweep the mound bare of sediments. Both meter-scale relief and
centimeter-scale roughness vary from small to large, and aside from a cluster of stations
that show flat seafloor on the southwest side of the mound, these parameters are
intermixed. This suggests that the character of the mound varies significantly on a lateral
scale of meters.

Site 3

Monitoring Site 3 examined small mounds in eastern Megasite 1 (Fig. 3.3). Bathymetry
contours are few and meandering, denoting nearly flat seafloor (Fig. 3.23). Depths
change by only about 2 m across the monitoring area (from 81 to 83 m). Furthermore,
the data show little evidence of the small mounds in the area. The 81 and 82 m contours
on the north side of the site are close and follow one another, trending west-northwest.
This suggests a slightly greater slope probably caused by a sediment pile on the north
side of the site.

The side-scan sonar image shows many small, high-backscatter features that appear to be
small mounds 3-5 m across (Fig. 3.24). Many of these small mounds appear to cluster
together in groups that range from subcircular to linear. Only a few of these mounds
display shadows and presumably these are the largest. Much of the seafloor gives low
backscatter, suggesting that the mounds are located on otherwise flat, sediment-covered
seafloor.

Site 3 contains three seafloor bottom types (Fig. 3.25). Mounds and monolithic
outcropping areas appear as smaller patches surrounded by flat, sediment-covered
seafloor. Interestingly, the areas characterized as “mounds” appear to correspond to
amorphous, moderate-backscatter areas, whereas the zones of monolithic outcrops are
associated with the smaller, more obvious mounds. This difference may have to do with
low roughness and greater sediment cover on the mounds. Despite the fact that the sonar
mosaic for Site 3 shows a loose cluster of low mounds on an expanse of apparently flat
seafloor, many of the photo stations showed outcropping rock and many of these were
classified as monoliths, meaning mounds larger than the typical ROV-video view.
Roughness and relief both vary from low to high, but low to medium values are more
common. Sediment texture is mainly fine and sediment cover is usually partial. These
observations make a picture of an environment of flat seafloor with many low mounds
from boulder to house-size or larger, surrounded by fine sediments.

Site 4

Monitoring Site 4 is located among large “pinnacle” mounds near the shelf edge in
central Megasite 2 (Fig. 3.7). Bathymetry data show a broad mound consisting of a
northwest trending ridge (Fig. 3.26). Although the mound does not appear tall, the
mound flank shows a continuous slope of 14° to the southwest. Thus, we do not see the
entire height of this mound within the study site. The contours imply the mound is at
least 10 m high, with a nearly flat top at about 100 m depth.
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Fig. 3.23. Bathymetry of Monitoring Site 3. Contours shown at 1-mintervals. Circle
indicates the boundary of ROV seafloor observations.

Fig. 3.24. Side-scan sonar image of Monitoring Site 3. Circle indicates the boundary of ROV
seafloor observations.
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Fig. 3.25. Bottom type map for Site 3 derived from ROV photo and video observations. Circle
boundary corresponds to circles in Figs. 3.23 and 3.24.
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Fig. 3.26. Bathymetry of Monitoring Site 4. Contours shown at 1-mintervals. Circle
indicates the boundary of ROV seafloor observations.

Fig. 3.27. Side-scan sonar image of Monitoring Site 4. Circle indicates the boundary of ROV
seafloor observations.
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The side-scan image of Site 4 shows few of what one might recognize as mound-like
features. In general, dark, high-backscatter streaks and patches appear against a
moderate-backscatter background (Fig. 3.27). The lack of obvious shadows suggests that
these features are not tall and steep, but are more likely variations in seafloor roughness.
Many mounds in Megasite 2 are almost entirely mantled with sediment, showing only
features at their summits, and this may be the reason for the appearance of Site 4.

Comparison of the bottom-type interpretation (Fig. 3.28) with the sonar mosaic suggests
a reason for the apparent uniformity of the sonar image. Most of the area is typified by
low mounds, which accounts for the widespread moderate, mottled backscatter
appearance. Several patches of monolithic outcroppings are within the site and some of
these obviously correlate to the high-backscatter patches, undoubtedly because the
monoliths are strong acoustic reflectors. Photo station observations display considerable
lateral variability. Stations at which outcrop is visible or not are about evenly divided
and sediment types range from fine to coarse with several stations showing shell hash.
Roughness ranges from low to high and relief ranges from flat to medium. Although
many stations near the center of the site were classified as monoliths, most others on the
periphery were classified as mounds. These observations indicate that geological
conditions are laterally highly variable at this site.

Site 5

Monitoring Site 5 examines a tall, small-diameter, flat-topped mound located in eastern
Megasite 3 (Fig. 3.10). Bathymetry data show a tall, subcircular mound, approximately
100 m in diameter, surrounded by flat seafloor (Fig. 3.29). The mound has a nearly flat
top, with depths of 68-69 m, and steep, rough, sides. The rough sides appear to show
many individual blocks, small ridges, and indentations. In many ways, this mound is
similar to the large flat-topped mound at Site 1 in Megasite 1. Seafloor surrounding the
mound is at a depth of about 80 m, indicating the mound is approximately 12 m in height.

The side-scan sonar image of Site 5 shows the flat-topped mound with a halo of moderate
backscatter from sediments surrounding its west, south, and east sides (Fig. 3.30).
Notably, this halo does not appear to affect the contours, indicating it has no discernable
bathymetric expression. The top of the mound shows a nearly uniform, moderate
backscatter, similar to the mound at Site 1. Also like the Site 1 mound, the mound sides
show strong backscatter and shadows from the large blocks.

Bottom type-zones at Site 5 are nearly concentric around the tall mound (Fig. 3.31).
Photo stations on top of the mound all showed outcropping carbonate and were classified
as continuous hard bottom. Meter-scale relief atop the mound is low to medium,
consistent with the flat top observed in the side-scan images. The mound sides contained
large, individual blocks and are classified as monolithic outcroppings. Surrounding the
northwest and south sides of the mound are flat areas with debris that seem to correspond
with much of the moderate-backscatter halo that flanks the mound. The featureless area
to the south of the mound consists of flat, sediment-covered seafloor. Photo stations near
the center of the site all showed outcrop and are surrounded by stations at which no rock
is visible.
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Fig. 3.28. Bottom type map for Site 4 derived from ROV photo and video observations. Circle
boundary corresponds to circles in Figs. 3.26 and 3.27.
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Fig. 3.29. Bathymetry of Monitoring Site 5. Contours shown at 1-m intervals. Circle
indicates the boundary of ROV seafloor observations.

Fig. 3.30. Side-scan sonar image of Monitoring Site 5. Circle indicates the boundary of ROV
seafloor observations.
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Site 6

Monitoring Site 6 is a low relief site covering part of a large, carbonate hardground in
eastern Megasite 3 (Fig. 3.10). Because of the low relief, the bathymetry shows only a
few meandering contours (Fig. 3.32). The seafloor depth deviates little from 77-78 m.
At the south edge of the site, some deeper contours are seen, corresponding to the south
edge of the large hard bottom area on which Site 6 is located.

The side-scan sonar mosaic shows many subcircular, high-backscatter features that
appear to be low mounds 10-15 m in diameter (Fig. 3.33). Interspersed within the
mounds and mound clusters are lighter areas that represent sediment pockets.

ROV videos from Site 6 show an area that appears blanketed by a cover of fine
sediments. Stations with large outcrops were mostly clustered in the northwest and
southeast quadrants. Although many stations are mantled by fine sediments, coarse
sediments are common. Relief and roughness are often medium. These observations are
consistent with the side-scan images that suggest the site is a low, wide carbonate hard
bottom with a rough upper surface. The fine sediment cover is partial and often limited
to sediment pockets within the hard bottom, consistent with subbottom profiler records.
Virtually the entire site has been classified as a zone of low mounds (Fig. 3.34).
Sediment flats characterize two areas on the west side of the site and there are several
small areas with monolithic outcrops.

Site 7

Monitoring Site 7 is located on the northernmost part of the large, linear mound in
northwest Megasite 5 (Fig. 3.15). The bathymetry contours show a large, flat-topped
mound with a summit depth of about 72 m (Fig. 3.35). The mound is about 100 m across
at its summit but several hundred meters in length. A narrow ridge connects this mound
to a larger edifice farther south. Although it has an overall north-south trend that mirrors
the elongation of the entire mound, the Site 7 mound is irregular in shape with rough
topography on its flanks. The mound rises from a flat seafloor at a depth of 86 m,
making its height 14 m.

Side-scan sonar data from Site 7 show many subcircular bumps with dark,
high-backscatter returns on the side facing the sonar and white shadows on the opposite
side (Fig. 3.36). The bumps appear to be 15-20 m in diameter and correspond to the
flanks of the tall mound. Comparison of the side-scan data with the bathymetry implies
that the mound flanks probably contain many large, monolithic blocks that are not well-
represented by the gridded bathymetry data. The flat summit shows moderate and
variable backscatter and the seafloor on the outer edges of the site shows moderate but
more homogeneous backscatter, as would be expected of flat, sediment-mantled seafloor.

The seafloor bottom-type map (Fig. 3.37) shows zones concentric with the mound. The

center, representing the mound top, is characterized as continuous hard bottom, whereas
the mound flanks are characterized by monolithic outcroppings. Surrounding the mound
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Fig. 3.32. Bathymetry of Monitoring Site 6. Contours shown at 1-mintervals. Circle
indicates the boundary of ROV seafloor observations.

Fig. 3.33. Side-scan sonar image of Monitoring Site 6. Circle indicates the boundary of ROV
seafloor observations.
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Fig. 3.34. Bottom type map for Site 6 derived from ROV photo and video observations. Circle
boundary corresponds to circles in Figs. 3.32 and 3.33.
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Fig. 3.35. Bathymetry of Monitoring Site 7. Contours shown at 1-m intervals. Circle
indicates the boundary of ROV seafloor observations.
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Fig. 3.36. Side-scan sonar image of Monitoring Site 7. Circle indicates the boundary of ROV
seafloor observations.
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Fig. 3.37. Bottom type map for Site 7 derived from ROV photo and video observations. Circle
boundary corresponds to circles in Figs. 3.35 and 3.36.
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is a zone of flat seafloor containing abundant debris probably shed from the large mound.
The debris on the seafloor around the mound probably explains why the sonar backscatter
from the seafloor is moderate, rather than low as is usual for flat sedimented areas.

Site 7 ROV photo stations are described mostly as outcrop, with many stations classified
as medium to high relief, and the roughness is often medium. Nevertheless, a number of
stations, particularly on top of the mound, are characterized by low roughness, consistent
with the relatively flat summit seen in the bathymetry map. The surface of this area is
blanketed by a layer of silty to sandy sediment ranging from a thin veneer to near
complete burial. Although often obscured by sediment cover, the surface texture exhibits
small pits and depressions, but lacks large-scale roughness seen in other areas.

At the edge of the flat summit, the carbonate surface begins to break up, often in steep,
meter scale faces. This transition grades outward into an area dominated by high relief
monoliths (large, isolated rocks) several meters in relief and extent. These features often
have broad bases and slope steeply upward to one or several peaks. The peaks may or
may not be flat-topped and some have undercut edges. The surfaces of the monoliths are
often mantled by a thin veneer of fine sediment and biogenic material. The monoliths
tend to be separated by channels or valleys with sediment flats at their bottoms. General
observations suggest the monoliths are more deeply eroded with distance from the center
of the mound. The relief and size of these features seems to decrease with distance from
the mound center, whereas sediment cover seems to increase.

The region of monoliths changes into a surrounding region in which sediment cover is
complete and little or no evidence of outcrop is seen. These areas show a mixture of fine
and coarse sediments with loose rocks and shells scattered on the surface. This area
appears to begin at roughly equivalent depths on the north, east, and west sides.
However, the sediment flats to the south occur at a shallower depth and lack some of the
surface rubble seen on other sides. Eleven stations on the west side of the site show flat
seafloor or depression with shell hash or rubble. These stations are on the seafloor
adjacent to and on the west side of the mound that shows high backscatter. These
characteristics imply significant input of biogenic material from the mound and the
depression suggests erosion.

Site 8

Monitoring Site 8 contains a medium-size mound located in central Megasite 5

(Fig. 3.15). Bathymetry data show a slightly-elongated mound, approximately 40 m in
north-south extent and 15 m in east-west extent with a smaller mound located nearby to
the east (Fig. 3.38). The mound appears to rise about 7-8 m above the surrounding
seafloor to a rounded summit at a depth of 91 m. Notably, there is a northeast-southwest
bathymetric gradient across the site with depths becoming greater to the southwest by
about 5 m from 94 to 99 m. This gradient probably represents thinning sediments since
the mound lineament in Megasite 5 often appears in the chirp sonar profiles to be a
boundary between thicker and thinner sediments.
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Fig. 3.38. Bathymetry of Monitoring Site 8. Contours shown at 1-mintervals. Circle
indicates the boundary of ROV seafloor observations.

Fig. 3.39. Side-scan sonar image of Monitoring Site 8. Circle indicates the boundary of ROV
seafloor observations.
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The mound in Site 8 is difficult to discern in the side-scan sonar image (Fig. 3.39)
because it is small, so the pixels appear large, and because it occurs at the join between
two adjacent sonar tracks, so it changes appearance at the join. The two mounds seen in
the bathymetry are within a larger area of irregular seafloor that appears as a dark,
high-backscatter ring in the southern part of the site. High backscatter extends to the
northwest, following the trend of the larger mound lineament (see Fig. 3.15). The high
backscatter probably results from carbonate debris shed from the mounds along the
lineament.

Seafloor bottom types (Fig. 3.40) show an area of monolithic outcroppings that
corresponds to the ring-shaped high-backscatter zone in the side-scan sonar mosaic.
Other areas, characterized as having low mounds, correspond to other areas of high
backscatter in the sonar image. The northeastern half of the site is typified by flat,
sediment-mantled seafloor.

Site 9

Relief at Site 9, located at a site with low mounds along the Megasite 5 mound lineament
(Fig. 3.15), is low, so the contours mostly wander at depths of about 90-94 m (Fig. 3.41).
As at Site 8, there is a slight bathymetric gradient with depths becoming a few meters
deeper from northeast to southwest, reflecting the change across the lineament. A few
closed contours show low mounds at the site.

The side-scan sonar image shows a loose cluster of subcircular mounds, 5-20 m in
diameter (Fig. 3.42). The mounds display dark, high backscatter on the sides facing the
sonar and white shadow on the opposite sides. Surrounding seafloor appears gray,
indicating low backscatter. Across the bottom part of the site, the sonar image shows two
linear, high-backscatter “tails” trending southwest from one of the larger mounds in the
site and another just outside the image. In the bathymetry, these tails can be seen as
slight depressions (Fig. 3.41).

Sea bottom types are patchy in the site indicating high lateral variability (Fig. 3.43). The
background appears to be flat, sedimented seafloor with patches of monolithic
outcroppings corresponding to the mound locations. In the center of the site is a linear
patch of seafloor characterized as having many low mounds. Farther south, the two
high-backscatter tails are characterized by linear zones with carbonate debris on the
seafloor.

Consistent with its location on low mounds in the center of Megasite 5, Site 9 photo
stations are characterized by fine sediments, flat to low relief, low roughness, and fine
sediments. One station shows shell hash, one shows medium roughness, and several
show medium relief, suggesting scattered small mounds.
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Fig. 3.40. Bottom type map for Site 8 derived from ROV photo and video observations. Circle
boundary corresponds to circles in Figs. 3.38 and 3.39.
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Fig. 3.41. Bathymetry of Monitoring Site 9. Contours shown at 1-mintervals. Circle
indicates the boundary of ROV seafloor observations.

Fig. 3.42. Side-scan sonar image of Monitoring Site 9. Circle indicates the boundary of ROV
seafloor observations.
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72




Mound Morphology and Characteristics

General Observations

Of the five megasites, four of them (1, 2, 3, and 5) contain recognizable carbonate
mounds. The size, number, and morphology of mounds at each site vary significantly
(Figs. 3.4, 3.8, 3.11, and 3.16). Diameters range from 1-2 m to >1 km. Numbers of
mounds in each megasite vary by about two orders of magnitude. At Megasite 1 there
are over 1,000 mounds, whereas Megasite 5 contains only about 120. The mounds are
generally subcircular in shape with the majority having an aspect ratio of about 1:1

(Fig. 3.44). (Note: the aspect ratio is the ratio of the major and minor axes of the ellipse
that best fits the mound outline.) However, some are elongated with aspect ratios as high
as 8:1. Heights are not as well measured by our data as shape and diameter, but it
appears the largest mounds in the present study are about 13-23 m tall, and the shortest
are less than 1 m. The largest and tallest mounds are few in number, whereas smaller
mounds occur in greater numbers. A logarithmic-axis plot of the number of mounds
versus mound area is linear, within a given megasite, with correlation factors >85%-95%
(Fig. 3.45). This indicates that the number of mounds goes up exponentially with
decreasing area. This is a common attribute of natural systems, like tree branches,
streams, and earthquakes, that can be described by fractal geometry.

In general, we can classify the mounds into several different forms: (1) small, “unit”
mounds; (2) composite mounds; (3) irregular mounds; (4) smooth-top mounds; and

(5) carbonate hard bottoms. These groups are not distinct, i.e., there are no clear
boundaries between different groups, but these classifications are useful for the purpose
of discussion.

Unit mounds. The smallest mounds are subcircular and appear to be about 1-15 m in
diameter and <1-3 m in height. Because they are typically one, subcircular feature, we
call them “unit” mounds. They may be isolated or occur in clusters of various tightness,
although they are commonly found in fields of tens to hundreds in number (Fig. 3.46).
Unit mounds occur in all megasites, probably including Megasite 4, in which the
complex sea bottom backscatter patterns make it difficult to recognize mounds
unequivocally.

Composite mounds. Composite mounds are usually several tens of meters in diameter
and appear to consist of several to several tens of unit mounds, tightly clustered with
sides touching (Fig. 3.46). Mounds in Site 6 (Megasite 3) and Site 9 (Megasite 5) are
examples of unit mounds (Figs. 3.33 and 3.42). Heights of smaller composite mounds
are generally only several meters, but large, smooth-top mounds may also be composite
features (see below). Based on appearance, we believe composite mounds may result
from the coalescence of unit mounds. Composite mounds are found in Megasites 1-3 and
5. Site 2, in Megasite 1, has the appearance of a composite mound made up of about

20 smaller unit mounds (Fig. 3.21).

Irregular mounds. Irregular mounds are different from composite mounds in that they
have jagged, irregular outlines and rough surfaces. In addition, irregular mounds often
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have large aspect ratios, but the unit and composite mounds are frequently nearly
equidimensional. Whereas composite mounds seem to be made up of bumps of similar
size and subcircular shape, irregular mounds have surface roughness across a broader size
range and with irregular spacing and outline (Fig. 3.47). Irregular mounds occur rarely in
Megasites 1, 3, and 5, but are common in Megasite 2.

Smooth-top mounds. Many of the largest mounds have smooth tops. Some have flat
tops, all at the same level, suggesting sea level control (Sager et al. 1992). However,
others are more rounded and not all at the same level. Typically flat and smooth-top
mounds are over 10 m in height. Their sides are typically steep and contain large blocks
or monoliths (Fig. 3.48). Smooth-top mounds exhibit edges that range from nearly
vertical with few or no blocks to those that contain hundreds of blocks (Fig. 3.48). The
blockiness is reminiscent of rubble developed on the edges of carbonate hard bottoms on
the U.S. east coast owing to bioerosion of the hard bottom (Riggs et al. 1996). Although
bioerosion may be a factor in producing the blocks at the edges of some smooth-top
mounds, the blocks rarely form uniform rings around the mounds, as might be expected if
bioerosion were occurring on all edges over a long period of time. Furthermore, the
blocks sometimes have the appearance of mound clusters and grade from composite
mounds into smooth-top mounds. Therefore, we think the blocky edges of most of the
smooth-top mounds are not solely a result of bioerosion. The largest mounds, >500 m in
diameter, are smooth-top mounds. At the smallest, these mounds are 40-50 m across.
Smooth-top mounds occur in Megasites 1, 3, and 5. Interestingly, the smooth-top
mounds tend to be in the shallower sites but not at the deep shelf-edge sites (Megasites 2
and 4). A possible explanation is that the flat summits formed because of upward growth
limitation caused by sea level during a period of sea level still-stand (Sager et al. 1992).

Carbonate hard bottoms. Carbonate hard bottoms are large, tabular carbonate features
typically greater than a few hundred meters across (Fig. 3.49). Many of these features
appear as a well-defined mound, but others have irregular outlines and seem to consist of
tens to thousands of small unit mounds that form their surface. Often these features are
buried on their upslope ends with a small drop of a few meters on their seaward ends; this
is probably a result of the features being partly buried by sediments that thicken
landward. In Megasite 2, these features are numerous and come in a wide range of
heights, some reaching more than 10 m from top to bottom, but most showing only a few
meters of relief. Many of these are partly buried so that only their tops can be seen on the
side-scan sonar records (Fig. 3.47). In Megasite 2, irregular or unit mounds often form
lineaments that follow the edges of the carbonate hard bottom (Fig. 3.47). What is more,
most of the tall, irregular “pinnacle” mounds of Ludwick and Walton (1957) rest upon
such bases. Sager et al. (1992) hypothesized that the low hard bottoms formed during a
time when sea level was stable near the shelf edge, whereas the irregular pinnacles
formed later during rapid sea level rise. Carbonate hard bottoms also occur in

Megasites 1 and 3, but are less numerous. Megasite 3 contains two extensive hard
bottoms with hundreds of unit mounds. Megasite 1 contains a hard bottom upon which
some of the large smooth-top mounds are built.
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Fig. 3.47. Side-scan sonar images showing complex, irregular mounds from Megasite 2.
Conventions asin Fig. 3.46.
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Fig. 3.48. Side-scan sonar images showing smooth-top mounds. (Top) Example from
Megasite 3. Note the smooth top shows two levels. (Bottom) Large, flat-topped
mound from Megasite 1. Monitoring Site 1 is located on the northeast edge of the
top. Conventionsasin Fig. 3.46.
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Fig. 3.49. Chirp sonar profile over broad, carbonate hard bottom type mound in Megasite 2. Mound is 1.8 km across and mostly
about 5 m in height, however, two "pinnacle" mounds extend upward from its summit by an additional 5-9 m. Note that
the northern end sits higher than the southern end and the bathymetric drop is greater on the south side.




Megasite 1 contains the greatest number of mounds (>1,000). They are dominantly
subcircular in shape and the smaller mounds (<10 m) tend to be the most nearly circular.
Within Megasite 1, 53% of the mounds have an aspect ratio near 1:1 and 43% have an
aspect ratio near 2:1 (Fig. 3.44). The number of mounds with higher aspect ratios falls
off dramatically and only 0.05% fall into the 3:1 category or greater.

The majority of small mounds in our surveys are found in Megasite 1, especially in the
western half. These mounds have both smooth and jagged outlines, with sizes ranging
from 2-15 m across. Most are isolated, but some form small clusters. In the southwest
corner of the site there is a large raised hard bottom that is marked by an area of very
high backscatter and is covered with small mounds. Toward the north and east, medium
to large mounds become the dominant features (Fig. 3.3). The larger mounds are
typically smooth-topped and have irregular outlines; although, some seem to be lower
composite mounds. Additionally, in the northeast part of Megasite 1 there are two low
hard bottoms that have highly irregular outlines. The first (or more northern) one is the
foundation for large mounds that are >50 m across. The second (or more eastern one) is a
raised hard bottom characterized by an area of high sonar backscatter and that appears to
contain many small mounds.

Unlike other megasites, in which mounds of different sizes cluster in different places,
there appears to be little sorting of mounds in Megasite 2, because all sizes of mounds are
scattered fairly evenly across the site (Fig. 3.7). This site contains the greatest range of
shapes with aspect ratios varying from 1:1 up to 8:1, whereas the other sites only range
from 1:1 up to 4:1. The majority of the mounds, however, still fall in the 1:1 and 2:1
categories (34% and 38%, respectively), but unlike other sites, the 2:1 category mounds
are more numerous. Mounds at this site are typically elongated and trend in the north-
south direction. More so than any other site, many of the mounds in Megasite 2 appear to
be composites of smaller ones. Even where true composites are not seen, there are often
close clusters of small mounds, which may be antecedents of composite mounds. This
gives the edges of many mounds a jagged appearance and causes their surface to appear
rough. Another interesting feature of these small mounds is that most appear to be
roughly the same size, a few tens of meters across.

Megasite 3 is similar to Megasite 1, in that 51% of the mounds have aspect ratios near 1:1
and 41% are near 2:1 (Figs. 3.44). The majority of the mounds lie in the western half of
the site and most fall in a northwest-southeast trending linear array that is composed of
small, individual mounds and what appear to be composites of small mounds that have
grown together. About a dozen flat-top mounds, measuring ~ 60 m across, occur in the
eastern part of the megasite (Fig. 3.10). As well as the smaller mounds, two broad, low-
relief hard bottoms are present and are characterized by regions of moderate to high
backscatter (Fig. 3.10). Both seem to contain many smaller mounds; however, we cannot
discern whether the hard bottoms are composites of small mounds or the foundations for
a later generation of small mounds.

A notable feature in Megasite 5 is the curvilinear, nearly isobath-parallel group of
hundreds of large to small mounds that contains the majority of the mounds at this site
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(Fig. 3.14). At the northwest edge of the group there is a large, rough, linear mound that
1s approximately 1 km in length, 150 to 300 m wide, and 18-24 m tall. It is by far the
largest and tallest mound in the entire study area. In general, the mounds at this site have
the following aspect ratio distribution: 59% near 1:1, 32% near 2:1 and 9% at 3:1 or 4:1
(Fig. 3.44). Once again, the dominant shape is subcircular. The large mound, mentioned
above, has the characteristics of a composite mound, which is evidenced by its jagged
edges that seem to be made up of small mounds. On the subbottom records, the top
surface of the large mound has flat areas at its highest extent, but rough areas of peaks
and valleys in between these plateaus. Surrounding this large mound are other small to
medium-size composite mounds as well as a number of singular small mounds that, as
with those in Site 1, have a very circular appearance. To the south and east, other
composite mounds of various sizes can be identified; however, the number of mounds
falls off rapidly toward the eastern edge of the site.

Subbottom Profiles

Subbottom profiler records acquired with the X-STAR 2-12 kHz chirp sonar show the
seafloor and internal acoustic interfaces within the uppermost sub-seafloor sediments.
These records were acquired for two purposes: (1) to provide auxiliary data for the
interpretation of side-scan sonar records, and (2) to examine the distribution of recent
sediments.

In general, most profiles show a thin, relatively transparent layer a few meters thick
overlying a deeper horizon (Fig. 3.50). In places, this upper drape layer appears to
contain more than one unit. The deeper horizon often appears as an angular
unconformity where underlying delta foreset beds are truncated. In most of the survey
areas, this horizon may represent erosion that occurred during the last glacial lowstand
(Kindinger 1989; Sager et al. 1999). However, in Megasite 1, which sits atop the
“eastern delta” of the MAMES study, this horizon may be younger (Sager et al. 1999).
Thus, the age of the unconformity at a particular site cannot be determined without
additional age information.

One goal of the study was to create isopach maps of sediments overlying the erosional
unconformity at all sites to better understand the long-term influence of the mounds on
sediment distribution. However, there were two impediments to attaining this goal.
First, most records show the upper transparent layer as a relatively uniform layer, i.e.,
isopach maps show little of interest. Second, it is difficult to discern this horizon or it is
difficult to determine reflector continuity in many places. In some spots, it is evident that
the sediments overlying the erosional unconformity constitute more than one layer, of
which the upper transparent layer is only the latest. Much of the problem is that acoustic
penetration was inadequate to consistently define sediment layer thickness. In part, this
may result from unusually impervious seafloor because the X-STAR records show
penetration of 15 m or more in Megasite 4, but not in the other areas.
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Megasite 1

In Megasite 1, the bottom of the transparent layer was relatively easy to follow. The
upper transparent layer is relatively uniform at 1.0 to 2.5 msec (0.8 to 1.9 m; assuming
1,500 m/sec sound velocity) in thickness, but reaches 5.0 msec (4.0 m) at one location.

At this megasite there is a notable correlation between areas where this uppermost layer
has been eroded and dark (high-backscatter) areas in the side-scan sonar mosaic

(Fig. 3.5). The high-backscatter areas are preferentially located on the southwest sides of
the mounds, so most profiles over larger mounds show an erosional hole on the southwest
side. Near the largest mounds, erosion occurs over a broad area several hundred meters
across to a depth of 1 to 2 m. Behind one mound at the eastern edge of the megasite, the
erosional hole has reached the underlying unconformity, but in most places some of the
transparent layer remains. On several profiles, linear high-backscatter “tails” trailing
southwest from small to medium mounds have been matched with gullies, typically 20 to
200 m wide and 1 to 2 m in depth. The cause of the relationship between erosion and
high backscatter is not yet clear. It probably represents a current winnowing effect that
coarsens the average sediment texture at the seafloor in those areas.

Subbottom profiles from Megasite 1 also show interesting aspects of mound morphology.
Many mounds appear asymmetric in profile with the steepest slopes on the seaward sides.
The data show that this is caused by sediment dammed on the landward sides of the
topographic features. Furthermore, on some lines there appears to be a 6 to 8 m depth
offset across the mounds, becoming deeper seaward. Across the large flat-top mound
where Site 1 is located, for example, the erosional horizon beneath the transparent layer is
at about 70 m depth on the north side of the mound and 76 m on the south side. This
observation suggests that some of the mounds may sit atop a scarp.

Within Megasite 1 are three small, linear to sub-linear ridges, located in the northern part
of the survey area. In the subbottom records, these ridges are asymmetric, with sediment
dammed on their north sides and a slight erosional hole on their south sides. Typically
the depth offset across these ridges is 1.5 to 2.0 m. The origin of these features is
unclear, although previous speculation was that similar ridges are ancient shoreline
features (Sager et al. 1992).

Megasite 2

In Megasite 2, the underlying erosional unconformity is not visible in many places.
Above this horizon, two more-or-less homogeneous layers are visible, the upper one
acoustically transparent and the lower acoustically turbid. This configuration is most
obvious to the north of the mounds, and is often not seen to the south. These layers are
typically about 1 to 2 m in thickness, occasionally 5 to 10 m. The surficial sediments lie
atop mound flanks in most places. In particular, the linear, high-backscatter area in the
northeast part of the megasite is a buried ridge with small mounds on the tops of the
larger mounds showing through. In many places the upper sediment layers are upturned
on the mound flanks and pinch out, leaving the mound top exposed. These sediments
typically bury the north sides of low, flat carbonate hard bottoms but leave the south sides
exposed.
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Megasite 2 profiles show no obvious correlation between high-backscatter areas and
erosion, in contrast to Megasite 1. This fits the observation from the mosaic that the
high-backscatter areas have no preferred direction. Because these areas fringe the
mounds, it is likely that the high backscatter is caused by textural differences owing to
material shed from the mounds.

Megasite 3

In Megasite 3, the surficial sediments also appear as a thin transparent layer, typically

1 to 2 m thick. Like those of Megasite 2, the two low, flat carbonate hard bottoms are
buried on their north sides and show a 1.5 to 2.0 m scarp on their south sides. The tops
appear even with surrounding sediments and there are small, thin, transparent areas that
suggest sediment ponds.

The linear mounds in the western part of Megasite 3 show an asymmetric profile with
low slopes on their north sides and steep slopes on the south sides. In part this is a result
of sediments ponded on the north sides. However, the mounds themselves appear
asymmetric and often have a low hump on the north sides and a pinnacle on the south
side. Many profiles show a small erosional hole at the base of the south side, with a total
height of about 10 m from bottom to pinnacle top.

The profiles show that at least one of the mounds in the eastern part of Megasite 3 has an
asymmetric shape, but others have flat tops. In this region the dark high-backscatter
areas to the southwest of the larger mounds can be seen as an erosional feature on
subbottom profiles, as at Megasite 1.

Megasite 4

Like its sonar image data, the subbottom data from Megasite 4 are unique. In this area,
seaward-dipping delta foreset beds are regularly seen beneath a thin transparent layer, 1
to 2 m in thickness. Penetration here is greater than at any other megasite and it is
possible to see delta beds 10 to 15 m below the seafloor.

The curvilinear high-backscatter feature in the southern part of the Megasite 4 mosaic
corresponds to a zone of steeper slopes in the subbottom profiles. This is consistent with
the bathymetry, which shows closer contours at this location. Interestingly, this zone is at
different depths on different profiles. It is deepest on the east side of the megasite and
shallows approximately 17 m to the west. This is also consistent with the bathymetry
data.

In Megasite 4, it was not possible to match high-backscatter areas with mounds or other
features of the subbottom profiles, such as erosional areas, because the seafloor in the
subbottom profiles usually appears uniform and few mounds are evident. Apparently
most of the backscatter features in the side-scan sonar mosaic arise from textural
variations at the seafloor.
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Megasite 5

As at other sites, the upper transparent layer in Megasite 5 is nearly uniform and 1 to 2 m
thick. In some places this layer is seen atop erosionally-truncated delta foreset beds.
According to Sydow and Roberts (1994), these beds are part of the Lagniappe Delta. In
the subbottom profiler records, this erosional surface is often irregular, a characteristic
noted for the Lagniappe Delta top by Sydow and Roberts (1994).

The shelf edge in Megasite 5 has two unusual features. First, the dark band seen in the
side-scan sonar mosaic corresponds to a reflection-free zone in the subbottom records.
The seaward edge of this zone often appears as dipping reflectors and the landward edge
sometimes matches with erosional “notches” in the seafloor. These observations imply
this dark band is an exposed delta-front layer. As the dark band widens to the west, the
shelf edge develops a large, flat mound of transparent sediments. The origin of this
mound is unclear. The other unusual features are asymmetric troughs near the shelf edge
with steep landward and shallow seaward walls. Usually just one is seen on a given line,
although occasionally two occur. The depth and widths are several meters by 100 to
200 m. The asymmetric shapes suggest this might be a fault caused by an incipient
delta-front slump. Sometimes mounds appear associated with the top of the landward
wall of this trough.

Like the dark high-backscatter “tails” trending southwest from mounds in other
megasites, those in Megasite 5 also appear to be erosional gullies. Similarly,
high-backscatter areas are preferentially located to the southwest of many of the larger
mounds, and the subbottom profiles often show slight erosion, especially on the
southwest side of the curvilinear mound trend.

Grain Size Data

Grain size data show that sediments recovered in grab samples are typically sands with
some gravel and clay. The median mean grain size for the 229 samples taken on

Cruises 1C and M1-M3 is 2.8¢ (Fig. 3.51), with most samples having mean grain sizes
between 1.75¢ and 4¢. Many samples show a bi- or trimodal distribution. Often the size
distribution is peaked around 1¢ to 3¢ (fine sand) with a significant fraction in the
smallest size class, >10¢ (fine clay). Few samples contain a significant silt fraction.
Many samples also have a large contribution in the largest size class, <-1.5¢ (gravel).
These particles are typically shells, shell fragments, and other biologic detritus.

Ternary plots echo these characteristics (Fig. 3.52). On a sand-silt-clay plot, samples
show a nearly linear scatter from sand to clay. Only those samples with moderate
amounts of clay have significant fractions in the silt size range, and even then the largest
contribution is less than 20% (Fig. 3.52). The nearly linear trend implies two sediment
sources, one sand and the other clay, that are intermixed. On a gravel-sand-mud ternary
plot (Fig. 3.52), samples still tend to cluster near the sand apex, but considerably more
scatter is apparent owing to variable gravel fractions up to about 50%. The variability of
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Fig. 3.51. Histogram of mean grain sizes for the 229 grab samples from all cruises. Average
grain size for all samples is 2.7¢.
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Fig. 3.52. Ternary diagrams showing size classifications of 229 grab samples from all cruises.
(Top) Sand-silt-clay ternary diagram. Samples were normalized to 100% after
subtracting the gravel fraction. (Bottom) Gravel-mud-sand ternary diagram (Note:
mud is combined silt and clay fraction).
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the gravel fractions and their biogenic compositions implies they are controlled by local
factors.

Owing to high lateral variability in sediment character and uncertainty in the precise
location of many grab stations in relation to the side-scan mosaics, it is difficult to tell
what type of seafloor backscatter characteristic corresponds to a particular grab. In
general, samples from higher-backscatter seafloor tend to be enriched in both gravel and
clay. This is seen particularly well comparing grabs from around Site 7 (Fig. 3.53).
Samples from east of the mound, where the seafloor backscatter is low, are typically
70%-80% sand, with negligible amounts of gravel. In contrast, grabs from west of the
mound, where seafloor backscatter is high, contain only 40%-60% sand and the gravel
content has increased to 10%-30%. This observation is consistent with the “rule of
thumb” that coarser sediments give higher backscatter. Other observations reinforce this
connection between backscatter and the presence of debris. ROV observations of the
seafloor at Sites 5, 7, and 9 found areas of high backscatter associated with zones of
otherwise flat seafloor mantled with carbonate debris (Figs. 3.31, 3.37, and 3.43). In
some instances, the highest gravel-content samples tend to be located near mound edges,
implying the mound as a source. For example, Grab 7 in Site 7 is the sample with the
highest gravel content and is located closest to the mound on the western side. At other
sites, this connection is not always as clear. Lateral variability among samples at a given
site is as high as variability between sites, so the processes that control sediment sorting
are probably complex.

Discussion

From prior MMS-funded surveys in the Mississippi-Alabama outer shelf region, we knew
that carbonate mounds were often clustered with sizes ranging from several meters on a
side to hundreds of meters wide and 10 to 18 m high (Brooks 1991; Continental Shelf
Associates, Inc. 1992; Sager et al. 1992). We also knew that areas of high acoustic
backscatter were associated with many mounds (Brooks 1991; Laswell et al. 1992) and
that in some cases these areas were preferentially located to the southwest of the mounds.
This new study has emphasized and broadened these findings. In addition, we are
beginning to get a better understanding of the relationship of sonar backscatter to the
mounds and the sediment characteristics.

Although we knew previously that many of the carbonate mounds are subcircular in plan
view, our new side-scan sonar data show the details of mound flanks and co-occurrences
with far greater resolution than previously. In prior studies, we found a difference
between mounds at the shelf edge, in water depths of about 105 to 120 m and those
shallower. The former seemed to have sharper peaks (they were the original Ludwick
and Walton [1957] “pinnacles”) and the latter sometimes had flat tops (Sager et al. 1992).
Our new data show that flat or nearly flat tops are not uncommon among large mounds
located in the 70 to 90 m depth band. These data also have extended the range westward
by mapping several such mounds in Megasite 5 (Fig. 3.54). The side-scan sonar data
also show that the shelf-edge “pinnacle” mounds are unlike the shallower mounds in that
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Fig. 3.53. Comparison of grain size data with side-scan sonar backscatter near Site 7. Image at left shows side-scan sonar mosaic
around large mound in northwest Megasite 5. Site 7 is located at its north end. Circles show grab sample locations. Plot
at right shows grain size distributions (percent gravel, sand, silt and clay) from samples from plot at left. Samples are
arranged with those from low-backscatter seafloor at left and those from high-backscatter seafloor at right. The most
obvious difference is a greater percentage of gravel at the expense of sand in those samples from high-backscatter seafloor.
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Fig. 3.54. Mound distribution on the Mississippi-Alabama outer continental shelf and megasite locations. Black objects represent
mounds. Dark, heavy lines denote submerged ridges. Dark gray areas show regions of seafloor pockmarks. Light gray
denotes areas zones with thousands of small mounds. Bathymetric contours shown in gray at 10-m intervals to 100 m
depth and at 50-m intervals deeper. Boxes labeled "MS" show megasite boundaries. (Modified from Sager et al., 1992).




the pinnacle mounds are often irregular or linear in plan view, whereas the shallower
mounds are usually subcircular in plan view and often made up of clusters of smaller
subcircular “unit mounds.” What is more, the new data imply a third class of mounds:
low, wide, carbonate hard bottoms hundreds of meters in diameter but only a few meters
in height. These features are particularly notable near the shelf edge in Megasite 2, but
are also seen in at shallower depths in Megasites 1 and 3. These mounds often have tops
with bumps a few meters or less in height that make them appear to be made up of many
smaller “mini-mounds” and in this sense they are similar to many of the other, shallower
subcircular mounds.

The morphologic differences among mounds suggest differences in development. The
low, wide carbonate hard bottoms imply slow upward growth over a large area, perhaps
indicating stable sea level or slow sea-level rise. We previously speculated that such
mounds grew at the shelf edge during the slow sea level rise after the last ice age (Sager
et al. 1992), but now we know them to be even more widespread (Fig. 3.54). Perhaps
they are indicators of periods of nearly constant sea level, during which the broad
carbonate banks can grow and spread. The tall, steep-sided “pinnacle” mounds suggest
rapid upward growth during faster sea level rise (Sager et al. 1992). Because many of
these mounds apparently sit atop the low, wide hard bottoms, this possibly indicates a
switch in mound growth from lateral to vertical aggradation owing to acceleration in sea
level rise. The widely-dispersed, shallower mounds, which are highly-variable in size
and height, may represent a short period of sea level stabilization in the middle of the
deglaciation (Sager et al. 1992).

Our new data also give some insights about the location of carbonate mound formation.
Prior data implied the mounds formed atop erosional unconformities on the two deltas in
the MAMES survey area (Sager et al. 1992). The new data have strengthened this
observation. Although layers cannot be traced beneath the mounds, owing to the
scattering of acoustic energy they cause, in many places delta foreset beds beneath appear
continuous when traced from one side to the other of a mound or mound cluster. This
would probably not occur if the mound had formed prior to the deposition of the delta
beds; instead, the beds would be distorted. Our new data also imply that in some places,
larger mound groups formed on bathymetric scarps, as shown by depth offsets, or atop
carbonate hard bottoms. These observations imply that the mounds formed where
suitable substrates were available. This is consistent, for example, with organisms
requiring hard substrates for attachment.

Subbottom profiles over the mounds frequently show asymmetric profiles, another clue
about mound formation. Often large mounds have a peak at the seaward edge and have
sediments dammed up on their landward sides. These characteristics suggest that mound
growth was most intense on the side facing the sea, where perhaps nutrients are highest
and sediments least. This is similar to the formation of coral reefs in shallow water and
lends credence to the hypothesis that the mounds were formed by biologic action in
shallow water. The damming of sediments indicates that the mounds existed when the
surficial sediment layer was deposited. Since it is generally accepted that this layer was
formed from reworked sediments when sea level was much lower, this implies that the
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mounds existed when sea level was lower; in other words, they formed nearer to sea
level.

Results from our sediment studies give some significant insights about sediment
distribution and sedimentary processes. The upper acoustically-transparent layer, which
apparently represents relict sands deposited by reworking during lower sea level, is more
uniform than expected. At Megasite 2, nearest the shelf edge, this layer sometimes sits
atop another layer that displays greater acoustic reverberation and changes in thickness.
This layer is often absent, but attains thicknesses of more than 5 m at the edges and in
between the large mounds at the shelf edge. These sediments probably formed at an
earlier time and their source may be the mounds, as suggested by proximity. These
observations imply that the deposition of the more recent layer was not highly variable
around the mounds. Because normal bottom currents are relatively slow and the benthic
nepheloid layer does not carry a large suspended sediment load (see Chapters 5 and 6),
we think that the sediment layers evident on the chirp sonar subbottom profiles were
deposited before sea level reached its current height and are presently mostly static.

While normal sedimentation is not very active, several lines of evidence imply there are
high-current events that cause significant reworking of the sediments. Sediment grain
size data imply the surficial sediments are composed of three end-members. Most
sediments are mainly sand, with a smaller variable amount of clay added. The linear
nature of the size data on the sand-silt-clay ternary diagram implies two end-members,
sand and clay, that are intermixed. Since the sediments currently being deposited in the
region are fine clays, this could occur owing to resuspension events that mix the clay with
the sand near the surface. The third component consists of gravel-size fragments, usually
shells, shell fragments, or other biogenic debris. The gravel content is usually highest
near mounds, indicating the mounds as a potential source or suggesting the mound
proximity is an important factor for controlling the presence of organisms. Because we
find no simple correlation between mound proximity and gravel content (many near-
mound stations show no enhancement in gravel-size fragments), the gravel may be shed
from the mounds and there are some indications that bottom currents help determine
where gravel is deposited.

Scour marks seen in the side-scan sonar mosaics and the chirp sonar profiles imply
sediment redeposition during storms. The scour marks are linear troughs, usually
pointing southwest and beginning at a small to medium-size mound. They show up as
high-backscatter “tails” emanating from the mounds in Megasites 1, 3, and 5 (see

Fig. 3.5). For many large mounds, the scour is displayed as an asymmetric
high-backscatter “halo” on the southwest side of the mound. Frequently, the
high-backscatter area corresponds to an erosional swale behind the mound, sometimes
cutting completely through the sand layer into the late Pleistocene unconformity. Grab
samples and ROV video observations indicate that these areas have a greater
concentration of gravel and larger-size debris, which is doubtlessly the cause of the
higher than normal backscatter. Clearly these scour marks are caused by currents
perturbed by the topography of the mounds.
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Although bottom currents in the study areas are not highly directional under normal
circumstances, the situation appears to change during large storms (see Chapter 6). Two
hurricanes passed through the study area in September 1998 (Earl and Georges) and both
created strong currents, with speeds >1 m/sec, that flowed southwest in approximately the
same direction as the linear scour marks. What is more, sediment trap data indicate that
the storm currents cause resuspension fluxes 10-50 times higher than normal (see

Chapter 5). These large storm events created currents in the right direction to cause the
scour marks and had the power to move the sediments. When a current impinges upon a
submerged obstacle, it causes eddies that can be detached from the obstacle and move
downstream if the current velocity is sufficient (e.g., Roden 1991). We believe such
eddies are responsible for the current scour. In addition, the strong currents may explain
the observation that sediments are piled up against the north sides of many mounds even
though there is no obvious movement of large quantities of sediment seaward. Strong
southwesterly currents that cause widespread resuspension and sediment movement in the
same direction may be the cause of the sediment damming. Such resuspension events
may also explain the mixture of sand and clay observed in the grab samples.

In summary, the Mississippi-Alabama OCS mounds present a relatively unchanging
environment under most circumstances. The mounds appear to have formed more than
10,000 years ago before sea level rose to its present height. Although there appears to be
some ongoing bioerosion on the mounds, it does not seem to be pervasive or rapid. Most
sediments around the mounds also were deposited in the geologic past. The surface
sediments appear to be a relict sand, reworked during the last rise in sea level, mixed with
clay from the present-day nepheloid layer and biogenic debris from benthic organisms
and the mounds. On occasion, this environment seems to be perturbed by storms that
cause rapid bottom currents and resuspension. At these times there is erosion at the sea
bottom and reworking, mixing, and redeposition of the surficial sediments.
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Chapter 4: Geochemistry
Mahlon C. Kennicutt 11

Introduction

The geochemistry component includes a combination of hydrocarbon, metal, grain size,
total organic carbon (TOC), and total inorganic carbon (TIC) measurements in sediments
and sediment trap materials. Contaminant measurements are intended to document the
current hydrocarbon and metal concentrations within the study sites. Sediment
characteristics (grain size, TOC, TIC) aid in determining the origins of sediment and
discerning the relationship between sediment texture and biological patterns at the study
sites. Metals, TOC, TIC, mass, and grain size are also measured in sediment trap
materials to determine the origins of sediments at the sites and to document whether
contaminants are accumulating at the sites during the duration of the study (see

Chapter 5).

The two most common contaminants derived from platforms are hydrocarbons and
metals (Middleditch 1981; Boesch and Rabalais 1987; Boothe and Presley 1987;
Continental Shelf Associates, Inc. 1983, 1989). The release of petroleum from a platform
to the surrounding environment can occur during drilling and production. Petroleum
hydrocarbons are potentially present in a variety of discharges including drilling fluids,
cuttings, produced water, spills, deck drainage, and other releases (Kendall 1990).
Petroleum hydrocarbons released to the environment can be differentiated from naturally
occurring, background biogenic hydrocarbons (Brassell et al. 1978; Philp 1985; Boehm
and Requejo 1986; Kennicutt and Comet 1992). Petroleum contains (1) a homologous
series of n-alkanes with 1 to more than 30 carbons with odd and even carbon number n-
alkanes present in nearly equal amounts; (2) a complex mixture of branched and
cycloalkanes; and (3) a suite of polycyclic aromatic hydrocarbons (PAHs). Aliphatic
hydrocarbons synthesized by organisms (both planktonic and terrestrial) include a suite
of normal alkanes with odd numbers of carbons from 15 to 33. Complex branched and
cycloalkanes are rare in organisms. Petroleum PAH mixtures are differentiated from
PAHs synthesized by organisms by the structural complexity of the mixture and the
presence of substantial amounts of alkyl substituted PAHs. PAHs are the most toxic
components of oil and concentrations can indicate potential biological effects. Based on
considerations of petroleum chemistry, biological occurrences, and toxicological effects,
aliphatic and aromatic hydrocarbons were chosen as tracers of petroleum contamination
for this study (Kennicutt 1995).

Metals are also released during offshore drilling and production activities (Lake Buena
Vista Symposium 1981; Boesch and Rabalais 1987; Boothe and Presley 1987). Metal
contamination can affect both infauna and epifauna in the vicinity of platforms
(Southwest Research Institute 1978). Many metals are EPA priority pollutants (antimony
[Sb], arsenic [As], cadmium [Cd], chromium [Cr], copper [Cu], lead [Pb}, mercury [Hg],
nickel [Ni], selenium [Se], silver [Ag], and zinc [Zn]) and are known to be toxic to
organisms. These metals are often constituents of drill muds (Houghton et al. 1981;
Rubinstein et al. 1981; Tornberg et al. 1981). Tin (Sn) is known to be toxic and is
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present in antifouling paints used on platform structures. Barium (Ba) is used as a tracer
of the particulate fraction of discharged drilling fluids and cuttings because it occurs in
high concentrations in drilling muds and has a low, natural background in ambient
sediments (200 to 500 ppm dry weight; Chow and Snyder 1981; Boothe and James 1985;
Boothe and Presley 1987). Barium (as barite, barium sulfate) is the dominant component
of drill mud (up to 90% on a dry weight basis). Aluminum and iron are major
constituents of alumino-silicate minerals and are used to detect changes in sediment type.
Vanadium (V) is of interest because it can occur in significant concentrations in some
crude oils.

Methods

The geochemistry portion of this study relied on prior study information and a
hierarchical approach to select the analysis to be used. For hydrocarbons, a simple
measure of the presence or absence of oil was used. Total petroleum hydrocarbons
(TPH) determined by gas chromatography/flame ionization detection (GC/FID) and a
gravimetric measurement of extractable organic matter (EOM) accurately reflect oil
contamination (Kennicutt et al. 1996). The origin of hydrocarbons within a site was
determined on a single composite of all samples collected at a site. Fingerprinting using
PAH compositions was the method of choice to define the origins of any PAH detected at
the study sites. Metals (Ba, Cd, Cr, Pb, Hg, and Zn), most closely related to platform
discharges, were measured as well. As an indicator of sediment mineralogy, aluminum
(Al) and iron (Fe) were also measured. Crustal elements (Fe, Al) were used to normalize
the concentration of metals to detect anthropogenic additions.

Collection

Sediments were collected by grab as described in Chapter 3, Geologic Characterization.
The top 5 cm of sediment were sampled. Samples for geochemistry were collected
concomitantly with geological samples. The collection of sediment trap materials is
described in Chapter 5.

Total Inorganic and Organic Carbon

Sediment carbonate content (0.2 to 0.5 g) was determined by treatment with concentrated
HCI. Residual organic carbon was converted to CO, and analyzed with a non-dispersive
infrared spectrophotometer (Leco WR-12 Total Carbon System). Calcium carbonate was
determined as the difference between a treated (acidified) and untreated sample.
Acidification was carried out in the crucible used for analysis and the residual acid was
evaporated in place to avoid the loss of acid soluble organic matter.

Hydrocarbon Analyses

TPHs were determined by GC/FID analysis of sediment extracts. EOM was determined
by weighing the extracts.
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PAHs were determined by the National Oceanic and Atmospheric Administration
(NOAA) National Status and Trends methods (Wade et al. 1988). Briefly, deuterated
PAHs were added before the extraction and were used to calculate analyte
concentrations. Sediment samples were mixed with anhydrous sodium sulfate and
extracted with methylene chloride/acetone in an Automated Solvent Extractor (ASE).
The petroleum hydrocarbons were separated from interfering compounds by
silica/alumina columns. The purified extracts were analyzed on an HP 5890/5970 gas
chromatograph with a mass selective detector (GC/MS) using a selected ion detection
technique. The GC/MS was calibrated with known concentrations of analytes at five
different concentration levels and average response factors were used for determination
of PAH concentrations. Concentrations of parent and alkylated PAHs were reported as
nanogram/gram (ng/g) on a dry weight basis for sediment samples. Each sample batch of
20 samples included a procedural blank, a matrix spike, a matrix spike duplicate, and a
standard reference material. Quality assurance samples ensure that the analytical results
are valid and of acceptable accuracy and precision.

Trace Metal Analyses

Sediment and sediment trap samples were analyzed for Ba, Cd, Cr, Fe, Hg, Pb, and Zn.
Analyses were conducted by National Status and Trends methods. The methods included
atomic absorption spectroscopy (AAS), instrumental neutron activation analysis (INAA),
and/or inductively coupled plasma spectrometry (ICP), depending on the metal and the
concentration (e.g., Taylor and Presley 1998). INAA was used to determine Ba, Cr, and
Fe. The precision and accuracy by INAA is excellent regardless of the matrix. A more
sensitive method was used when needed for other metals to ensure accurate and precise
values.

A freeze-dried representative INAA sediment aliquot was ground to a fine powder. No
further treatment was needed. For INAA, 0.5 g aliquots of the powdered samples were
weighed directly into plastic vials and heat-sealed. The samples were irradiated for

12 hours in the 1 megawatt TRIGA reactor. After a 10-day cooling period to allow Na,
Cl, and other interfering isotopes to decay to low levels, the samples were counted using
a hyper-pure germanium detector coupled to a Nuclear Data Corp. model 9900
multichannel analyzer integrated with a Digital VAX II/GPX graphics workstation.
Concentrations were obtained by comparing counts for each sample with those for
sediment and rock reference materials of accurately known elemental composition.
Details of this method are given in Boothe and James (1985), including information on
counting geometry, reference materials, spikes, blanks and other aspects of quality
assurance.

National Status and Trends Program methods were used in the AAS/ICP analysis
(Lauenstein et al. 1993). The method for Hg included a sulfuric acid-permanganate
digestion of the dry powdered sample followed by stannous chloride reduction to Hg
metal and detection by cold vapor atomic absorption. For other metals, 200 mg aliquots
of the powdered sediment samples were weighed into Teflon® “bombs” and completely
dissolved in a mixture of nitric, hydrofluoric, and boric acids at 130°C. Various dilutions
were made of the clear digests to bring them into the working range of the AAS or ICP.
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A Perkin-Elmer Corp. model 3300DV (dual view) ICP was used when element
concentrations permitted. When concentrations were too low for this instrument, a
Perkin-Elmer 3030Z AA equipped with an HGA-600 graphite furnace and an auto
sampler were used. Details of furnace programs, matrix modifiers, blanks, spikes,
reference materials, and other quality assurance information can be found in the reference
given above. The proposed methods ensured that the matrix spike recovery for all
elements was greater than 90% and that recoveries of certified values for reference
materials from the National Research Council of Canada were 90% or better as well.

Results and Discussion

To survey the monitoring sites for the presence of contaminants, 10 grab samples were
collected at each site during the first monitoring cruise (1C). Each grab sample was
analyzed for EOM, TOC and TIC content, gas chromatographically resolvable and
unresolvable (UCM) hydrocarbons, and metals (Ba, Cd, Cr, Fe, Hg, Pb, and Zn). A
composite grab sample at each site was analyzed for total PAHs. The measures of
hydrocarbons at the sites were low and relatively uniform. Little or no evidence of
petroleum related hydrocarbons was observed at any of the nine study sites (Table 4.1).
The slight increase in EOM and PAH towards the west most likely represents a general
fining of sediments (because silts and clays tend to have higher concentrations of EOM
and PAH). Metals indicative of contamination were at or near background levels at all
sites as well (Table 4.1). Barium, a tracer of drill mud discharges, was at background
levels and only a few samples might be interpreted as containing slightly elevated barium
levels. A slight increase in a few metals (Ba, Cr, Fe, Zn) towards the west most likely
represents a general fining of sediments.

TOC in sediments at the study sites was low and relatively uniform (Table 4.2). In most
instances, TOC was less than 0.5%, occasionally reaching 1.0% or more. Sedimentary
carbon was primarily in the form of carbonate. TIC ranged from ~3.5% to more than 8%
(pure calcium carbonate would be 12% carbon). Carbonate content decreased from east
to west by nearly a factor of two, reflecting proximity to riverine inputs of particulate
matter.
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Table 4.1. Summary of average sediment characteristics at the study sites during

Cruise 1C.
Total
Site EOM TPH PAH UCM Resolved
(ppm) (ppm) (ppb) (ppm) Hydrocarbons
(ppm)

1 432 11.2 8.2 7.7 9.5

2 35.7 12.0 8.3 9.7 3.2

3 42.1 10.4 10.8 8.6 1.8

4 74.1 20.1 21.5 12.7 75

5 592 18.4 15.3 13.7 4.7

6 59.2 16.2 15.5 11.3 4.9

7 73.1 21.2 25.7 16.3 4.9

8 33.6 132 122 10.2 3.0

9 70.9 20.0 20.4 12.7 73
Site Ba Cd Cr Fe Hg Pb Zn

(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

1 123.3 0.10 21.0 8858 0.02 7.8 26.2

2 120.1 0.05 21.0 7616 0.02 7.9 22.8

3 111.2 0.07 26.8 8665 0.02 6.7 24.7

4 357.1 0.12 40.0 18,729 0.03 15.0 60.4

5 499.5 0.08 33.8 17,316 0.03 12.3 50.6

6 471.6 0.08 32.0 17,578 0.03 12.5 60.0

7 4973 0.07 38.0 18,344 0.03 15.3 58.4

8 240.0 0.05 23.5 10,397 0.02 10.6 30.1

9 465.9 0.07 40.6 19,565 0.03 15.3 60.8

Abbreviations: EOM = extractable organic matter; TPH = total petroleum hydrocarbons; PAH =
polycyclic aromatic hydrocarbons; UCM = unresolved complex mixture.
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Table 4.2. Summary of the average total organic (TOC) and inorganic (TIC) carbon content (%) of sediments at the study sites
during Cruises 1C, M2, M3, and M4.

Cruise Site n= TOC TIC Cruise Site n= TOC TIC Cruise Site n= TOC TIC Cruise Site n= TOC TIC
1C 1 8 0.1 8.0 M2 1 5 02 6.9 M3 1 6 02 175 M4 1 5 0.2 7.2

2 10 02 5.1 2 5 0.1 5.7 2 5 0.0 5.0 2 5 0.2 43

3 10 02 5.0 3 5 0.1 5.9 3 5 00 59 3 5 0.2 6.6

4 9 1.1 73 4 5 04 8.0 4 11 1.3 7.0 4 5 0.3 9.3

5 10 11 6.1 5 5 024 6.16 5 5 06 53 5 5 0.2 5.5

6 10 02 5.7 6 5 04 4.6 6 5 1.2 47 6 5 0.3 5.8

7 10 03 5.0 7 5 0. 3.9 7 5 02 3.1 7 5 0.2 47

8 10 02 3.1 8 5 02 34 8 5 04 33 8 5 0.2 4.8

9 10 03 6.1 9 5 0.3 5.1 9 5 02 3.8 9 5 0.2 43




The conclusion of the survey is that contaminants, if detected at all, were present in very
low concentrations in sediments from the study area. Therefore, anthropogenic
influences at the study sites are negligible and are not likely to influence biological
patterns in the study area. PAHs were at or below the method detection limits and appear
to be derived from low-level, background contamination from atmospheric deposition
that is seen Gulf-wide. The levels detected are several orders of magnitude below
concentration levels that are thought to invoke biological responses. PAH concentrations
are compared with concentrations from a previous MMS study in the western Gulf of
Mexico in similar water depths in Figure 4.1. Sediment contaminant concentrations
were measured in sediments near and far from three oil and gas producing platforms in
similar water depths (30 to 150 m) as part of the Gulf of Mexico Offshore Operations
Monitoring Experiment (GOOMEX Phase 1; Kennicutt 1995). In the GOOMEX
program, elevated levels of PAHs were only detected in sediments near to platforms, and
sediments beyond ~100 m from the platform were considered to be background levels.
As can be seen in Figure 4.1, the PAH concentrations at the study sites are equal to or
lower than concentrations detected at undisturbed sites in the western Gulf of Mexico far
from platforms.

In most cases, trace metals were also detected at levels that are commonly detected in
unimpacted Gulf of Mexico sediments. In a comparison of the study site results with
those from the GOOMEX program (Figure 4.2), it is clear that sediment trace metal
concentrations are similar to those observed far from platforms in the western Gulf of
Mexico in similar water depths. In particular, concentrations of Ba, a sensitive tracer of
drilling mud discharges, at the study sites are significantly below levels detected at 3,000
to 5,000 m from platforms. These comparisons suggest that the study sites have been
exposed to little or no contamination and that the concentrations observed are well below
levels known to induce biological responses.
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" MAMES3 vs. GOOMEX Total PAH
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Fig. 4.1. Comparison of total polycyclic aromatic hydrocarbon (PAH) and lead (Pb)
concentrations in sediments at sites sampled during this study (labeled MAMES3)
and at sites sampled near and far from platforms in the western Gulf of Mexico

during GOOMEX Phase 1 (Kennicutt 1995).
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MAMES3 vs. GOOMEX Cadmium
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Fig. 4.2. Comparison of cadmium (Cd) and barium (Ba) concentrations in sediments at sites
sampled during this study (labeled MAMES3) and at sites sampled near and far from
platforms in the western Gulf of Mexico during GOOMEX Phase 1 (Kennicutt 1995).
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Chapter S: Sediment Dynamics
Ian D. Walsh

Introduction

The objectives of the sediment dynamics component in collaboration with the
geochemistry and geology components were to (1) provide quantitative and qualitative
measurements of the extent and occurrence of the nepheloid layer; (2) determine
sedimentation and resuspension rates; (3) determine how topographic highs affect
present-day sedimentation; (4) determine temporal variations in sediment texture; and
(5) relate short term sediment dynamics to long term sediment accumulation. To address
these goals, sediment traps, optical instruments, and conductivity-temperature-
depth/dissolved oxygen (CTD/DO) sensors were used to assess and monitor the extent
and variability of the nepheloid layer sediment and resuspension.

The goals as outlined above were met by documenting particle distributions and
dynamics with several techniques. Data on the spatial and vertical distribution, intensity,
and short time-scale variability of the nepheloid layer were acquired with a
transmissometer interfaced to the CTD/DO system. Profiles of beam attenuation were
recorded during the cruises. Sediment traps were deployed with the physical
oceanography moorings to quantify particle flux. Vertically separated sediment traps
were used to sample particulates from the nepheloid layer and higher waters to derive
short term sedimentation and resuspension rates. Particles from the traps were compared
with sediments from the seafloor to characterize the depositional process. The extent and
occurrence of the nepheloid layer was determined by CTD/DO/transmissometer/optical
backscatter (OBS) casts around the study sites during monitoring cruises along with casts
taken at each mooring site during the mooring servicing cruises. Long term variations
were to be addressed by OBS instruments deployed on mooring stations, providing
comparisons with current meter records.

Most changes in the optical properties of seawater are caused by particles suspended or
settling through the water. Light attenuation as measured with a beam transmissometer is
one of the easiest to use and most versatile optical instruments now in use to measure
inherent optical properties in seawater. A Seatech 25-cm pathlength transmissometer was
used to provide measurements of optical attenuation coincident with CTD casts. Gross,
large-scale measurements can be made easily with this instrument, but to make precise
quantitative measurements considerable care must be exercised in cleaning the optical
windows, in correcting for the decay of the LED light source, and in calibration with
in-situ particle concentration from filtered samples (Bartz et al. 1978; Gardner et al.
1983). Beam attenuation is an inherent property of seawater and is the sum of light
scattering and absorption (Gordon et al. 1984). At the 660 nm wavelength used in the
Seatech transmissometer, the scattering function is small. Attenuation is usually
considered to be the sum of attenuation of seawater (c,,), yellow matter (cy), and particles
(cp). In the open ocean, ¢y is negligible and cy is constant, so changes in total attenuation
result from changes in particles (Morel 1974; Jerlov 1976; Pak et al. 1988; Gardner et al.
1995; Walsh et al. 1995). The properties of particles that affect attenuation are their
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concentration, size distribution, index of refraction, and shape, with concentration and
size being most important. If the size distribution, index of refraction, and shape of
particles are constant, beam attenuation is linearly related to particle concentration
(Spinrad et al. 1983; Baker and Lavelle 1984; Moody et al. 1986). Particle characteristics
vary between regions, however, so in order to estimate particle mass concentration from
attenuation data it is necessary to calibrate the data by filtering water for total particle
concentration.

Transmissometers are also effective in locating areas of resuspension of bottom
sediments and production of bottom and intermediate nepheloid layers (Gardner and
Walsh 1990; Walsh 1990). Because resuspended sediments form the bulk of nepheloid
layer particles (Gardner et al. 1983, 1985), monitoring of the nepheloid layer by use of
beam attenuation data can be used to infer spatial and temporal variability of both particle
concentrations and resuspension (Gardner and Walsh 1990; Walsh 1990; Walsh et al.
1995).

Field and Laboratory Methods
CTD/DO/Transmissometer/OBS Data Sets

The R/V TOMMY MUNRO was used to collect beam attenuation profiles on eight
cruises over the course of the program. Filtration of water samples for calibration of the
transmissometer was completed on four of these cruises. Results from the CTD/DO data
sets are discussed in Chapter 6.

Using the transmissometer interfaced to the CTD, profiles were made prior to recovery of
each mooring and after redeployment on the mooring servicing cruises. Particle
concentration profiles for calibration of the transmissometer beam attenuation data were
made at each mooring site by filtration from Niskin bottles. One-liter samples were
drawn from nine bottles from each filtration cast and vacuum filtered onto pre-weighed
47-mm, 0.4-um pore size Poretics filters. The filters were rinsed with filtered distilled
water to remove salts and dried. On shore, the filters were weighed again, and the
difference between the pre- and post-weighing yields the particle mass concentration per
liter. Blank filters were used for quality control at all stages of the analysis.

Four calibration data sets were produced from the mooring service cruises in January
1998 (Cruise S2), July 1998 (Cruise S3), October 1998 (Cruise S4), and April 1999
(Cruise M4). Regression analysis of filtered particle concentration on particle beam
attenuation from the transmissometer profiles from each cruise separately yielded a range
in slopes of less than 20% with significant correlations within each data set and intercepts
close to the origin (Fig. 5.1). When combining the data sets and treating the four cruises
as a single sample, the regression was highly significant with a slope of 1.45 and an  of
0.94 (Fig. 5.2). The slope is within the range reported for the Texas-Louisiana Shelf
Circulation and Transport Process (LATEX) Program data sets [1.2 to 1.9 (Zhang 1997)].
Beam attenuation values for the entire data set were adjusted to yield a ¢, of zero for a
concentration of zero.
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Filtration Calibration Regression
(individual cruises)
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Fig. 5.1. Calibration plot of Niskin bottle particle concentration against the particle beam
attenuation data from the transmissometer for the same depths and cast by cruise for
four mooring servicing cruises. Least squares regressions and goodness of fit
statistics are given for each cruise's data set. Regressions were not forced through
the origins.
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Filtration Calibration Regression
(combined cruises)
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Fig. 5.2. Calibration plot of data from Fig. 5.1 treated as a single set. The regression was
forced through the origin.
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Correlation of the OBS sensor data (a Seatech light scattering sensor [LSS]) on the CTD
package with the transmissometer data was performed by plotting LSS voltage versus the
calibrated particle beam attenuation data (c,) as shown for a representative cast in

Fig. 5.3. There was good agreement between the two sensors, though the upper and
midwater LSS data have considerably more data spiking than the transmissometer data
set. Further discussion is based on the transmissometer data set. The OBS data set from
the mooring program did not yield a sufficiently robust data set to correlate the particle
profiling and moored data sets. The moored instruments did not appear to be sufficiently
sensitive to the concentrations of particulates at the sites and the resultant data set was not
coherent enough for analysis.

Sediment Traps

The sinking flux of particulate material was collected using sediment traps. Simple
core-tube sediment traps were deployed on each of the moorings to monitor particle flux
and resuspension during the monitoring period. This type of sediment trap has been
proven both effective and cost-effective during the Texas-Louisiana Shelf Circulation and
Transport Process (LATEX) Program on the shelf of the western Gulf of Mexico (Zhang
1997). The traps were placed at 2.5 m, 7 m, and 15 m above the bottom (mab).

Sediment traps were deployed from May 1997 through April 1999, supplying almost
continuous records of sedimentation over 2 years. Of the 144 total potential samples (3
depths x 6 moorings x 8 cruises = 144 samples), 133 samples were recovered, for a 92%
recovery rate (Table 5.1). Five samples were lost due to fish bites through the sediment
trap end caps, spillage at sea, or the loss of the trap. Two moorings failed to release
during the project. Mooring C5C7 was not recovered and those samples were lost from
the analysis. However, in the case of the first deployment of the mooring at Site 4
(C4A1), the mooring was recovered on the subsequent cruise and the data are reported
for periods 1 and 2 (Table 5.2). In that case, while samples were lost, the complete time
series was maintained. In terms of the time series, 136 of 144 sample periods were
sampled, for a coverage rate of 94%.

Sediment trap samples were decanted and refrigerated at sea, with subsequent processing
occurring in the laboratory ashore. In the lab, the supernatant was drawn off and the
samples were wet sieved through a 1 mm nylon screen. The >1 mm fraction was visually
inspected during processing and archived. In all samples, the >1 mm fraction was a small
proportion (<<5%) of the total sample. Two sample splitting procedures were used. For
the first four sets of samples, the <1 mm fraction was split into six fractions using a
forced air, constant-stirring splitter. For the rest of the samples, a rotating splitter was
used to split the sample into 10 fractions. Two splits were combined and archived at this
stage (dark refrigeration). Two splits were used for grain size analysis. The remaining
splits in pre-weighed centrifuge tubes were centrifuged at 15 krpm for 10 minutes.
Supernatant was drawn off and samples were resuspended with distilled water to remove
salts and centrifuged again. The supernatant was drawn off and the tubes with sample
weighed. The samples are frozen and freeze-dried for 24 to 48 hours depending on the
volume of sample. After freeze-drying, the tubes were weighed to measure the water
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¢, vs. LSS voltage
Cast H1B1, January 1998
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Fig. 5.3. Particle beam attenuation (c,) plotted against the LSS (Seatech Light Scattering
Sensor) data from a representative cast showing the correlation between the two data
sets. The high values (i.e., voltage >3) are from the nepheloid layer.
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Table 5.1. Matrix of recovered sediment trap samples. Periods are individual deployments.
See Table 5.2 for specific deployment and recovery dates. “Lost” indicates that either
the trap was not recovered or the sample was lost due to fish bites through the end caps
or spillage.

. Depth Period
Site
(mab) 1 2 3 4 5 6 7 8
1 15 lost ClA2 ClA3 ClA4 CIAS ClA6 Cl1A7 C1A8
7 ClAl Cl1A2 lost ClA4 ClAS Cl1A6 C1A7 C1A8
25 ClAl ClA2 ClA3 ClA4 ClA5 ClA6 Cl1A7 C1A8
1 15 C1B1 CIB2 CIB3 lost
7 C1B1 C1B2 CIB3 C1B4
25 C1B1 C1B2 C1B3 C1B4
1 15 CiCl1 c1c2 CIC3 lost
7 CIC1 C1C2 C1C3 C1C4
25 CiCl1 c1C2 C1C3 C1C4
4 15 C4A1? C4A3 C4A4 C4A5 C4A6 C4A7 C4A8
7 C4A12 C4A3 C4A4 C4A5 C4A6 C4A7 C4A8
25 C4A12 C4A3 C4A4 C4A5 C4A6 C4A7 C4A8
5 15 C5Al C35A2 C5A3 C5A4 C5AS C5A6 C5A7 C5A8
7 C35A1 C5A2 C5A3 C5A4 C5A5 C5A6 C5A7 C5A8
25 C5A1 C5A2 C5A3 C5A4 C5AS C5A6 C5A7 C5A8
5 15 C5B5 C5B6 C5B7 C5B8
7 C5B5 C5B6 C5B7 C5B8
25 C5B5 C5B6 C5B7 C5B8
5 15 C5C5 C5C6 lost
7 C5C5 C5C6 C5C8
2.5 C5C5 C5C6 C5C8
9 15 C9A1 C9A2 C9A3 C9A4 C9AS5 C9A6 C9A7 C9AS
7 C9Al C9A2 C9A3 C9A4 C9A5 C9A6 C9A7 C9AS
2.5 C9Al C9A2 C9A3 C9A4 CYAS C9A6 C9A7 C9A8

mab = meters above bottom

2 Mooring C4A1 could not be recovered at the end of period 1 but was recovered at the end of the period 2.
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Table 5.2. Matrix of deployment (D) and recovery (R) dates for each sediment trap during the time series. Mooring C4A1 was recovered on a

second attempt. Mooring C5C7 was not recovered. Data from C4A1 are reported here over the entire deployment period.

Depth Period
Site (;;’b) Mooring 1 1 2 2 3 3 3 ] 3 3 6 3 7 7 3 3
D R D R D R D R D R D R D R D R
1 15 ClA  5/15/97 lost  7/26/97 10/2/97 10/2/97 1/29/98 1/29/98 4/24/98 4/24/98 7/20/98 7/21/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
7 ClA  5/15/97 7/26/97 7/26/97 10/2/97 10/2/97 lost  1/29/98 4/24/98 4/24/98 7/20/98 7/21/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
25  ClA  S/15/97 7/26/97 7/26/97 10/2/97 10/2/97 1/29/98 1/29/98 4/24/98 4/24/98 7/20/98 7/21/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
1 15 CIB  5/15/97 7/26/97 7/26/97 10/2/97 10/2/97 1/29/98 1/29/98  lost
7 CIB  5/15/97 7/26/97 7/26/97 10/2/97 10/2/97 1/29/98 1/29/98 4/24/98
25  CIB S/15/97 7/26/97 7/26/97 10/2/97 10/2/97 1/29/98 1/29/98 4/24/98
1 15 CIC  5/15/97 7/26/97 7/26/97 10/2/97 10/2/97 1/29/98 1/30/98  lost
7 CIC  5/15/97 7/26/97 7/26/97 10/2/97 10/2/97 1/29/98 1/30/98 4/24/98
25  CIC 5/15/97 7/26/97 7/26/97 10/2/97 10/2/97 1/29/98 1/30/98 4/24/98
4 15  C4A  5/15/97 10/29/97 10/30/97 1/30/98 1/30/98 5/1/98  5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
7 C4A  5/15/97 10/29/97 10/30/97 1/30/98 1/30/98 5/1/98 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
25  C4A  5/15/97 10/29/97 10/30/97 1/30/98 1/30/98 5/1/98 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
5 15 CSA  5/15/97 7/26/97 7/26/97 10/5/97 10/6/97 1/30/98 1/30/98 5/1/98 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
7 C5A  5/15/97 7/26/97 7/26/97 10/5/97 10/6/97 1/30/98 1/30/98 5/1/98 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
25  C5A  5/15/97 7/26/97 7/26/97 10/5/97 10/6/97 1/30/98 1/30/98 5/1/98 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
5 15 C5B 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
7 C5B 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
25  C5B 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/9/99  2/9/99 4/13/99
5 15 CsC 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/10/99  lost
7 CsC 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/10/99 4/13/99
25  C5C 5/1/98 7/21/98 7/22/98 10/13/98 10/13/98 2/10/99  4/13/99
9 15 C9A  5/15/97 7/26/97 7/26/97 10/31/97 10/31/97 1/30/98 1/30/98 S/1/98 5/1/98 7/21/98 7/21/98 10/14/98 10/14/98 2/10/99 2/10/99 4/14/99
7 C9A  5/15/97 7/26/97 7/26/97 10/31/97 10/31/97 1/30/98 1/30/98 5/1/98 5/1/98 7/21/98 7/21/98 10/14/98 10/14/98 2/10/99 2/10/99 4/14/99
25  C9A 5/15/97 7/26/97 7/26/97 10/31/97 10/31/97 1/30/98 1/30/98 5/1/98 5/1/98 7/21/98 7/21/98 10/14/98 10/14/98 2/10/99 2/10/99 4/14/99

mab = meters above bottom



loss. The samples were removed from the centrifuge tubes and ground to a powder in a
mortar. Ground samples were placed into preweighed petri dishes and weighed. The
empty centrifuge tubes also were weighed to estimate the remaining sample on the wall
and as a double check on the petri dish weight. Mass flux was calculated using the dry
weight divided by the area of the tube and the elapsed time of deployment in days
(Table 5.2).

Dry splits of the ground samples were made to provide subsamples for chemical analysis.
Total inorganic carbon (TIC) and total organic carbon (TOC) analyses were made on all
samples for which adequate material was available. Trace metal analysis for barium,
chromium, and iron were made on combined samples from periods 1 and 2, 3 and 4, and
7 and 8. Samples were combined based on the time weighted mass fluxes for each
period. Because of the large amount of material collected during sampling period 6,
subsamples for trace metal analysis were made from both periods 5 and 6.

Results and Discussion

Water Column

The water column particulate data collected indicates that the study area has high spatial
and temporal variability as illustrated at Site 1 during the January 1998 mooring servicing
cruise (S2) (Fig. 5.4). Two casts were made at mooring site B just prior to recovery and
immediately after redeployment of the mooring. The two casts, though only a few hours
apart, demonstrate that advective processes are important at this site. Below the surface
layer the particle concentration reached a minimum in both casts near 40 m. However, a
warm saline layer between 20 m and 60 m appears in the H1B2 cast but not the H1B1
cast. An intermediate nepheloid layer is associated with the base of this layer and is
separated from the benthic nepheloid layer by a thin layer of lower salinity water. The
warm saline layer and its associated intermediate nepheloid layer were found in both of
the profiles made at mooring C to the southwest of B, while the profiles at mooring site A
to the south of B were similar to HIB1.

While variability was high, a benthic nepheloid layer (defined as an increase in particle
beam attenuation above a midwater column minimum) was present at all sites during all
casts, though with a wide range in concentrations. The benthic nepheloid layer was
found to be associated with lower bottom water temperatures (Fig. 5.5), indicating that
intrusions of slope water were commonly accompanied by bed shear stresses exceeding
the sediment resuspension threshold.

The spatial and temporal variability in the beam attenuation/particle concentration
profiles was analyzed from the available transmissometer profile data. All the available
profiles from the eight cruises during which 