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Abstract—A 1-km? area located 2 km off the Florida Pan- as subsequent video surveys, diver observations, and vibra coring,
handle (30°22.6’N; 86°38.7’W) was selected as the site to indicate a uniform distribution of surficial and subbottom seafloor
conduct high-frequency acoustic seafloor penetration, sediment characteristics within the area. The site, in 18-19 m of water, is
propagation, and bottom scattering experiments [1]. Side scan, characterized by 1-2-m-thick fine-to-medium clean sand and
multibeam, and normal incidence chirp acoustic surveys as well meets the logistic and scientific requirements specified for the

acoustic experiments. This paper provides a preliminary summary
. ) . of the meteorological, oceanographic, and seafloor conditions
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Fig. 1. Bathymetric map of the SAX99 experimental site showing the ridge topography common to the northeastern Gulf of Mexico, experimentadrsite loca
and area of acoustic surveys using side scan, multibeam, and normal incidence sonars.

three hypotheses to actual acoustic data, seafloor roughnesisme heterogeneities, bubbles, sediment grains, and discrete
and the spatial variability of sediment physical and geoacoussicatterers such as shells) versus frequency and/or sediment
properties must be characterized. In the past, the lack of atige is not well known [11]. Experiments, including those that
quate sediment characterization has allowed acoustic modelaemipulate the environment, are needed to isolate scattering
to choose values for seafloor properties that are in concordameechanisms over the frequency range of 10-500 kHz [12].
with their hypothesized penetration mechanism. An objectiihe importance of fine-scale gradients or stratification in
of the SAX99 experiments is to provide statistical characterizeentrolling scattering needs to be better understood [13]. The
tion of the seafloor, which eliminates this subjective option. importance of multiple versus single point scattering also needs
A number of other fundamental acoustics issues relatem be clarified [14]. A variety of fluid, suspension, elastic,
to high-frequency sound interaction with the seafloor angsco-elastic, and poro-elastic models are used to predict
being investigated by the SAX99 experiments. The relatiaoustic propagation in unconsolidated sediments [15]—[17].
dominance of scattering mechanisms (interface roughnegghich models are appropriate for which sediments? Which
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simplifications are appropriate for prediction of acoustiand sound speed can accurately be determined from pore water
scattering from the seafloor? Of particular interest are themperature, salinity and pressure). Laboratory determination
issues of attenuation versus frequency and sound speed dfssediment grain size properties is adequate, although vari-
persion of acoustic waves propagating in the seafloor [1&bility and vertical gradients should be statistically quantified.
[19]. Spatial and temporal variability in seafloor properties i®ther properties such as geoacoustic (shear and compressional
common from micron to kilometer scales [20]. Are currenvave speed and attenuation) properties, seafloor roughness,
continuum scattering and propagation models adequate? Aral bubble characterization need to be measiarsiu. Frame
stochastic models required? Aspects of these and other issmg& and shear moduli and log decrements can be estimated
are addressed simultaneously with the subcritical penetrativpom sediment geoacoustic properties or measured in labora-
investigations during the SAX99 experiments. tory conditions. Based on acoustic model requirements, mean
If the high-frequency acoustic bottom interaction models amalues, range, statistical variability, vertical gradients, and sta-
to be utilized outside specific experimental conditions, the distical characterization of two- and three-dimensional spatial
fects of environmental processes (biological, hydrodynamic, geariability of sediment properties are required. Measurement
ological, and biogeochemical) on the spatial and temporal digales required to statistically characterize the heterogeneity of
tribution of properties that control propagation, scattering, amdany sediment properties such as bulk density, compressional
penetration phenomena must be understood [21]. It is expecteave speed and attenuation, and bottom roughness depend
that short-term biological modification of surface roughness amh acoustic frequency. Measurement scale requirements are
long-term hydrodynamic modification of sediment morphologgne-quarter of an acoustic wavelength, or as small as 1 cm, for
and roughness are the dominant environmental processes gamnetration experiments and as small as 1 mm for scattering
trolling seafloor properties at the SAX99 experimental site. experiments. Most measurements were made with existing
In this paper the site selection process is described; the rt@shnology, but development of specialized new techniquess
teorological, oceanographic, and seafloor conditions during thvas required for certain measurements (e.g., resin impregnation
experiments (1 October through 10 November 1999) are dodar the porometryin situ electrical resistivity and permeability;
mented; and the biological and physical processes that alter tfigh-frequency acoustic tomography; and microtopography
spatial and temporal environmental conditions are presenteding laser line scanners and digital stereo photography).
Because of the short time interval between the experiments didasurements included laboratory measurements on sediments
the writing of this paper data, analyzes, and interpretations postefully collected by diversin situ probe measurements,
sented herein should be considered preliminary. A companiphotography, resin impregnation techniques and laboratory
paper [1] describes the actual high-frequency acoustic expdesting. These measurements cover spatial scales of tens of cen-

ments conducted during SAX99. timeters within situ techniques, centimeter scales with coring,
submillimeter scales with CT scan and other X-radiographic
A. Seafloor Requirements techniques, and micron scales with resin impregnation tech-

. ) . ) nigues. Bottom roughness (meter to mm scales) at appropriate
Based on an evaluation of acoustic modeling requirementatial and temporal scales for natural and manipulative exper-

values of the following sediment properties were either megrents was measured by stereo-photography using diver- and
sured'or will be determined from samples collected during th&ed-mounted cameras, laser line scanners, and tomography
experiments. systems. The overlapping scales should provide the statistical
» Sediment grain properties: grain size, distribution, shap&aracterization and vertical and horizontal correlation lengths
and surface texture, grain density, bulk modulus, organiequired by acoustic modelers.
matter composition, and mineralogy.
« Water properties: density, bulk modulus, viscosity, an
sound speed measured for pore fluid or calculated fro

pore water temperature, salinity, and pressure. Physical oceanographic and biological processes control
* Porometry: two- and three-dimensional porosity, tortusediment properties and often lead to strong spatial and rapid

osity, permeability, pore size distribution and geometryemporal changes in sediment characteristics and bottom

and grain size distribution, shape, and contact geometryicrotopography [21], [22]. Temporal changes in profiles
* Bulk density, porosity, void ratio, and percent organigf salinity, temperature, and sound speed were measured

%1 Oceanographic and Biological Requirements

matter. with bottom-mounted and ship-deployed conductivity tem-
* Frame bulk and shear modulus. perature depth (CTD) sensors. Current speed and direction
+ Frame bulk and shear log decrement. were measured using bottom-mounted, upward-looking, and
* Shear and compressional speed and attenuation. ship-mounted, downward-looking Acoustic Doppler Current
* Two-dimensional seafloor roughness (spatial and temrofilers (ADCP). Together with surface gravity wave statis-
poral variations). tics measured with a bottom-mounted pressure sensor and a
* Bubble size, distribution, and volume. wave buoy, these oceanographic data provide the basis for
* Size and distribution of discrete scatterers. understanding and predicting bottom stresses that can cause

Sediment properties require different levels of measuremdrgdform modification and changes to sediment characteristics.
effort. For several properties, physical handbook determinatiBiological processes, especially sediment reworking by larger
is adequate (e.g., pore water density, bulk modulus, viscosipifauna and fish, can rapidly change bedform morphology
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and sediment structure [20]. Benthic community structusee repeated every 1-4 km [29]. This type of sand ridge fits
(macrofaunal, meiofaunal and microfaunal composition, deimto the classification of shoreface connected ridges proposed
sity and biomass) will be determined from sediment samplbg Dyer and Huntley [30] and is typically associated with the
while video, still and time-lapse photography were used tetreat of barrier beaches. The sediment is originally deposited
quantify the presence and behavior of larger epifaunal amd ebb tidal deltas of migrating inlets in the barrier beaches and
infaunal organizms. Biological processes within the wataubsequently cut off from the barrier islands [30]. The SAX99
column, such as faunal emergence, can directly affect acoustperimental site was eventually located on a bathymetric high
scattering in the water column and indirectly alter seaflo@ssociated with one of these ridges (Fig. 1). Surface sediment of
microtopographic by the emergence from and re-entry of fauttee MAFLA sand sheet is fine- to medium-grained (0.125-0.50
into the seafloor. Physical traps, exclusion experiments, amom), moderately well-sorted quartz sand [25], [26], [31].
acoustic measurements were used to document the effect€afbonate content is generally less than 15%. The MAFLA
faunal emergence on seafloor properties and to develop modelad sheet is sediment starved [32] with small-scale surface
based on ambient light conditions. Acoustic techniques céatures controlled by biological reworking or bed stress from
provide valuable tools to quantity biological and physicahajor storms or hurricanes [21], [28].

processes [22], [23]. In order to utilize acoustic techniques as

a measure of rates of biological and physical processes (thesite Selection

inverse acoustic model), the forward acoustic propagation and o
scattering models must be validated by experiments (such aé survey of potential s_|tes on t_he MAFLA sand sh_eet was
SAX99) that include concurrent characterization of envirormade aboard the R/V Pelican during 8-19 July 1999, including

mental processes, sediment properties, and acoustic seaf 8? scan sonar (Don ngter, NRL), subbpttom chirp prof|I_|ng
interactions. teve Shock, FAU), video camera drifts, grab sampling,

and diver observations (Kevin Briggs, Mike Richardson, and
Ricky Ray, all of NRL). A site off Fort Walton Beach, Florida
(30°22'N; 86°38'W) showed the greatest promise because
The purpose of the site survey was to select a largex600 significant near-surface acoustic scattering or layering was
m) uniform area with the environmental characteristics requirésent in acoustic profiles (Steve Shock, FAU). Divers found
by the acoustic experimenters and to provide average value$iefmud lens and very little shell hash. Members of the U.S. Ge-
seafloor properties for pre-experimental acoustic simulatioriogical Survey, led by Nancy Dewitt, collected 10 vibra-core
Based on critical angle requirements, sediments were requignples within the proposed Fort Walton Beach site during
to be uniform, well-sorted, fine to medium sand without signifi24—29 August 1999. Acoustic observations were confirmed
cant layering to depths of 1-2 m. The sediment should be freeasf a relatively thick (100-270 cm) layer of medium-to-fine,
vegetation, gas bubbles, and other heterogeneities such as |#gésorted sand was found throughout the Fort Walton Beach
shells. Experimental procedures required a benign environméti¢. Sediments collected with the vibracores (Fig. 2) represent
for diver operations and temporal stability in environmental cot least three of the sediment lithofacies previously described
ditions during the experiment. Water depths of 15-20 m wely McBride [29] in his analyses of vibracores collected along
required as a compromise between bottom time requiremetite Alabama—-Northwest Florida coastal shelf. Lithofacies 6
of the extensive diver operations and to minimize sea surfaéeinterpreted by McBride [29] to be a modern shelf sand
acoustic reflections. sheet in equilibrium with recent hydrodynamic conditions.
Site selection included a reconnaissance cruise aboard §&sliments are derived from the eroding Pleistocene barrier
R/V Seward Johnson (16 August-6 September 1998); a dat@and shoreline, transported offshore and deposited, and then
survey aboard the R/V Pelican (8—19 July 1999); vibracorirgxtensively reworked by high-energy hydrodynamic events
aboard the R/V Gilbert (18-20 March 1999; 24—-29 Augusuch as hurricanes [33]. The result is thick (1-5 m) well-sorted
1999); a multibeam survey aboard the R/V Tommy Munrline-to-coarse quartz sand with widely scattered carbonate
(28-30 September); and chirp sonar and side scan surveé@gll fragments. Lithofacies 5 is a thin well-developed clast- or
aboard the R/V Pelican (3—4 October) just before experimemggtrix-supported marine shell bed. McBride [29] suggests this

Il. SITE SURVEY

began. facies formed at the base of the high-energy shoreface and was
mixed with and then buried by the sand deposition (Lithofacies
A. Preliminary Surveys 6). Lithofacies 4, a horizontally-laminated, silty-clay (1-4 m

Based logist . ts distributi f sedi thick) layer deposited under estuarine conditions, was evident
ased on fogistic requirements, distribution ot se IMeNt the bottom of some of our vibracore samples. Experimental
types, environmental impact, fall meteorological and oceangs s aints, which required (i.e., Lithofacies 6), appear to be

graphic conditions, and results from the initial recqnnaissanﬁ{eet at this site. The distribution and range of depth of lithofa-
;rrtcj)lcS:ssa?/(v):;d Iitmh;e(?/ \t{) ?Egamsig Z?ps;n AtI:\(EJa?nlt: Slglc?r(i:ctigfs 6 near the Fort Walton Beach site was further characterized
: . ! T ring subsequent multibeam sonar and chirp sonar surveys.
(MAFLA) sand sheet, as described in [24]-[29]. Sand ridges g g P y
dominate the surficial morphology of the Alabama-North-
western Florida nearshore regions (0-20-m water depths).
These sand ridges, evident in NOAA coastal bathymetry mapsAn EM 3000 multibeam echosounder (Roger Flood, SUNY),

are generally over 0.3 km in length, have a relief of 5 m, andounted on the R/V Tommy Munro, was used to survey the

Acoustic Site Characterization
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plateaus that dip to the south and east (Fig. 3). Distinct down-
slope trending troughs or channels separate the ridges. Some of
the troughs cross the study area trending offshore while other
troughs have more limited downslope extent. One of the more
prominent troughs has a depth of about three meters and a width
of about 200 m. There is a distinctive smaller channel at the base
of this trough. The floor of all of the troughs have backscatter
strengths about 10 dB lower than the ridges. Regions of lower
backscatter strengths in the troughs are characterized by fine-
grained sediment while regions of higher backscatter strengths
are characterized by fine-to-medium sand. The trough crossed
fairly near the planned study site, and the proposed sampling
sites were therefore shifted up onto the ridge where sediments
are at similar depth and have similar backscatter values. Survey
lines were then run close together so that the same portion of
seabed was covered on a number of adjacent tracks. Lines were
also run at a number of headings to evaluate the azmuthial de-
pendence of backscatter strength. Initial detailed analysis of the
backscatter strength suggests that the EM 3000 can resolve the
individual bottom ripples (reported by divers to be spaced 0.5-1
m apart) in 20 m of water, especially when the swath is oriented
perpendicular to the ripple crests. However, the ripples are not
resolved in the bathymetric data.

A multiband chirp sonar survey (Steve Shock, FAU) was con-
ducted at the Fort Walton Beach site on the 3rd and 4th of Oc-
tober 1999 to confirm that the top meter of sediment in the
survey area did not have inhomogeneities that might interfere
with high frequency bottom interacting acoustic experiments
Fig. 2. Photograph of sediments collected with a vibracorer (site 31) ne%pd to collect data to be used for sediment property prediction

the center of the SAX99 experimental site. Lithofacies 6 (0-360 cm) is cleds6]. While being towed approximately 4 m above the seabed,

well-sorted fine-to-medium quartz sand; lithofacies 5 (360-385 cm) contaitie multiband chirp sonar simultaneously transmits three FM
considerable shell fragments; and lithofacies 4 (385-454 cm) is dark medi ; ;

sand mixed with numerous wood fragments, mud, and layers rich in orgamplses over three adja(,:en,t frequency b_ands cqvermg the range
matter. of 1 to 45 kHz. Normal incidence reflection profiles were mea-

sured with two planar arrays with dimensions of 0.75 by 0.75

seafloor in the Fort Walton Beach experimental area imm@eter and 4 by 4 cm. Reflection profiles are generated from
diately prior to the beginning of the acoustic experiment§e output signal of the 0.7% 0.75 m planar array after ap-
(28-30 September, 1999) [34], [35]. The EM 3000 multibeaflying a low pass filter with a cut off frequency of 8 kHz (Fig. 4).
echosounder, which operates at 300 kHz, provides high-rddiese profiles demonstrate a thickness of first layer (lithofacies
olution bathymetry and backscatter data to map the seaflo@r.between 1 and 3 m over most of the study site. A second
Bathymetric data has a nominal vertical accuracy of aboutl@er, characterized by higher backscattering strengths (lithofa-
cm and the backscatter data is reported as dB. Bathymetric & 5) probably represents the well-developed clast- or matrix-
backscatter data have a nominal horizontal accuracy of beggpported marine shell bed described by McBride [29]. Below
than 1 m. The EM 3000 generates up to 120 beams spadig layer occasional horizontally laminated layers probably rep-
0.9 degrees apart to map a swath that is four times the wat@genting the silty-clay layer (lithofacies 4) deposited under es-
depth. Backscatter strengths are sampled at higher across-ttdgkine conditions are evident. Reflection profiles of the top
frequency, resulting in more detail in the backscatter recofdeter of sediment along the westernmost N-S track line were
than in the bathymetric record. generated by removing the water column data from the output
The objectives of the multibeam survey were to: 1) chara@f the 4 x 4 cm planar array using the full operating band of
terize the morphology of the planned study area; 2) evaludte45 kHz. The images show that the vertical resolution of the
variability of backscatter strengths; and 3) determine the dgonar approaches 1 cm allowing the measurement of the height
pendence of backscatter strength on angle of incidence. Sur@éypand ripples and the thickness of a thin mud layer over the
lines with a spacing of two times the water depth and gird&@ndy seabed. The images also show the size and locations of
at 1 m were first used to survey a region somewhat larger thegdiment inclusions within the top meter of sediment.
the final study area. A tide recorder in the study area recorded
sea-level variations during the survey, and CTD profiles were
taken to determine sound velocity structure in the water column.
The results of this survey were available immediately and showMeteorological conditions in the northeastern Gulf of Mexico
that the region studied is characterized by a series of ridgesdoring October and early November are generally transitional

[ll. M ETEOROLOGICAL CONDITIONS
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Sun-llluminated Bathymetry Backscatter Mosaic
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Fig. 3. Multibeam maps of the SAX99 study area. Both maps show 0.5 m bathymetric contours and bottom station (gegafidmescontours show a 3 m deep,

200 m wide trough or channel trending downslope in the southwest part of the study area. The stations are located on a flat ridge to the east df¢lfte trough.
Bathymetric contours and station positions superimposed on sun-illuminated bathymetry. This map shows that floor of the trough contairsradistinonel

with a width of about 10-20 m and a depth of about 20 cm. Right: Bathymetric contours and station positions superimposed on a mosaic created from the EM
3000 300 kHz backscatter data. Higher backscatter is lighter, and the checkerboard pattern on the backscatter map is related to tracklineshaBhewraug
backscatter than the flat area to the west (note that the region of low backscatter is offset from the trough floor, and extends slightly up tharessteml}.
Backscatter (gridded at 1 m) appears fairly uniform near the stations.

between the relatively calm hot summers and the windy cold285 meters of water 104 km south of Panama City, Florida
winter months. The Atlantic (Bermuda) High, drives a persig28°47.08'N; 86°02.27'W).

tent southerly flow of humid air over the region between late Recorded wind speeds during the experiments (1 October—10
spring and summer. During late fall through early spring, the ANovember)were higheratthetwoships (18m)andthe NOAA
lantic high retreats southward allowing polar fronts to make bbtioy (6.8 ms™!) than at the Eglin AFB 2 ns~!). The highest
tween 20 and 30 incursions into the area [37], [38]. Hurrican@snd speeds were recorded after the passage of cold fronts on 24
make landfall approximately once every 7 years. We were fdDctober (Julian date 297), 1 November (305), and 3 November
tunate that tropical weather systems including hurricanes Iref37). The passage of cold fronts was evident by increased wind
(13-19 October) and Jose (17—-25 October) as well as tropispkeds, a change in wind direction, and changes in barometric
storms Harvey (19-22 September) and Katrina (28 Octoberptessure (Fig.5). Wind measured atthe experimental sites, aboard
November) had no major adverse impact on the experimerttge ships, have adiurnalcomponent(seabreezes)notpresentatthe
Both Tropical Storm Harvey and Hurricane Irene were in thaland (Eglin AFB) and offshore (NOAABuoy) sites.

Gulf of Mexico near or during the time of the experiments but Mean air temperatures decreased from nedtQ%&t the be-
crossed land in southern Florida and remained in the Atlantilmning of October to near 18C in mid-November (Fig. 6). The
Ocean. Neither system produced strong winds or high sea stdtgse sharp dips in mean air temperature were due to the pas-
atthe experimental site or at the closest NOAA NDBC data busgge of cold fronts on 19 October (292), 24 October (297), and
(Fig. 5). Two strong cold fronts that past through the area B\November (307). As will be shown in the next sections, mete-
[22—23 October (Julian dates 295-6); 2 November (305-306)fological conditions, especially associated with the passage of
three weaker cold fronts [29-30 September (272—273); 4-5 @old fronts, strongly affect both oceanographic conditions and
tober (277-278) and 17—18 October (290-291)], and a low-pragafloor characteristics.

sure trough [9—-10 October (282—-283)] dominated weather con-

ditions. Meteorological observations were measured by weather IV. OCEANOGRAPHIC CONDITIONS

instruments on the R/V Pelican (3—28 October) and R/V Seward

Johnson (14 October—10 November), and were available fréin Historical Conditions and Models

the local weather station at Eglin AFBI°29'N; 86°32'W), The northeastern Gulf of Mexico is characterized as mi-
and from a NDBC 3 m data discus buoy (42039) moored grotidal with an average tidal range of 0.4 to 0.5 m. Tidal
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Fig. 4. Chirp sonar reflection profiles along N-S tracklines at Fort Walton Beach site collected using the frequency band of 1 to 10 kHz.

currents on the shelf are generally less than 15sti[37], (period, direction and significant height) during the time period
[38] whereas wind driven alongshore currents can be as higdin be a function of both local meteorological conditions (wind
as 40-50 cns~! with strongest currents in the winter andspeed and direction) and major tropical disturbances in the
early spring associated with the passage of cold fronts [3QGulf of Mexico. The passage of cold fronts appears to have a
[40]. Tropical storms (hurricanes) can generate currents wellimajor impact on oceanographic conditions within the northern
excess of 100 cra~! and rework sediments to water depths oGulf of Mexico [40], [41].

100 m [41], [42]. Oceanographic conditions during the October, The following conceptual model for the interaction of meteo-
early November time period are generally transitional betweernlogical and oceanographic conditions in the northern Gulf of
a stable, stratified water column characteristic of the summMexico provides a framework to interpret meteorological and
months and the destratified water column characteristic o€eanographic data collected during the SAX99 experiments.
winter months where temperature, salinity and density increaBlee passage of a cold front has three phases: the prefrontal
offshore rather than with water depth [38]-[40]. During th@hase, the frontal passage event, and the cold air outbreak/high
fall period, water temperature begins to fall from highs of negressure phase [40]. During the prefrontal phase the barometer
30°C in the summer months to I& in the winter. Sea state falls, southerly winds strengthen leading to an onshore advec-
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front (9—-13 December 1978). Models based on heat balance
gave a 0.AC/day ' heat loss that was in close agreement with
measured rates. Models and data show evaporation, sensible
heat loss and radiative heat loss accounting for 58%, 25%, and
17%, respectively, of the heat fluxes to the atmosphere. The
cold fronts also reversed shelf surface and bottom water currents
from the dominant slow northwestward flow to a short-lived
faster southeastward flow that exceeded the threshold of sedi-
. | ment motion. This change in direction of flow is apparently a
NOAA DATA BUOY 42039 . .

265 270 275 280 285 25‘)0 295 360 305 310 31‘5 320 geOStrophIC response to a IOWer'ng sea Ievel

" N T . R - 1 T J

mAm/s M “&, W | SAX99

[ v PELIGAN AV SEWARD JOrNSON ) The local sea s'Fate was measured using a 0.9-m-diameter
s 20 275 oeo o8 20 205 w0 as a0 a5 30 TRIAXYS™ directional wave buoy (Peter Dahl, APL) and
JULIAN DAY 1898 from pressure fluctuations (4 Hz) measured at 18—-19-m water
depth with a bottom mounted Parascientific digiquartz pressure
| NOAA BUOY 40239 : transducer (Richardson, NRL). The directional wave buoy
RVPELICAN ﬂl measured spectral variance in 0.005 Hz frequency bins from
- ' i 0.060 Hz to 0.64 Hz, and in°3directional bins from © to
357 (note that significant wave height, éf, /3, is computed
here usingH,,; = 4 (H*)* where H? is the mean square
wave height). Additional data on regional sea state conditions
were available from NDBC buoy 42039. Depth profiles
of temperature, conductivity, oxygen concentration, optical
fluorescence, transmission, and irradiance were measured
three times a day using a Seabird 911 plus CTD (70 profiles)
aboard the R/V Seward Johnson. From these data salinity,
density and sound speed were calculated. One CTD profile
305 315 was also collected aboard the R/V Pelican. Additional data on
bottom water temperature and conductivity (yielding calculated
Fig. 5. Wind speeds and directions and barometric pressure measured dugagjinity and sound speed) were measured every 15 minutes
the SAX99 experiments at the research vessels, Eglin AFB and NOAA dfﬂ%ing a bottom-mounted Seabird MicroCat from 3 October
buoy. All times are based on UTC and Julian dates. through 10 November 1999 (Richardson, NRL). Surface
temperature and salinity were also measured every 5 minutes
tion of warm moist air, and air temperatures exhibit very smalising the flow-through seawater pumping system of the R/V
diurnal fluctuations because of the suppressed radiative andRalican and R/V Seward Johnson. Near bottom currents were
tent heat exchange. Fully developed, longer-period seas devetogasured every 15 min with a bottom-mounted Sontek ADCP.
because strong southerly winds, long fetch, and lowering batdull-mounted RDI BB600 ADCP’s were used to measure
metric pressures and the average water depth increases. Afterent speed and direction from both the R/V Seward Johnson
passage of the cold front, air temperature drops, winds rotated R/V Pelican but have not yet been analyzed.
clockwise to northerly direction, skies clear, barometric pres- Changes in meteorological and oceanographic observations
sure rises, and sea level drops. These conditions lead toappear to be primarily related to the passage of cold fronts
creased heat fluxes from the warmer sea to the cold atmosphdueng the experiment. The conceptual model described by Huh
and increased diurnal periodicity in air temperature and surfageal. [40] appears to account for changes in meteorological
winds (land breeze/sea breezes). Evaporation and sensibleamdl oceanographic conditions during the passage of cold
radiative heat losses cool surface seawater, which tends tofionts during the SAX99 experiments (Julian dates 292—-293,
crease surface water density. Coupled with wind stress thesel 307) (see Figs. 5-8). Surface and bottom waters are well
processes initiate turbulence and convective mixing that dissiixed as indicated by similar surface and bottom water tem-
pates stratification [40]. The result is a destratification of coastaé¢ratures (Fig. 6). Rates of surface and bottom water cooling
waters and the creation of cross-shelf gradients in temperat((i&°C day ') measured between Julian dates 290-298 are in
and salinity. This conceptual model is in concordance with mgeneral agreement with the model predictions and observations
teorological and oceanographic observations made during of thade by Huhet al. [40], but the 0.8C/day ! decrease in
passage of a cold front (December 1978) by Huh et al., [48lirface and bottom water temperature between Julian dates
at Stage | on the continental shelf off Panama City Florid807-311 is greater. Two cold fronts contributed to the air and
about 85 km to the southwest of the SAX99 experimental siteater-cooling during Julian dates 290-298 and a single strong
A cooling rate of 0.5 C/day ! was measured in the 32-m deptttold front (Julian date 307) resulted in air and water cooling
destratified water column after the passage of a strong cdidtween Julian dates 307-311. Near bottom currents were
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Fig. 6. Airtemperatures measured at Eglin AFB and the two research vessels; surface water temperatures measured by the NOAA data buoy and the R/V Sewar
Johnson; and bottom water temperature measured using a SeaCat bottom mounted conductivity system. All time are based on UTC and Julian dates.
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Fig. 7. Bottom temperature, salinity, and sound speed measured with a Seabird MicroCat during the SAX99 experiments. All times are based onibfTC and Jul
dates.

faster just after the passage of the aforementioned cold frotite current flow direction is toward the SE15°). These data
than the typical 10-15 crs ! tidal currents (Fig. 8). The again agree with the observations and models of Ktlal.
direction of bottom currents generally rotates with chang$40]. A flow toward the SW(245°) was measured between

in tidal flow during low flow conditions but during strongerJulian dates 282—-284 and was associated with a low-pressure
current flows (Julian dates 290-293, 296-298, and 307-3@8)ugh and strong associated winds from the southwest. These
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Lo 0 A strong southwest winds were responsible for the highest sea
02 RN B f states (2—-4 m significant wave heights) during the SAX99
2 o T NW\/\[\! ihiy WLI\,!\ HMM‘N\W W, experiments (Fig. 8).
%_02 U V W\ R V“ ”\mm WW Significant wave height calculated from bottom pressure fluc-
- i BULIL il tuations and measured with the directional wave buoy were in
£704 ‘ ' general agreement over Julian dates 288 through 304 (Fig. 9), a
0.6 ’ ‘ ! period of relatively calm sea conditions. The buoy was moored
z® with a compliant mooring system, approximately 100 m west
;7 4 h of the Seward Johnson’s moored position, and the wave data
23 were telemetered back to the Seward Johnson continually every
z 5 I l 1/2 hour starting from UTC 1430, 13 October and ending at
8, K W y I M 2130, 11 November. The exception to this is UTC 2230, Oct 14
3, W N b LW RN to 2130 Oct 15, during which the buoy was shut down. Winds

of sustained duration most frequently originated from an east to
southwest directio(90-180°) and produced a peak in the direc-
tional wave spectrum within the same directional range (wave
direction is defined by the buoy’s directional processing algo-
rithm as direction from which the waves are propagating). This
is exemplified by Fig. 10 that shows a directional wave spectrum
during which the wind speed was 7—83an! over several hours.
B T v T The directional wave data collected with the TRIAXYS™ di-
rectional wave buoy will be used to construct 2-D surface wave
correlation functions, from which the sea surface bistatic scat-

RELATIVE CURRENT DIRECTION
LIRS
o
EA
@

30
Q *‘ tering cross section will be computed [43]. The scattering model
2 50 ‘ \L I ! results will be used to interpret data originating from the syn-
g M\ m“ thetic aperture sonar (SAS) trial conducted at the SAX99 site on
‘g 10 il L I f | 28 October by the Coastal Systems Station [1]. Additional sea
£ W’ U } W surface scattering measurements collected by APL-UW over the
°© 0 | | ! | duration of SAX99 will also be analyzed together with the wave

270 280 310 820 puoy data. Finally, the time series of significant wave height

and mean direction obtained from the wave buoy and the Para-
Fig. 8. Bottom current speed and direction measured at 2-m height above §@entific pressure sensor can be used to help interpret changes

seafloor with a bottom-mounted Sontek ADCP; bottom pressure fluctuatiofi hottom morphology as influenced by shallow water gravity
and calculated wave heights measured with data collected with a press\/t{lrael

transducer. Times are UTC and Julian dates. VES.

290 300
JULIAN DAY 1999

C. Effects of Meteorological and Oceanographic Conditions
on Seafloor Stability, Microtopography, and Pore Water
Properties

The effects of surface gravity waves and bottom currents
on sediment mobility and subsequent bedform morphology
are based on measurements of tidal and storm-induced bottom
currents, calculated orbital motion from surface gravity waves,
(Figs. 8 and 9) and seafloor properties (see Section VI).
Preliminary estimates of the threshold of motion and resultant
changes in bedform morphology were made using the program
SandCalc, a program developed by HR Wallingford Inc to
accompany the text by Soulsby [44]. The threshold velocity for
fine sand particles (0.25-0.50 mm) at 2 m above the seafloor
ranges from 0.47 to 0.5081 ¢, which was not exceeded at any

a0 M0 @M S 2 30 3k MM time during the SAX99 experiments (Fig. 8). This suggests that
JULAN DRTE. 280 = 13 Drimhasr . . g .
tidal or storm-induced bottom currents, which had a maximum
Fig. 9. Time series of significant wave height and wind speed versus Juligpeed of 30 ns~* at 2 m from the seafloor, were not sufficient
Day. Black line is data from APL-UW wave buoy; dashed line is data frot0 move sand patrticles or change sediment morphology. By

NRL-SSC bottom-mounted pressure sensor; gray line is wind speed as mease@qtrast, the threshold orbital velocity for motion of sediment
from the Seward Johnson at a height of 19 m. All times are UTC. Larger eve&ts . ded f heiah h 1.0
in the time series of significant wave height tend to lag corresponding eventddy Waves IS exceeded for wave heights greater than 1.0 m,

the time series of wind speed by about 3—6 h. which occurred at least twice during the SAX99 experiments

EGMIFEANT WAVEHEIGHT im)
WIND SPEED [m's)
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2OOCTI B3 (UTC), 1130 (o) efforts involved a mobile apparatus capable of gathering
roughness information at different locations, whereas the other
two efforts documented temporal changes in bedforms at their
deployment locations.

A. Analog Stereo Photographs

A Photosea 2000M diver-operated stereo camera with 150 J
. 3 strobe (Kevin Briggs, NRL) was used for close-range (91 cm)
7] photogrammetry to determine seafloor roughness at several
| locations within the experimental area (Low-Frequency, APL
Tower, BAMS, and APL Penetration sites). The stereo camera
and strobe were mounted on a PVC stand and were deployed
on the sea floor using a fiberglass measurement tape to provide
scale and direction to the photographs [45]. A set of carpenter’s
i . L d | levels was used at the acoustic penetration site to provide
"' RECUENEY () i " orientation information on small-scale (3.6-m) seafloor slope.
The film was developed as continuous rolls and then sec-
Fig. 10. Two-dimensional directional wave spectrum as measured by the wgiened into stereo pairs for later manual photogrammetric anal-

buoy, showing wind-generated waves oriented in the same direction as the wing: : : ;
which originated from an south-east direction with an average speed of 7%% '_S Wlth a Bem[nra stereo comparator. Selected _Stereo pQIrS were
m-s—1. The upper plot is the distribution of wave energy with frequency andigitized over &5 x 72 cm overlap area to acquire three inde-

direc_tion. The light-to-dark range in i_ntensity indicate_s a high-to-low spectrgendent 54-cm-|ong cross-sectional transects digitized for cal-
gﬁgiﬁ’érgggﬁecg mrgiﬁgc\jfgf g’;g(;'::ldgéé;’;’vﬂtﬁ'?gz ltjhe?]';r;q“e”cy spectiifation of one-dimensional roughness power spectra. A rough-
ness spectrum representing an average of twelve 54-cm-long
transects was estimated for the stable seafloor roughness present
from 23 October to 5 November (Fig. 11). The slope of the spec-
trum (-2.54) is relatively steep as a result of very little high-fre-
guency roughness. This lack of high-frequency height fluctua-

WAYE DIR. FROM [deg

S ECTEAL DEMSIT
=

20 4

& 0

£ tions is typical of smoothed, decaying ripples. There is consid-
e 197 erable variation in the spectrum, based on deviations from the
2 0d regression line. The deviations from the regression indicate that
A the spectrum slope and strength should be determined from spa-
g 801 tial frequencies pertinent to the acoustic wavelength of interest.
2 40

B. Time-Lapse Stereo Photography

Rob Wheatcroft, Oregon State University, deployed a tripod
'600 o1 T "(‘)'1 CorTr 1' T "1'0 consisting of a Photosea 2000 stereocamera and a Sontek Hydra
Frequency (cycles/cm) system (acoustic doppler velocimeter, pressure sensor, turbidity
sensor, and conductivity/temperature sensor) at a site northwest
Fig. 11. One-dimensional roughness power spectrum estimated from andiigh€ main experiments (Fig. 3) for 34 days. Equipment prob-
stereo photographs. Slope of the spectrum is —2.54 and the intercept (defins limited the available data set to 15 days of stereopho-
cm—?) is 7.71 x 107* env’. tographs and 1 day of oceanographic data for the Sontek system.
The stereophotographs cove? & 1 m section of the seafloor
(Fig. 8). Sand ripple wave heights ranging between 7-Hhd were taken every 6 h.
cm and wavelengths between 50-70 cm are predicted for
significant wave heights between 2 and 4 m. These predictiaps Digital Stereo Photographs

are in agreement with diver observations and photographch digital close-range photogrammetry system using

evidence. More detailed calculation bed stresses and resultahnt .
s ) arge-coupled device (CCD) cameras was also used to create
bedform modification will made when all the data are analyzea

_50 -

: . . Sfereo images of the sea floor (Tony Lyons, SACLANT Un-
including the water column currents from the ship mounte o .
ersea Research Centre). Digital cameras and photogrammetric
ADCP. : . .
processing software produce surface elevation models in the
VS R form of a digital elevation model (DEM). From secondary
+ SEAFLOORROUGHNESS analysis performed on the DEM'’s, relative sediment height and

Several methodologies (photographic and laser line scavo-dimensional roughness spectra are estimated. The full pho-
technology, analog and digital recording methods, and emulsimgrammetry system consists of a frame, waterproof housings,
and magnetic tape media) were employed to measure seaflgaiial communication cables, digital cameras, strobe, and a
roughness to help understand the contribution roughnesspatsonal computer to run the acquisition, image enhancement,
the sediment—water interface to acoustic scattering [11]. Thnegistration, and stereo-correlation software.
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(@) (b)

Fig. 12. Bottom photographs taken with the SACLANTCEN digital stereo camera: (a) sharp-crested, well-defined ripples present at the begianing of th
experiment and (b) small pockmarks created by feeding fish.

Kodak DC120 digital cameras with a resolutiori@80x 960 where alteration of the sea floor by the activities of fish was
pixels are used in the image acquisition system. The CCD sensaense [Fig. 12(b)].
is advantageous for photogrammetric applications as it gives im-
proved sensitivity, has area utilization rates approaching 10Q%6
and does not require fiducial marks because the regular array
of light sensitive elements within the CCD image sensor areA laser line scanner, using the technique of structured
used as a photo-coordinate system. The two digital cameraslighting, was used to measure seafloor topography (Jules Jaffe,
mounted on a frame in watertight containers that are connectetipps Institution of Oceanography). Structured lighting
by a serial cable to a shipboard computer for real-time acq@ermits both longer range and higher resolution imaging
sition of digital images. A 100-J strobe is attached to the frantecause the volume of backscattered light between source and
for use as a light source in low-light conditions. The cameras aeceiver is reduced. In addition, structured lighting provides
oriented with their axes angletf inwards and provide a con- unambiguous correspondence between source and receiver
vergent geometry at the 91 cm distance sea floor, which allowaracteristics, a necessary condition for any procedure that
a base-to-height ratio of 0.35. utilizes triangulation methods for range measurement [48].

The Desktop Mapping System (R-Wel Inc.) performs stereo- The system3D Sea Scanconsists of a high-power (3-W)
correlation calculations of the digital images using a stereo-cqulsed laser at a wavelength of 532 nm, a fast 1-D CCD camera,
relation algorithm that makes use of area-based matching. Areaanning mirrors, and ancillary electronics. The system acquires
based matching, a simple technique for finding corresponditige-by-line data by scanning the sea floor athwart ships with the
points on two registered stereo images, searches a sub-wind@@D camera concurrently viewing the same plane of illumina-
in the two images by comparing an even smaller sub-winddwen. Light reflected back into the camera consists of volume
until the correlation is maximized. The final product is the fulscattering within the plane as well as reflected light from the
2-D height field from which the full 2-D roughness power specsea floor. If the water is sufficiently clear and there is adequate
trum can be estimated. Before being Fourier-transformed to thettom reflectance, individual positions on the sea floor can
frequency domain, data segments are multiplied by a taperiog imaged. With knowledge of system geometry, both the re-
function. A zeroth-order discrete prolate spheroidal sequendkstance of the bottom and the range of the position from the
data taper is used on the rectified and stereo-correlated data sgssem can be computed. During these experiment8Qitgea
for optimizing bias/resolution trade-off [46]. This kind of tech-Scanwas attached to the underside of a rail system, supported
nique yields rms errors on the order of a pixel [47]. The effe@.8 m above the sea floor by a scaffolding, and was moved at a
tive horizontal and vertical resolution of this system is approx¢onstant velocity across the seafloor. This approach provides re-
mately a millimeter. peatable and accurate bathymetric information over the two-di-

Digital (and duplicate analog) images were first collecteghensional field of view. The rail system was secured to the sea
at the Low Frequency and Benthic Acoustic Measurinfjpor with several screw anchors to minimize frame rocking in
System (BAMS) tower sites. At the beginning of the experiurrents. A thin (1-mm-diameter) white rope was suspended 1.2
ments, seafloor roughness was characterized by well definedabove the sea floor from one corner of the frame to another
sharp-crested ripples [Fig. 12(a)], but over the duration obrner. Position along the track is deduced from the position
the experiment the ripple field was altered by hydrodynamaf the rope in the image, measured using a 30 cm ruler in the
and biological processes, resulting in a more subtle and codaytime and provides unambiguous information about system
plex morphology. Finally, digital images were collected as position whenever data were acquired. During the intense data
time-series at the anchorage site from the R/V Seward Johnsgathering part of the experiment, a series of measurements at the

Laser Line Scanner
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Fig. 13. A set of 2-D images of (a) reflectance and (b) range obtained 80t®ea Scataser line scanner. Approximate dimensions and number of sampled
points are (horizontal 1.3 m, 512; vertical 0.84 m, 700).

same position (a 1.29-m bottom swath imaged at a range of &@&ughs. Small crater-like formations evident in the left portion
m) was used to examine the effect of averaging. The results indi-the range image are not apparent in the reflectance image.
cate that the system’s bathymetric resolution for a single profildhese crater formations appear to be more numerous in the
is in the range of 2—-3 mm. Averaging 512-1024 of these profilé®ughs and the lower sides of the sand crests, and are likely a
resulted in a standard deviation that was close to 0.3 mm. result of animal activity.

Four sand wave crests and three troughs with amplitudes of
2-3 cm and a periodicity of 0.7 m are evident in images ac-
quired with the system (Fig. 13). The more uniform reflectance
regions (possibly representing smaller sized sand grains) ten@ simple method of measuring sediment surface roughness,
toward the crests, whereas the more speckled regions (possibtggrated with the University of Texas-Applied Research Labo-
representing larger grains and shell particles) tend to thetories (APL) acoustic data acquisition system (Nick Chotiros),

Laser
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Fig. 14. Measurement of bottom roughness using a laser stripe technique. 5 _:
-
allowed roughness measurements to be made over the ARL ex- £ 45 3
periment site without interference with the acoustic data acqui- = 3
sition process. The method employed lasers mounted on the re- ‘g 15 A
motely operated vehicle (ROV). Each laser was a red He-Ne A . A
class Illa with output power less than 5 mW. At this power level, 2 3 &
no special precautions were needed in handling the laser other .
than avoiding direct eye contact. A cylindrical lens was used to , 7
5 —J

spread the laser beam into a fan, which was directed downward
to prOduce a stripe on the Sedlmem_ interface. Vlgwmg frpm %l% 15. Sedimentsound speed ratio and attenuation measured at the following
oblique angl?a one obtains the profile of the. sediment d!reCtIB(:ations: Low frequency site: o; Lopez site= o; BAMS site= [J; APL site
under the stripe (Fig. 14). The fan beam anglgs not very crit-  (Seward Johnsorny m; APL STMS site= A.

ical. It simply has to be small compared to the maximum slope

on the sediment surface to avoid shadowing problems; slopgses, and subsequent analysis aboard ship or at ashore lab-
typically do not exceed0°. It has to be large enough to illu- oratories. Core samplers were inserted in the sediment with
minate a stripe on the sediment surface of sufficient length ¢@reful attention assigned to orientation (normal to the sea
cover the features of interest. A 1-m stripe would be desirabmor), constant insertion pressure, and minimal disturbance
butin practice, due to a tapering of the laser beam intensity, a §gring penetration into the sediment. In this way, relatively
able stripe length of about half a meter was obtained. The vidggdisturbed samples were collected for obtaining reliable
camera sees the profile of the sediment under the laser stripgfaasurements of sediment porosity, bulk density, grain density,
duced in the vertical direction by the sine of the viewing anglgyain size distribution, sound speed, sound attenuation, total
b. Ideally, the anglé should bed0° for maximum sensitivity, organic carbon, total calcium carbonate, and gas content.
but a value of approximatel5° was more practical. Collection of porewater by divers was essential for validating
In the experiment, two lasers were used to provide redugissumptions about the physical properties of the porewater used

dancy and crosscheck capability. Sediment profiles were q-calculate acoustic propagation within saturated sediments.
tained at night both with and without lights from the ROV. It
is evident that the laser stripes show a large sand ripple in the Diver Cores
sediment that is not detectable in the video imagery and with : . :
. . . . Geoacoustic PropertiesDivers from the Naval Research
proper calibration the height of the ripple may be measured frq_m : .
. . . : . . aboratory (Briggs, NRL) collected 27 cores (6.1 cm in
the video image. A large quantity of video imagery of this typg. . :
; . ) iameter) from throughout the experiment area to characterize
was recorded at various times throughout the experiment. |tV\{ S . e ; :
. € geoacoustic variability on a fine scale (cm) vertically and
observed that the bottom was rippled at the start of the exper- .
. T . on a large scale (m) horizontally. These cores were allowed to
iment in mid-October, but pockmarks replaced the ripples bey . . )
quilibrate with ship laboratory temperature for 24 h before
early November. . ;
sediment sound speed and attenuation were measured at 1 cm
intervals directly through the core liner at 400 kHz [49].
Sediment sound speed (expressed as the sound speed ratio,
which is the ratio of the sediment sound speed to the bottom
Sediment properties were investigated through collection whter sound speed) increases slightly with depth in the sedi-

pore water, using syringes, or sediment, using diver-collectetent and has a coefficient of variation of 0.7% (Fig. 15). The

VI. SEAFLOOR PHYSICAL AND GEOACOUSTICPROPERTIES
(LABORATORY)
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25 Fig. 17. Processed digital X-radiograph positive collected at the SE buoy

site on 19 October. Image dimensions are roughly 12 cm wide by 16 cm deep.

. ) ) . o ... Processing consisted of & x 3-sharpening mask, followed by histogram
Fig. 16. Profiles of sediment porosity and mean grain size.(Bhisize is  gqualization. Scattered dark areas in the image are shell debris, whereas the
defined as the negative base 2 logarithm of the grain size in millimeters.  yertically oriented light areas are animal burrows. The large horizontal light

area is a mud inclusion.

variation in attenuation of the 400-kHz sound, expressel, as
or dB-m~t.-kHz~!, is much greater than the variation in soundeterminations of constant-head flow rate were made on each
speed and has a coefficient of variation of 30%. This high vagere. Values of hydraulic conductivity varied from 1.8 to
ability may be related to scattering from shell fragments. Valuésl x 10~2 cm- s~* (approximately 1.8 t6.1 x 10~ m? in
and variability of seafloor geoacoustic properties are typical fanits of intrinsic permeability).
sandy sediments (see [50]). A total of 54 digital X-radiographs were obtained by Oregon
Bulk Properties: Following acoustic measurements of thétate University (Rob Wheatcroft) from 8 sites within the study
NRL cores, 21 of the 27 cores were sectioned at 2-cm interea. Each X-radiograph imaged roughly 15 cm by 25 Hinx
vals for determination of sediment porosity, bulk density, graif ) of the sediment column at a 0.125 mm spatial resolution and
density, and grain size distribution. Sediment water content wa4 2-bit gray-scale resolution. Preliminary analysis of the X-ra-
determined by water loss after sectioned samples were driedliagraphs indicates the primary volume inhomogeneity to be
a oven at 10%C for 24 h [49]. Porosity and density were calcushell debris, with a secondary contribution from animal burrows
lated from values of water content and values of grain densyd scattered mud inclusions (Fig. 17). There is little indication
measured with a Quantachrome Ultrapycnometer. The size dibetween-site differences within the study area.
tribution of sand-sized particles was determined by wet-sievingDick Bennett (SEAPROBE Inc.) measured total organic
and pipette analysis was used to determine the silt and clay fraarbon (TOC) and total calcium carbonate on 25 diver-core
tion. Mean grain sizémean = 1.27 phi) increased slightly subsamples provided by Rob Wheatcroft. Total organic content
with depth whereas porositymean= 36.6%) and bulk den- is low as expected for sandy sediments with values ranging
sity (mean= 2074 kg- m~2) varied little with depth (Fig. 16). between 0.30 and 0.77%. Total CagQ@anged between
Smaller 13 cm-long diver cores were collected by NRR.0%-5.1% and is typical, but on the low side, for the sedi-
divers at seven locations within the experimental area forents of the Mississippi Alabama Florida (MALFA) sand sheet
sediment permeability determination. Each of 16 cores wi6]-[29]. Most CaCQ consist of broken shells.
carefully collected full, intact and sealed at the sea floor beforeGas Content:Dan Albert (University of North Car-
being brought aboard ship for measurement. The cores, in th@ina-Chapel Hill) and Dale Bibee (NRL) assessed the
entirety, were inserted into a modified Soil Test constant helikelihood of the presence of free gas in sediments at the
permeameter in order to approximaie situ measurement experimental site using a combination of direct measurements
of percolation through the intact sediment. Five separaa@d modeling. These sandy sediments are low in organic matter
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(TOC = 0.30 and 0.77%) and therefore unlikely to product Oxygen Profiles Over a Daily Photoperiod
any methane unless it comes from deeply buried strata or fr
isolated pockets of higher organic matter. At these water dept

however, there can be significant benthic primary productic *

and thus some potential for generation of oxygen bubbles at™ |

sediment—water interface. Measurement of near surface oxyy 065

production (Albert) and presence of free gas bubbles withint g ° s OQOQO

sediment (Bibee) is described below. ]

Oxygen profiles in surficial sediments were characterizeda & - g

their responses to fluxes of photosynthetically active radiatic o -

(PAR), which mimicked thosén situ, were measured aboard

ship and at a shore-based laboratory using an oxygen mic g g

electrode (Precision Measurement Engineering, Encinitas, C £ _,

inserted into whole cores with a vernier-type micromanipulatc 8

(World Precision Instruments, Sarasota, FL). Oxygen micropr

filing aboard ship proved difficult because of ship vibration

therefore the sediment cores were transported to laboratory 0 100 200 300 500
cilities in North Carolina for incubation experiments. In the Oxygen Concentration (M)

upper 1 m of the water column midday photosynthetically active

radiation (PAR) exceeded 1OQ(E.m—2.s—1, but at the bottom Fig. 18. Oxygen profiles in a sandy core from 18-m depth measured by a
that was reduced by 90% to about70 yE - m-2.s1, Up to microelectrode at various times of day. The dashed line represents oxygen
seven layers of screening were used to keep light levels beI?)l\J/eersaturatlon'

this during the incubations.

There is a very active photosynthetic community in theg¥P€n and then close the valve to immobilize pore fluid flow
sandy sediments. Divers noted substantially higher organic n¥4thin the core. Divers dig out the bottom of the core, and cap it
terial in the shallow troughs of the sand ripples than on the cre¥f$h @ gland-sealed pressure cap. The core tube is placed into a
but there was no visual evidence of highly reflective bubbles GMP and pressure vessel on the seafloor. A tube connects the
the bottom. Most of the organic matter appeared to be bentkf Of the core with an external port on the pressure case cap.
algal biomass. The incubated cores all produced small oxygEf€ Pressure vessel is returned to the surface.
bubbles &1-mm diameter) at the surface by mid morning in Once aboard the ship, ports on the pressure vessel are con-
spite of the fact that the average PAR they were exposedngcted to afluid-filled manifold system. One port hydraulically
was probably 1/3 to 1/2 of what they were exposeihteitu. cONnects the manifold to the core sample through the tube de-
Oxygen penetration into the sediment more than tripled durig§ribed above. The other port connects the manifold to water
the active photoperiod (Fig. 18) from about 1.5 mm in the earljSide the pressure vessel and surrounding the core sample. The
morning to>5 mm by late afternoon. Modest supersaturatiofanifold is pressurized to seafloor conditions, and valves to the
occurred in the upper millimeter of sediment and in the wat€Pré and confining fluid are opened. As pressure is increased
just above the sediment. The bubbles that formed adhered@gProximately 200 kPay) in the manifold and the amount of
thin, 1-2-mm-long filaments that protruded from the sedimenf/ater flowing into the core sample is monitored. Since the con-
Due to working at atmospheric pressure, insteathaitu, the fining pressure on the core is equalized to the internal pressure,
formation of oxygen bubbles at the sediment surface could it €xpansion of the core tube takes place. Water flow into the
be suppressed. However, bubble formatiosituwould require  COre is the result of compressibility of the core sample. Since
much higher oxygen concentrations, which would have to buiffe sedimentand water have small compressibility compared to
up against very steep diffusive gradients. Based on the labo#&S, volume change observed is mostly controlied by the amount
tory incubation experiments, we could not directly quantify Of 9as in the sediment. Measurements are also collected as the
situoxygen profiles or assess the risk of reaching saturation ag@MPple is returned to seafloor pressures and data are considered
thus, bubble formation. reliable if the volume change is reversible.

Future work will involve computer-modeling simulations to 1 "€ fractional volume of gas ranged between 0.00002 and
determine if bubble formation appears feasible at these sit800 15 for cores collected near from the stern (0.000 08) and
An advection-diffusion-reaction model will be used [51], [52] ifP0"t (0.00002) sides of the R/V Seward Johnson, and near the
which flux of PAR to the sediment surface, photosynthetic effBAMS tower (0.000 15). All of these values indicate smaller
ciency and depth distribution of photosynthesis can be varied4g/Umes of gas than the system is designed to resolve. We cannot
predict what conditions are required to produce gaseous oxy¥hthe basis of these data reject the hypothesis that the gas con-
underin situ pressures. entis zero. However, th_ese data constrain the amount of gas to

Gas content was measured aboard ship (Dale Bibee, NRE.)-000 15 volume fraction.
from three sediment cores sealed at the seafloor by divers. Core . .
tubes are 30 cm long with 5-cm inside diameter and a sharperfedP0re Water Salinity and Viscosity
edge on the bottom and are sealed with a valve fitting on top.Bulk interstitial pore water samples (10 cc) were collected at
Divers insert the tube into the sediments by hand with the val8® cm below the sediment-water interface using a diver-oper-



42 IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 26, NO. 1, JANUARY 2001

ated syringe (Richardson, NRL). Salinity was measured usinge  27-0
refractometer and pore water viscosity measured using the Dj- T oo
Scientific AV-250 hand-held viscometer calibrated with Copen- ~ 26.0 1 Lgo °a BB R
hagen seawater. Neither the salinity (34—-35 ppt) nor the pore o g g n 844,
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In-situ measurement of sediment properties yields the best es 0.10  0.10 0.30 0.50 0.70 0.90
timate of undisturbed bulk porosity, density, permeability, and Depth (cm)

acoustic sound speed and attenuation. Mean values, gradients,
and spatial variability of these physical and geoacoustic prop-

. P ired Y K pd.y . f 9 . P I‘pl . 19. Gradients of sediment temperature measured by divers during
erties arg required to ma .e predictions of acoustic scatterl X99. Temperature profiles were collected on 22 Octobé&), 6 October
propagation, and penetration. (A), 29 October ¢), 5 November €), and 7 November+) 1999.

A. Geoacoustic Properties wave measurements was made over a frequency range of 5-100

Acoustic properties of the sediment were characterized ktiz using 1-3 piezocomposite transducers.
several methodologies in order to ascertain spatial variationgCompressional wave speed (mean: 173%Th range:
in sediment compressional and shear wave speed and attén@8-1771 ns~') and attenuation (mean: 12.7 dB,
ation. Measurements were made at discrete vertical incremeiatsge: 8.6-17.2 dn—!) as well as shear wave speed (mean:
with single or paired probes as well as at varied geometries witB0 ms™!, range: 92-147 ms~*) and attenuation (mean: 30
tomographic probes and surface mounted arrays. GeoacoudBen—!, range: 21-40 dBn—!) at the experimental site are
properties were measured over a wide frequency range in ortigrical for sandy substrates [21], [53], [54]. Shear wave speeds
to understand and predict the importance of sound speed disgéew a slight increase with depth (113sm* at 10 cm, 121
sion for acoustic scattering and penetration. m-s~% at 20 cm, 129 ns~! at 30 cm) whereas no statistical

Incremental MeasurementsSpeed and attenuation ofrelationships with depth are found for values of compressional
compressional and shear waves were measured with the latgte speed or shear and compressional wave attenuation.
version of the In Situ Sediment geoAcoustic MeasurementElectrical resistivity (inverse of sediment conductivity) of
System (ISSAMS) [53] (Richardson, NRL). ISSAMS is a rethe sediments was measured concurrently with the sediment
motely operated, hydraulic platform that allows fixed, mountegkeoacoustic properties during 12 deployments (6 sites) of the
geoacoustic probes to be driven into the sediment at preciSSAMS system. Electrical resistivity is expressed as Forma-
depths. Live video is used to monitor probe deployment atidn Factor (ratio of the pore fluid resistivity to the sediment
to provide visual information on seafloor type. Water conducesistivity), a pore-fluid-independent property of the seafloor
tivity, pressure, and temperature are measured concurreff§]. Measurement of resistivity of the bottom water as a proxy
to calculate bottom water sound speed. Additional prob&s pore fluid resistivity is justified by the similarity in pore
measure sediment conductivity and penetration resistanffeid and bottom water salinity and viscosity. No corrections
Compressional and shear wave speed and attenuation leee been made to account for the difference in temperature
measured over pathlengths ranging from 30 to 100 cm and(at°C-2 °C) between the overlying water column and pore
depths up to 30 cm below the sediment-water interface. Reater (Fig. 19). Values of formation factor range between 2.8
typical compressional wave measurements, transmitted 38-k&ted 3.7 (mean 3.2) with no statistical difference among the
pulsed sine waves are used and time delays and voltagesthree depth increments (10, 20, and 30 cm) where sediment
measured to determine values of speed and attenuation betwamrductivity was measured. These results suggest a lack of
identical radial-poled ceramic cylinders. Speed is calculatadsediment porosity gradient, which is in concordance with
by comparison of received signals transmitted through theboratory measurements of porosity (Fig. 16).
sediment with those previously transmitted through seawatern situ shear strength was measured with a quasistatic cone
overlying the sediments [53]. Shear wave speed is calquenetrometer attached to the ISSAMS frame. Profiles of pen-
lated from time-of-flight between bimorph bender elementration resistance of an ASTM standard cof@® (cone with
mounted in flexible, silicone-rubber mounts and driven at ne&® cm? area) are measured in the upper 60-70 cm of sediment
1.0 kHz. Distances between shear transducers are measuigdg a silicon strain gauge bridge pushed into the sediment at
center-to-center between the bender elements before and afteonstant ratel(2 cm s~*) by a chain drive [56]. Strain gauge
deployment. Attenuation of compressional and shear wawadtages are converted to penetration resistance by comparison
(dB-m~1) is measured using the transposition technique de-a calibrated load cell. For most of the 26 profiles, the force re-
scribed by Richardson [53]. An additional set of compressiongliired to push the cone into the sediment increases rapidly from
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Fig. 20. Selected received signals from 19 channels of data from the high-resolution sediment acoustic imager (Al) measured at 4 cm depth imtti@nsedime
the left are calibration data, on the right are data taken in sediments. Note the in-sand data has a gain of 4. The arc formed by the 19 arrival &sudtsat the r
different path lengths between the source and the receivers. The later arrivals are due to scattering. Differences between these and theO@ oatinisgtd 2
provide the basis of tomographic imaging analysis.

25-50 psi near the surface to 600—700 psi at 60 to 70 cm belfaw pounds when submerged so that a diver can move, posi-
the sediment surface. tion, and insert the probes into the seafloor.

Acoustic TomographyThe high-resolution sediment In operation, one of the transducers on the source probe is
acoustic imager (Al) consists of 60 transducers arranged iraetivated with a short tone burst and one of the transducers
circle 25 cm in diameter (D. Tang, APL). Its working principleon the receive probe is amplified, filtered, and routed to a 2.5
is similar to that of a medical CT scanner and the system NéHz, 12-bit digitizer. Full waveforms from 64 to 128 pings are
capable of obtaining 3-D images of sediment sound speed aadorded on optical disk for each transducer pair for stacking
attenuation coefficient with a spatial resolution of 2 cm (voxeh subsequent processing. All 64 pairs of transmit/receive trans-
size). This is achieved by successively imaging 2-D horizontdlicers are sampled sequentially so that many intersecting paths
circular sections as the system is pushed into the sedimere produced allowing a tomographic analysis of a 2-D vertical
During SAX99, a maximum penetration depth of 12 cm wadice of the sediments. The transmitted tone burst consists of 4
achieved at the four sites imaged. The Al system was alsgcles of a target frequency. A primary resonance of the trans-
deployed at a fixed position for three days with images caflucers is near 300 kHz but a substantial signal can be observed
lected every 60 s to assess possible temporal changes in satnslibharmonics of that frequency. The complete set of trans-
speed due to biological activity. These data sets (Fig. 20) willicer pairs is sampled at target frequencies of 312, 156, 78, and
be processed to obtain sediment sound speed and attenua@®kHz. Because the efficiency of the transducers is poor at 38
images. kHz, and because the tone burst is actually a square wave, sig-

A diver-portable geoacoustic tomographic system was useificant high-frequency harmonics are also generated when 38
by Dale Bibee (NRL) to make acoustic measurements in tkelz is targeted.
immediate vicinity of diver-collected gas cores. The system Because of seawater leakage problems in the drive elec-
consists of two stainless steel probes, each 1.6 cm in diametenics package, only two successful deployments of the system
and 60 cm long. Embedded in each probe are eight piezowesre conducted during SAX99, one near the TAPS tower and
ramic transducers spaced at 6.5-cm intervals along the probee near the Seward Johnson. Fig. 21 shows the velocity—depth
Both probes are rigidly mounted to a nylon plate at a spacinigta derived from the 150-kHz pulse as measured on horizontal
of 28 cm. Two small electronics housings are also mountpaths between equivalent transducers on the probes. The results
to the plate and contain the drive power amplifier for onare remarkably uniform, with depth fluctuations approximately
probe and the receive pre-amplifiers and multiplexing for thequivalent in magnitude to the resolution of travel time. There
other. A data acquisition and recording system is contained no evidence for a significant compressional wave speed
in a separate pressure vessel that is approximately 23 cngmdient from these data. Future processing will allow a com-
diameter and 55 cm long. The entire system weighs onlyparison of wave speed at different frequencies and a reporting
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Sediment Sound Speed (m/s)
sediment. Experiments involved deployment of a linear array of
Fig. 21. Sound speed measured at 150 kHz using the NRL high-frequergqynbmed, vertical geophones and an impulsive source mounted
tomographic system. on a self-righting sled [56]. In unconsolidated sand, sediment
sound speed is faster than the overlying water sound speed and
of compressional wave attenuation. A tomographic travel-tiniecreasing overburden pressure causes a small increase in sound
inversion can be performed on the data, but the initial evidenspeed with depth. As a result very shallow “diving” waves
for uniformity of the sediment suggests that this analysis wilisually produce the first motion observed at the geophones and
yield little new information. the travel time versus distance curve based on first arrivals is
Low-Frequency Acoustic Measurementsvaluation of inverted to obtain p-wave velocity. In addition to the p-wave
mechanisms for penetration of acoustic energy into amdotion, the impulsive source also generates strong, dispersive
scattering from the seafloor requires a realistic frequenayterface waves (Scholte waves) that may be analyzed to obtain
dependent model for acoustic propagation through sedimersisear wave speed and attenuation to a depth equivalent to about
Values of sound speed and attenuation measured at hayte wavelength [56], [57].
acoustic frequencies eithir situ or in the laboratory are often  The travel-time record shows both the first arrivals of the
incorrectly used to predict impedance of the seafloor for loprwave and the slower dispersive interface wave (Fig. 22). Inter-
frequency acoustic experiments [7]. Various visco-elastic [15hce wave inversions are used to obtain depth dependent speed
[17] and poro-elastic models [16], [18] have been used #md attenuation by first determining the group or phase velocity
predict frequency-dependent propagation in marine sedimenmtispersion curves of the surface wave and then determining in an
One difference between these models is that porous meii@ative manner a layered model that produces matching curves
models predict the existence of two types of compressior(alg., see [57])P-wave speed is determined from shots taken
waves, the traditional compressional wave and a "slow" wausing the higher sampling rate. Each channel is scanned to de-
that attenuates more rapidly. In addition, the porous med&rmine the time of first arrival and a polynomial travel-time
model incorporates attenuation mechanisms related to poreve is derived from a least squares fit to these points. Prelim-
fluid motions resulting in a significant frequency dependendeary analysis of the@-waves returns yields sound speeds near
of compressional wave speed and attenuation. One visco-ela$600 ms~! over a frequency range of 50-200 Hz.
model [17] assumes attenuation due to relaxation processes, b) NRL low-frequency experiment3he NRL low-fre-
which are described as a linear function of frequency with miiguency experiments (Dale Bibee) were similar in concept to
imal wave speed dispersion. This difference has a significahbse of LDEO, but differed significantly in implementation.
effect on the acoustic penetration and scattering mechanistnsix node linear array of receivers with 3-m spacing was
not only because of the slow wave, but because a dispersiaployed at offsets of 3—-60 m from a seafloor acoustic source.
wave speed in the sediment results in a frequency-dependeath receiver consisted of a 3-axis geophone package that
critical angle [7]. The demonstrable uniformity of the sedimemtas buried just below the sediment surface by divers using a
environment in the SAX99 experiment provided the opportuvater jet system. A hydrophone was deployed on the seafloor
nity to measure sound speeds and attenuations at several sadgecent to each node. While lacking the mobility of the LDEO
(and frequencies) without large changes in material propertisgstem, the measurements of motions on multiple components
A series of low-frequency (10-1000 Hz) measurements aschighly desirable for identifying the propagation path of the
described below. acoustic signals and isolating the proper signal for study. Burial
a) Lamont-Doherty low-frequency experimentxperi- of the sensor node increases the fidelity of the recording. Data
ments carried out by Lamont-Doherty Earth Observatofyom all of the nodes was cabled to a seafloor pressure vessel
(LDEO) of Columbia University (Bob Stoll) were designed taontaining programmable gain amplifiers, filters, a digitizing
establish a lower frequency response for the first few metersgfstem (16 bit), and a digital communication link to the ship.
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__Particle Velocities From Hammer Blow Source at 7.5 m Range Mike Buckingham from Scripps Institution of Oceanography
(S10) deployed a short vertical hydrophone array at various dis-
. _ tances from the airgun source. The vertical array of four ITC
8233 hydrophones [60] was deployed from a small motorboat
Vertical and suspended at a depth of approximately 10 m. The sensors
were positioned at 0, 0.33, 1, and 2.33 m above the bottom
of the array, and the time series from the four elements were
recorded on two separate (nonsynchronized), two-channel Sony
- . TCD D8 DAT recorders (20 kHz band width). In effect, this ar-

Radial Horizontal

rangement split the four-element array into two independent, co-
herent, two-element arrays.
Fifteen airgun shots were recorded at various receiver loca-
- ] tions as the array drifted in the current and the source remained
fixed on the seafloor approximately 1 km distant. A small tilt
MTransverse Horizontal ] sensor positioned near the top of the array provided the angle of
WV\\/\/\/‘\/\/\/M\/W inclination to the vertical, but not the direction of tilt. Overall,
5 ' 100 ' 200 ’ 200 ' w00 the experimental arrangement was similar to, but on a smaller
Time (ms) scale than, that recently employed by Godinal. [61], who
used a 16-element, 225-m vertical array to record head waves
Fig. 23. Three-component measurements of particle velocity resulting frqproduced by explosive sources.

a vertical hammer blow to a steel plate 7.5 m from the receiver. All traces areThe received signal at each sensor consisted of three easily
plotted at the same gain. The small high frequency arrival at a few millisecond

travel time is the compressional wave. The larger low-frequency arrival at |aggfentifiable components: the direct water-borne wave and two
time is a seismoacoustic surface wave. The second high-frequency arrival ondigtinct precursors. The difference in arrival times between the

vertical component is a reflection from the sea surface. water wave and precursors, together with known source—re-
ceiver separations measured with DGPS equipment, allowed

Two sources were used to generate seismoacoustic signal§@gulation of the average of the horizontal component of sound
the seafloor. A square steel plate (0.5 m) was placed by diversgged. Range dependence of this speed identified the first
several distances (3—12 m) from the receiving array and hit wigirival as a diving wave. The data are consistent with a seabed
a large hammer. Divers measured the distance of each sour&ere sound speed increases with depth by 3s5 hper meter
placement from the array with a tape measure and the sou@®él the surficial sediment sound speed of 16@§h It should
time was measured with an accelerometer. The second sodgdoted that these diving waves are likely to have penetrated
was a small (32 ml) airgun mounted to a steel plate and firé@proximately 200 m below the seafloor, restricting their
at a pressure of 6.7 MPa. The peak frequency of this bubbfdevance to the acoustics of the sediment layer. The second
was near 70 Hz, but significant energy was produced at h&fecursor, greater in amplitude than the diving wave arrival,
monics of this frequency throughout our band of interest. showed no range dependence in sound speed and is consistent
hydrophone was mounted on the plate approximately 20 omith an interface head wave traveling at approximately 1620
from the airgun ports to measure the source timing and s@hs_l-
nature. Fig. 23 shows data recorded at one of the nodes for a d) Synthesis of low-frequency resultdnalysis based
hammer blow at a distance of 7.5 m. As in the LDEO data, &# only a small amount of the total data set indicate the
initial compressional wave signal is seen followed by a lowé@w-frequency compressional wave speeds derived from the
frequency dispersed surface (Scholte) wave. The vertical coMRL, Scripps and LDEO experiments~ 1600 m/s) are
ponent signal is dominated by the fundamental mode Schotgnificantly lower than the high-frequency (50-400 kHz)
wave while the horizontal components display substantial epstimates (1750-1790 m/s) measured usingsitu probe
ergy in the earlier arriving higher order modes. The compreand laboratory core measurements. This velocity dispersion
sional wave signal is most clearly seen on the horizontal radigl consistent with the Biot theory (e.g., [16]) that predicts
seismometer. Inversion of phase velocity dispersion in the fusignificant velocity dispersion in unconsolidated sands over an
damental-mode Scholte wave results in a shear speed depth pifg&rmediate frequency range (typically about the 1-10-kHz
file which is remarkably consistent with the predictions for unfange, but shifting upwards as permeability decreases). This
consolidated sands [58], [59]. An analysis of the compressiori@Bult has important implications when determining the critical
wave signals from airgun shots propagating across the arrayfgle (or pseudo-critical angle) for low grazing angle studies.
dicates that the speed is between 1550 and 1680'mWhile
the particle motions for this phase are predominantly horizonf
as expected, the initial vertical motion is upward indicating that Two investigators measured sediment permeability using de-
the signal is propagating through the sediment rather than thees consisting of fritted probes driven into the sediment either
water. These data are consistent with the analysis of the LDE@chanically or manually.
data. UW Physical Properties TripodThe University of Wash-

c) Scripps low-frequency experiment$o take advantage ington (Paul Johnson UW) Physical Properties Tripod was
of airgun signals generated as part of the NRL experimentgilized with anin situ probe designed by SEAPROBE, Inc.,

In Situ Permeability
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(Richard Bennett) to measure sediment permeability in the Porosity
upper 50 cm of the seafloor. A constant volume-constant flow 0.4 06 08 1
pump delivered calibrated over-pressured filterer seawater ‘ ' ‘
into the surrounding sediment through a calibrated porous
stone while continuously monitoring the fluid output with a
pressure transducer. The fluid flux through the porous stone
increases the sediment pore pressure field and the selectable
constant flow rate and constant pressure measurements provide
a measure of sediment permeability after corrections are made
for temperature and for probe impedance (probe permeability).
A field calibration of the probe was obtained in seawater 80
using different flow rates and fluid pressures. This procedure
provides reliable data on the functioning of the probe prior to 100 | <
each insertion and establishes a value for the permeability of
the probe. “120
The tripod and permeameter were deployed at 19 stations in o R . o ofles obiained using a diver-deoloved IR
the vicinty of the SAX9 experiments,Intinsic permeabiltyi6, 24, Sepessrielie poresy proies st s e ceplone 7
values varied between 0.3G®2 x 10~ m* (approximately 0.3 ynder the biogenic mound.
t05.4 x 1072 cm- s~! in units of hydraulic conductivity) with
a general decrease in permeability with depth in the sedime~*
(upper 50 cm). These values are in agreement with laboratt
measured values of intrinsic permeability reported in this pag
(1.81t05.1 x 1072 cm- s 1) and are reasonable for sandy sec 2
iment. o (T A e N _
NRL PermeameterSediment permeability was measured it = || . { il . { . U TR IO R O GO A : >
sediments directly under the anchored Seward Johnson usg 5 : ‘ : 3 : :
the NRL (Dawn Lavoie) in-situ permeameter. This system § *
based on the falling head design of Benrittal. [62]. The er E 5 5 : : ; :
in situ Darcy’s coefficient of permeability (hydraulic conduc- 7o ) RN S RN S RN B ¥ (RS R R0 T N S,
tivity) ranged betwee.99-1.23 x 1073 cm- s71 (@PProxi-  sof| - {oifo o fo oo b b
mately 1072 m? in units of intrinsic permeability) at depths : i ‘v : ’ 1 ;

w«w@é

" © w0 B Fe O €O
SO TR
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-40 4
o Ripple trough
. Ripple crest

60 - . v
Biogenic Mound

Depth (mm)
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between 36 and 66 cm below the sediment surface. Sedim . _ ; : ; :
. . . . 0 4 L L L L L L v
disturbance, a result of too high flow rates, eliminated measu '™ 2 g s Camat 2 " 1

ment of permeability in sediment depths shallower than 35 cm.
Fig. 25. Gradients of sediment conductivity measured with the IMP
C. Sediment Resistivity multisensor conductivity probes system designed by APL-UW. Gradients are
measured at 1-cm spatial resolution for 16 channels. The curve linked by the

Sediment electrical resistivity was measured with probekcles is the inferred water—sediment interface. Data points above the curve
intruding into the sediment and with a nonintrusive array Gf€ from the water column; below it are data from sediments.
electrodes resting on the sediment surface. The three intrusive
methods involved collection of independent, single verticarea. Porosity profiles representative of the experiment site are
profiles or a multiple array of closely spaced, vertical profilesshown in Fig. 24. At sediment depths from 90 to 110 mm the

In Situ Resistivity ProbesA conductivity (inverse of resis- Formation Factor ranged from 3.08 to 3.78 and had a standard
tivity) probe was utilized on ISSAMS to measure the near-sutleviation of 0.13.
face values of sediment resistivity at three depth incrementsThein situ measurement of porosity (IMP) is a multisensor
(see Section VI-Al). Values of Formation Factors (ratio of poronductivity probe system mounted on a self-contained frame
water to sediment conductivity) ranged between 2.8 and 3with a vertical and a horizontal drive mechanism (D. Tang,
(mean 3.2) with no statistical difference among the three def@®PL). A major improvement of the IMP over other types of
increments (10, 20, and 30 cm). These results suggest a lackafiductivity devices is that the IMP takes a 3-D matrix of data
gradients in sediment porosity. points in the sediments, therefore, providing data sets which

Resistivity profiles were collected using a diver-deployedan be used to estimate power spectra of sediment conductivity
probe (IRP:in situ resistivity profiler) at 10 different sites or calculated sediment density or porosity. The system makes
within the study area (Rob Wheatcroft, OSU). A total of 66 prasediment conductivity measurements over a volume that is 100
files were collected. Profiles were typically 120 mm long witlem long, 15 cm wide, and 15 cm deep. The spatial resolutions
a vertical sample spacing of 0.25 mm. A roughly equal numbef the measurements are 1 cm in the horizontal dimensions
of profiles were obtained on ripple crests, ripple troughs armhd as small as 0.1 cm in the depth dimension. Fig. 25
biogenic mounds. Analysis to date reveals subtle differencésmonstrates both gradients and volume heterogeneity of
in the near-surface porosity between these three bottom typssiment conductivity at the SAX99 experimental site. Except
but no substantial between-site variation within the studgr few outliers, values of Formation Factor ranged from 3.17
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Fig. 26. Bottom roughness based on the inferred water—sediment interface measured with the IMP multisensor conductivity probes (see Figaksg fdlote s
difference dimensions are not the same.

to 3.34 with a standard deviation of 0.14. Two-dimensionahnge 2-5) but similar to those measured by DJ Tang (FF:

bottom roughness is also determined from successive profilasan 3.25; range 3.17-3.34) and Rob Wheatcroft (FF: mean

of electrical resistivity (Fig. 26) and will be used to estimat8.4; range 3.1-3.8). Differences in techniques including the

interface roughness spectra. effects of sediment disturbance, artificially created pathways
Electrode Array: A diver-operated resistivity array has beeralong invasively inserted probes, and voxel size need to be

developed by the British Geological Survey (Peter Jackson) fiovestigated to account for these differences.

imaging the fine-scale structure of the topmost 100 mm of the

seabed. The technique uses a grid of 256 electries 16) VIIl. SEDIMENT MICROSTRUCTURE

spaced 10 mm apart to inject current while simultaneously . . L .

measuring series of potential differences. This approach en_Small-scale structure of sediment (microfabric), including

ables 3840 individual measurements to be made during a 9@@” and pore space spatial relationships, control sediment

scanning sequence. Current is passed separately through @Qé(ﬁ'cal’ geotechnlcal, and. geqacousﬂc propgrﬂes. In order
model acoustic propagation in porous media, parameters,

individual current electrode in turn, enabling a wide variet . . . C .
of depths of investigation to be employed. Subsequent ch as, permeability, tortuosity, pore size distribution, density,
nd porosity, need to be quantified. The effect of spatial het-

these measurements are inverted into resistivity values us X . . .
a smoothness constraint and a 3-D forward model. FormatioiP9eneity on sediment properties and behavior, at these small
les, also needs to be quantified either through deterministic

Factors are calculated using the resistivity of the seawatst

immediately above the measuring site. Approximately 1dBodeIs or the use of statistical characterization of microfabric
scans have been made and it is planne.d to combine adjac%%‘f meters. Fine-scale characterization of sediment microfabric
ones into larger maps to achieve greater coverage. was made with X-ray computed tomography and microscopic

An example of preliminary processing is shown in Fig. 27e.xamination of unaltered and resin-impregnated sediments.
The Formation Factor values are in the range 2-5, consistent ) ] ) )
with small-scale heterogeneity created by bioturbation in te R€Sin Impregnation and Analysis of Sediment Structure
sandy sediments. The average value of Formation Factor of th®awn Lavoie and Allen Reed (NRL) quantified relationships
top 75-mm depth interval is 3.8, with some evidence for Foamong pore network properties (pore dimensions, pore size
mation Values in excess of 5.0 at the greatest depths. Sedingiatribution, connectivity, coordination number, and tortuosity)
resistivity is controlled by fluid chemistry, porosity, and particlend grain properties (shape, surface morphology, orientation,
shape and is therefore suitable for further interpretation in termgecific surface area, and grain—grain contacts) using image
of tortuosity providing basic geotechnical properties have beanalysis techniques. They used these data to quantify rela-
established by core sampling [63]. Because it is noninvasit@nships between fluid flow and sediment microfabric and
this method has the potential to characterize unstable 3-D to- provide input for acoustic propagation models. Sampling
homogeneities, such as created by bioturbation, which maytkeehniques were employed to minimize sediment disturbance,
altered using invasive approaches. which allows quantitative characterizationiofsitu grain—pore

Comparison of Sediment Resistivity Measureme®igerage relationships.
in situ values of sediment resistivity/conductivity measured by The pore and grain relationships were preserved in diver-col-
ISSAMS at are slightly lower (Formation Factor mean 3.2ected cores andn situ sediment samples using standard
range 2.8-3.7) than reported by Peter Jackson (FF: mean 8a&;uum impregnation techniques and resin impregnation with
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Fig. 27. An example of processed (preliminary) resistivity data showing plan tomograms at four gradually increasing depth intervals. Datanithilacte
diver-deployed resistivity array (Peter Jackson, BGS).

anin situembedding device (ISED) (Fig. 28), respectively. Sednto ~ 2.5-cm-thick sections and X-rayed to evaluate cm-scale
iments were subsampled and imaged to evaluate homogenditmogeneity. Based on visual observation sediments are mostly
isotropy, and pore geometry at a high resolut{en 10 = m). fine sand overlying a slightly coarse layer with more abundant
Subsample sizes were 4 cn? cross-sections for imaging shells which occurs at depths 5 cm.
with scanning electron microscopy (SEM) and 0.8 cm?
volumes for characterization using computed tomography (CB) Computed Tomography
(Figs. 29(a) and 30). Images techniques were used to quantifiGediments are being examined via X-ray computed tomog-
pore parameters (i.e., throat lengths and widths, body raditgphy (Tim Orsi, PSI) to develop acoustically relevant descrip-
and porosity) [ see Fig. 29(b) and (c)]. Effective medium theorjons of sediment continuum and discrete scatterer characteris-
technique (EMT), which relates pore parameters to fluid flowics within the study area[64], [65]. Divers collected five short
was used to estimate a Darcy’s coefficient of permeability. cores from two sites: the first site was located 30 m west of the
ISED samples were collected from crests and troughs of bedkv buoy and the second site was proximal to the SW buoy.
forms near R/V Seward Johnson, near the BAMS tower, af@r this analysis, we are using a Universal 2060 CT scanner
at the APL penetration site. Predictions of permeabilys < following the approach outlined by Orsi [66]. The cores were
107®£2.3 x 10~% cm- s~!) were midway between values ofscanned every 3 mm, using a 2-mm-thick X-ray beam. Each
permeability reported by Briggs (18 fil x 1072 cm- s™!) scan produces 812 x 512 voxel image, with each voxel as-
and Bennett (3 t64 x 1072 cm- s~') and those measured bysigned a value, a CT number, that is directly related to bulk den-
Lavoie (~ 1.0 x 102 cm-s™!). The ISED cores were also cutsity [67]. The(z, y, z) dimensions of a voxel are 0.25 mn0.25
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Fig. 28. ISED deployed near the BAMS tower. X-radiographs of ISED cores, which were collected near the Seward Johnson in a ripple crest (cepp#e) and ari
trough (right). (Photos by Ricky Ray).

(b) Fig. 30. Volumetric recreation of a 2-D CT image from a sediment sample
collected with ISED (image generated by Kirth Simmonds, Naval Research
Laboratory).

create mounds, depressions, and subsurface layers during
burrowing and feeding. Another potential source of biolog-
ical modification of seabed acoustic properties are so-called
"bentho-pelagic” organizms. They spend the daylight hours on
or in the seabed, hidden from visual predators. When nighttime
light levels are low enough (e.g., during the dark of the moon or
when it is cloudy), these animals may emerge from the bottom
to feed in the water column. Modern ecological theory, verified
(©) in freshwater environments, also suggests that they may come
Fig. 29. (a) Scanning electron microscopy images were used to analyze potd during lighted periods to feed if the food reward is rich
structure an_d geometry, by c_reating (b) an erodeq-_dila_ted image and then (@rﬁ)ugh_ Several species of copepods, mysids, amphipods and
Euclidean Distance Map, which enables the quantification of the pore geomegﬁ.rimp’ for example, are known to exhibit this behavior [68],
[69]. When such animals emerge from or burrow into the
bottom, they alter the small-scale (millimeters to centimeters)
topography (roughness). This type of bioturbation, along with
bottom currents and surface gravity waves, may reshape bottom
contours at larger scales (centimeters to meters) because such
Surface roughness, volume heterogeneity, and sediment prapimals often travel in large groups. Other biological processes,
erties have all been implicated in various hypotheses offeredinaluding bacterial processes, may effectively change material
explain acoustic scattering from the seafloor and the anomalqueperties of pore water and properties at grain contacts.
penetration of sound into the seabed at subcritical scattering Bmudates of bacteria and other benthic or bentho-pelagic
gles [1], [2]. Biological processes in coastal seas may affect lleforms may "glue" together grains of sediment, forming
of these bottom characteristics. local quasi-rigid viscoelastic structures, thereby changing bulk
Benthic animals can affect seabed acoustic properties ghysical and acoustical properties of sediments.
a variety of ways. For example, animal burrows and the Scientists from BAE SYSTEMS (Van Holliday, Charles
presence of buried shells and shell fragments are biologi€@ieenlaw and Duncan McGehee), working with Peter Jumars
sources of volume heterogeneity in the seabed. Infauna cammiversity of Maine), Liko Self and Jill Schmidt (University of

mm x 2 mm, representing a sediment volume of 0.125%4m
average of 100 CT images was taken per core.

IX. BIOLOGICAL AND BIOCHEMICAL PROCESSES
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Washington), and David Thistle and Keith Suderman (Florid: ﬂmﬂrm
State University), conducted manipulative experiments an AT Rl ok ey :.m;;-'u-:mmg-q
made a variety of measurements in an effort to detect ar If' gy wir L il bokn

quantify the effects of some of these biological processes ¢
sediment properties and behavior. One of the principal thrus
of the BAE SYSTEMS team was to monitor the water columr
immediately above the seabed for evidence of emergen
and reentry of bentho-pelagic animals. Two multifrequenc
Tracor Acoustic Profiling Systems (TAPS-1 and TAPS-2) wert
mounted on subsurface moorings with their sound beams aim
downward to examine the water column from the seabed to
height of 6 m. These systems, operating at acoustic frequenc
of 265, 420, 700, 1100, 1850, and 3000 kHz, were located i
water approximately 18 m deep with a separation of 170 r

(Fig. 3). This physical arrangement was intended to provid g - T u'. “ )
ELT - B sedlho

—_—
=
Younmss BimckrcmBaring [

data that would allow some degree of separation of the effec
of light-driven and advective events. TAPS-1 and Taps-
measured volume backscattering every 6.25 cm or 12.5 cm —————— . mu.’ﬁﬂ“’uﬁf&'&m
depth, respectively. TAPS-X was mounted nearby (Fig. 3) on
the seabed acoustically looking up into the water column, ar@. 31. Preliminary volume scattering strengths at 265 kHz collected from
measured volume scattering strengths from the surface t@ng of the downlooking TAPS units. Measurements were made once per minute
depth of 1 m above the seabed with a resolution of 12.5 cﬁfsrgphpgii?g;éllfggsr’g)b‘ifgw%ﬁgi‘égig{?cgsoefgsgfvember 1999. The seabed
This unit also had a photosynthetically active radiation (PAR)
sensor attached to test whether bottom emergence was mediated
by ambient light. All TAPS were cabled to a van on the R/A#eploying 1-mm, pyramidal traps (1-mm mesh sides) by Liko
Seward Johnson and data on volume backscattering strengiR¥ and Peter Jumars. At the top of the pyramid trap is a funnel
collected at 1-min intervals were recorded digitally and trangat narrows to a tube and leads into a collecting jar, much like
mitted to a shore station every hour using a spread-spectrérfinnow trap on its side. Two traps were deployed on each of
RF link for near-real-time processing. several nights. A diverse collection of animals, including por-
A pantftilt video camera, mounted 3.5 m above the seabed id crabs, was captured, although pelagic mysid and decapod
a tower (Fig. 3), was used in an attempt to observe the behagdfimp dominated catches. Contrary to expectation, there was
of benthic macrofauna (e.g., sand dollars, sea stars). The vditite evidence that the migration was reduced by moonlight, ex-
of these video observations, however, was limited by the dgept perhaps at the fullest stages of the moon (Fig. 31).
ficulty of resolving the bottom given poor visibility and by the Emergence is not confined to the macrofauna and megafauna.
large numbers of fish that collected around the tower, effectiveynimals of sub-millimeter size emerge from the seafloor in
blocking the camera’s view. great numbers in some habitats. Although this phenomenon has
Preliminary examination of the acoustic records from theeen studied in depths of less tharl m, its importance on the
three TAPS units suggests that seabed emergence of organigh@df is unknown. One of Florida State University (Dave Thistle
occurs after sunset (Fig. 31). On 7 November the moon wagd Keith Suderman) goals was to document the occurrence of
nearly new, providing optimum conditions for light-mediategub-millimeter emergers from shelf sands and to identify the
bottom emergence of bentho-pelagic organizms. In the l&@ergers. To do so, inverted-funnel traps were used to collect
afternoon, a layer of acoustic scatterers at about 5 m ab@mals that emerged from the sediment and swarts cm
the seabed descended gradually, thickening as it did. Not lo#lgove bottom. Although this type of trap works well, it creates
before sunset fish collected immediately under the TAPS urfitjll water over the seabed sampled, which is unnatural. To
but then dispersed after dark (this occurred just about evegyard against the possibility of artifacts, a similar type of
day during the experiment, both at dusk and dawn). Othap with the lowest 4 cm of the trap was open to ambient
fish appear to have descended to the seabed at about the stewewas also used. Between 3 and 12 November 1999, five
time. Soon after, at about 1830, there was a 10-min interdé-h deployments of each trap type were accomplished and
exodus of smaller acoustic scatterers from the seafloor into #rdiment cores were collected from each area sampled by
water column. These acoustic scatterers appear to have adgi@@s. Preliminary examination of the samples suggests that
considerably to the volume scattering of layer present, whigtarpacticoid copepods are important emergers on the shelf, as
at this point reached from the seabed to a height of 5 m. TH®y are in shallower water.
small bright spots in the cloud were undoubtedly fish, no longerIn order to test effects of emergent fauna on acoustic
orienting on either the bottom or the TAPS unit. backscatter from the bottom, Peter Jumars and Liko Self per-
Acoustic measurements can resolve bentho-pelagic migfarmed experiments designed to exclude these emergent fauna.
tion behavior in space and time, but cannot yet be used fbney created three replicate treatments and three replicate
species identification. Acoustic sampling was, therefore, sugentrols in the field of view of each of BAMS and XBAMS
plemented with direct trapping of emergent macrofauna by dafllyig. 3). The treatments consisted of black plastic stretched
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over a 2 mx 2 m frame made of construction rebar and left iThe single-point BET N adsorption method will be used to
place approximately 3 days to suffocate the underlying animalseasure N-specific surface area [74].

or cause them to leave. Controls were rebar frames without
the plastic. Both treatments and controls were smoothed
to remove obvious microtopography. The rebar and plastic
structures were removed early in the day and their location
monitored acoustically. It was anticipated that no emerge?
would pockmark the treatment sites at dusk, but that anim
would begin to return to these locations at dawn. Data have
yet been analyzed to support this assumption. In addition,
most prominent megafauna of the area were also manipulatga
Sand dollars were collected near the SAX study area ah
concentrated to nearly complete areal cover of the seabed"lfi
1-m?, plastic-fenced “corrals” (80 per treatment at XBAMS
and 105 per treatment at BAMS). Again, three treatments were
placed in the field of view of each of BAMS and XBAMS, as
were three controls (pens without added sand dollars). Datdl]
have not been analyzed.

Less obvious but more pervasive and far more abundant are
sedimentary bacteria. Jill Schmidt (University of Washington)
assayed bacterial natural abundance and manipulated that abuﬁ1
dance to test alternative hypotheses about factors that contrgs]
sedimentary bacterial abundance and determine the location of
bacteria with respect to grain—grain contacts. Manipulations[4]
included nutrient additions and exclusion of potential preda-
tors. Not only bacteria themselves, but also their visco-elastic
mucous secretions, may affect frequency-dependent sedimer@
acoustic behavior.

Two types of samples were collected: 10%rayringe
samples for bacterial abundances and 66-sgringe samples
for embedding. Sediment from 0 to 1 cm sediment depth in[7]
the 10-cni samples was extruded from the corer, diluted with
particle-free (.2 um-filtered) artificial seawater, and fixed
with formaldehyde (2% final concentration). These samples
were stored at 4C in the dark until processed for counting. In
the laboratory, bacterial counts were made under epifluores—[
cence microscopy, according to Deming and Colwell [70] and
Epstein and Rossel [71]. Bacterial abundances were scaled to
dimensions of both wet sediment volume and pore water fluig; g,
volume [72]. The larger syringe samples were processed on
shipboard using advective replacement of a succession of pore

. o ) : 11]
fluids. Care was taken to maintain sediment-grain geometr£/
during this process. Samples were stained with.t®©4’, 6-di-
amidino-2-phenylindole (DAPI; Sigma), fixed (10% formalin [12]
in artificial seawater), dehydrated via a graded series of ethanol
in filtered seawater (from 50% to 100% ethanol), and embeddefd3]
with Spurr's epoxy resin (Polysciences). Samples were then
cured at 70°C overnight. Sections of embedded cores were
first examined under backscatter scanning electron microscogy4]
(SEM) to determine grain and pore geometry. The same fields
were then visualized under epifluorescence microscopy anﬁS]
positions of bacteria on grain edges were recorded on the
binary images. Image processing algorithms were used t3¢l
classify habitat (grain-surface area and pore space) based am
pore dimensions. Bacteria were then classified according to
the habitat they occupied. Image processing will be used tg
estimate porosity, grain-surface area, and grain-size frequen[:lyS]
distributions [73]. Porosity will be measured gravimetrically.

(6]

(8]
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