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Abstract

Two high-frequency acoustic seafloor classification systems (12- and 15-kHz) were used in conjunction with
sediment core analysis to characterize sediment facies at a study site near Garden Key in Dry Tortugas, Florida. The
acoustic system uses echo return amplitude to compute acoustic impedance that is then correlated with sampled
sediment impedance values calculated from wet bulk density and compressional wave velocity. Several bottom
provinces were identified using the 15-kHz data to construct a real-time map of ship tracks in colors that represent the
surficial sediment facies type. Sediment facies over the entire study site (36 km2) range from sandy silts to exposed
limestone rock and coral reef structures. Color contour maps using the 12-kHz data, created after correlating acoustic
impedance predictions with core measured sediment properties, validates the initial facies pattern predictions made in
real-time. The sediment facies patterns indicate a long-term pattern of deposition of fine-grained, silt-sized, surficial
sediments in an area adjacent to the emergent carbonate embankment. Two-dimensional acoustic profiles along survey
tracklines also provide cross-sectional views of seafloor and subbottom stratigraphy that confirm the buildup of these
fine sediments in the northwest corner of the study site. A generous supply of sediment resulting from an abundance of
benthic green algae (Halimeda sp.) on adjacent shallow platforms form a thick sequence of fine sandy silt at the base of
the southeastern edge of the embankment and fringing reef. Sediment cover over the limestone bedrock thins and
becomes coarse southeast of Garden and Bush Keys, suggesting the likely existence of a dominant flow around the
shallow carbonate embankment that restricts export of fine sediments out of the area. Published by Elsevier Science
B.V.

Keywords: Acoustic methods; Acoustic surveys; Bottom mapping; Sea£oor characterization; Sediment classi¢cation; Sediment
facies; Remote sensing techniques

1. Introduction

Terminology used to describe carbonate rock

and sedimentary facies is quite elaborate and can
be rather confusing. Neither established carbonate
rock classi¢cations or carbonate grain type de-
scriptors provide a satisfactory correlative that
can be easily used to characterize sur¢cial sedi-
ments with digital acoustic data. These complex
terminologies are commonly employed after rig-
orous analysis of directly sampled sedimentary
units (Dunham, 1962; Bathurst, 1975; Enos,
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1974; Folk, 1974/1980; Davis, 1983). Standard
methods of sediment analysis for physical (grain
size, porosity, density), geotechnical (shear
strength) and acoustic (sound speed, attenuation)
properties are also labor and time intensive. Like-
wise, direct sampling of bottom and subbottom
sediments requires large quantities of samples
and high spatial sampling densities that require
substantial time, e¡ort and energy to adequately
sample an area of interest. These limitations place
signi¢cant constraints on the capability to gener-
ate sediment province maps and other graphical
or analytical products in near real-time either dur-
ing or shortly after completion of a geologic
study.

The acoustic method, although not as detailed
in sedimentologic terms and somewhat qualita-
tive, can provide near-immediate graphic output
for timely assessment of sur¢cial sediment facies
during a survey (Lambert et al., 1993; Mallinson
et al., 1997; Walter et al., 1997; Walter, 1998).
Although ground truth sediment samples are still
required, they can be obtained more rapidly be-
cause fewer samples are needed. Furthermore, the
sampling sites can be more tactfully selected be-
cause the acoustic data provide a guide for selec-
tion of sample sites.

We have developed a technique, using a high-
frequency subbottom pro¢ler, whereby the re-
turned acoustic intensity is utilized to calculate
the acoustic impedance of the sur¢cial sediment.
This data is combined with ship position informa-
tion to create a map of ship tracks colored ac-
cording to the calculated sediment acoustic impe-
dance. This real-time map is used to delineate and
characterize sediment provinces in a study site
adjacent to Garden Key, Dry Tortugas, Florida.
Ground truth sediment core or grab samples from
each of the provinces were used to validate the
sediment provinces characterized by the acoustic
data.

The primary objectives of this paper are to
characterize the sediment facies type and develop
a representative description of the sea£oor mor-
phology in Southeast Channel, Dry Tortugas,
Florida and to describe the acoustic techniques
used to de¢ne and classify these sediments and
sediment provinces.

2. Physical setting

The Dry Tortugas are a group of islands situ-
ated near the southwest corner of the Florida
Platform approximately 130 km west of Key
West, Florida. The study site is located in South-
east Channel, south and slightly east of Garden
and Bush Keys (Fig. 1) within Dry Tortugas Na-
tional Park (Murphy, 1993). The Gulf of Mexico
borders the area on the north and the Straits of
Florida are directly to the south. The site is well
protected from seasonal storm activity, which
generally approaches from the north and north-
west, by the shallow carbonate platform that
underlies the subaerially exposed keys to the
west and north. The protection a¡orded by the
carbonate banks results in thick accumulations
(approximately 2^5 m), of sediments in assorted
combinations of silt, sand, and shell in several
depositional zones within the study site. Tropical
cyclone activity during the summer and fall (Ford
et al., 1988) may also in£uence sediment distribu-
tion patterns in, and adjacent to the experimental
site. These major, but short-lived, events can
cause signi¢cant loss of living coral reef structure
that may form storm deposits of coarse coral and
shell debris (Shinn et al., 1990; Mallinson et al.,
1997; Stephens et al., 1997). Depending on cur-
rent £ow near and around the carbonate banks or
reefs, ¢ne carbonate sediments can either be trans-
ported out of the area or deposited in areas of
impoundment where current speeds drop rapidly
to allow deposition of the ¢ne sediment. Although
tidal range in the Dry Tortugas during spring is
only 0.52 m (Sturges, 1993), high current £ows
exist in narrow channels in the region. These £ows
slacken between tides even during high-£ow
spring-tide conditions to allow unhindered diving
(Sturges, 1993). Current measurements made to
the west of the Dry Tortugas (Science Applica-
tions, 1987) indicate a dominant north/northeast
£ow at a maximum rate of 6 0.10 m/s having
cyclic reversals to the south/southwest at times
in excess of 0.10 m/s. Wright et al. (1997) reported
a net £ow during a month-long experiment of
0.047 m/s in a south-southwest direction (215‡)
at a site in the northwest corner of the study
area. Shinn et al. (1982) report a north^south
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£ow pattern 27 km east of the Tortugas between
Rebecca and Halfmoon Shoals attributable to
strong, reversing tidal currents. These currents
produce large sand waves (1^3 m in height) hav-
ing crests parallel to the shelf and perpendicular
to current £ow. Strong southerly currents result-
ing from seasonal passage of storm fronts from
the north and intermittent intrusions of the Loop
Current (25^50 cm/s to depths of 50 or 100 m) on
the shelf (Sturges, 1993) also in£uence the mor-
phology of the study area.

3. Methodology

High-resolution, subbottom surveys were con-

ducted in Southeast Channel using a special pur-
pose, high-frequency acoustic sea£oor classi¢ca-
tion system (Lambert, 1988; Lambert et al.,
1993; Walter, 1998). Survey grids within a 6U6-
km area were made using 4-, 12-, and 15-kHz
transducers aboard two research vessels. The later
two of these systems were operated using short
pulse lengths (0.3 ms at 12 and 15 kHz) with
narrow-beam transducers, 12‡ at 15 kHz and
26‡ at 12 kHz. Resolution using these short pulse
lengths is approximately 0.15 m. The outgoing
and return pulses were digitized and stored at a
sample rate of 125 kHz.

The system measured real-time echo return in-
tensity (amplitude) of time-windowed bins repre-
senting acoustic response from sea£oor and sub-

Fig. 1. Upper right box shows location of Dry Tortugas relative to Florida Peninsula and Lower Florida Keys. Aerial photo im-
age of Southeast Channel, Dry Tortugas, Florida in lower center and Garden and Bush Keys identi¢ed at left. The larger of two
boxes outlines approximate boundaries of the survey area. The smaller box delineates the most heavily sampled area.
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bottom sediments. Data from the upper sur¢cial
sediment bin (0.0^0.4 m) were used to calculate
values of acoustic impedance estimates, co-regis-
tered with position information, and mapped in
color on a computer monitor.

The 12-kHz data were obtained at a trackline
spacing of approximately 1.0 km with the tracks
oriented in both north/south and east/west direc-
tions. The 15-kHz data were collected over the
same area with trackline spacing of approximately
150 m in a north/south direction only. A naviga-
tion plot completed in real time during the 15-
kHz survey aboard the WFS Planet displays a
colorized track of the ship that identi¢es the pre-
dicted acoustic impedance for the sur¢cial (0.0^
0.4 m) sediment layer (Fig. 2a).

Subbottom pro¢les were also presented on a
color monitor as a scrolling waterfall display. Dis-
play colors represent an adjustable range of mea-
sured sound pressure level in dB per color of
acoustic signal amplitude returned from the bot-
tom and subbottom sediment volume (Fig. 3).

3.1. Impedance calculations

Impedance, Z = bc, where b is the wet bulk den-
sity and c is the compressional wave velocity, is
the most common term used to acoustically char-
acterize a material, in this case a marine sediment.
Changes of acoustic impedance indicate the
amount of energy re£ected from a boundary
when a sound pressure wave (i.e., compressional
wave) passes from a medium of one impedance to
a medium of di¡erent impedance (Hamilton and
Bachman, 1982).

The amplitude of re£ected energy is measured
by the acoustic acquisition system. These ampli-
tudes (referred to as echo-strength) are analogous
to the re£ection coe⁄cient of the upper 0.4 m of
sediment beneath the seawater interface. This re-
£ection coe⁄cient (R) is de¢ned as the portion of
the sound pressure wave re£ected o¡ the sea£oor,
divided by the incident sound pressure wave im-
pinging on the bottom; that is, the ratio of the
re£ected wave (Pr) to the incident wave (Pi).
Therefore,

R ¼ Pr=Pi ð1Þ
For a normal incident acoustic wave this re£ec-

tion coe⁄cient is related to acoustic impedance by
the relationship,

Fig. 2. (a) Colorized trackplot of sur¢cial (upper 0.4 m) sedi-
ment acoustic impedance collected using the 15-kHz (hull-
mounted) transducer aboard the WFS Planet. Trackline
spacing is approximately 150 m. (b) Processed R/V Johnson
trackline impedance predictions of sur¢cial (upper 0.4 m)
sediment collected using the hull-mounted 12-kHz transducer
array aboard the R/V Seward Johnson. Trackline spacing is
approximately 1.0 km. Impedance values shown in color key
of a apply to both images and are reported in 106 kg/m2/s.
Color key (interpretation of colorized tracklines using impe-
dance/color (*after Folk, 1974/1980): blue, low echo return
(signal loss on steep slopes); green, mud* (silt size) (sand:
mud ratio 6 1:9); yellow, sandy mud* (sand:mud ratio
6 1:1, may include shell) ; pink, muddy sand* (sand:mud
ratio s 1:1, including shell) ; red, sand* (sand:mud ratio
s 9:1); gray, limestone rock or coral reef.
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R ¼ Pr=Pi ¼ ðb 2c2Þ3ðb 1c1Þ=ðb 2c2Þ þ ðb 1c1Þ ¼

Z23Z1=Z2 þ Z1 ð2Þ

Only a small portion of the incident energy is
re£ected from sediment or rock interfaces result-
ing in re£ection coe⁄cients of 0.5 in many cases,
but typically less than 0.2 (Kearey and Brooks,
1984). The remainder is transmitted into the
next medium, in this case the next layer in the
sediment column. This study focuses on the re-
sponse obtained from the sur¢cial sediment bin
(0.0^0.4 m) used with the 12- and 15-kHz data.

3.2. Processing acoustic data

An area covering approximately 4 km2 in the
northwest corner of the survey grid was selected
for intensive study during this experiment (Fig. 1).
One core site, KW-PE-GC-167 (Fig. 4), was se-
lected to provide a ground truth reference for cal-
ibrating the acoustic system. During post-cruise
processing, the 12-kHz acoustic data obtained
while crossing this core site was normalized to
the averaged acoustic impedance of the upper
0.4 m of the core sample values (Table 1, calibra-
tion site). After this normalization, the complete
acoustic data set was processed without further
system setting changes.

The 8-bit acoustic data are used with a ‘calibra-

tion’ ¢le in the sediment classi¢cation software to
aid in determining the structure of the subbottom
and the re£ectivity of the sediments within this
structure. The calibration ¢le was created on a
hard sand site near Key West, Florida, prior to
this study. A reference pulse created in this ¢le
was used to deconvolve the acoustic data returned
from the bottom, i.e., the reference pulse is sub-
tracted from the return pulse to compute a model
of the layering structure of the sediment. How-
ever, in this application we are not concerned
with the analysis of layered structure but with
the sur¢cial sediments near the sediment^water

Fig. 3. Subbottom pro¢le obtained at 4 kHz along the line nearest to Garden Key (82‡52.0PW longitude). Color scale at right
side indicates signal return intensity in steps of 6 dB per color (92 dB at top/white, 0 dB at bottom/black). This line is approxi-
mately 6 km long and full vertical scale is 20.0 m. Solid horizontal lines are at 5-m depth intervals. Features discussed in the text
are labeled.

Fig. 4. Bathymetric contour map of Southeast Channel study
area using altimetry data from hull mounted transducer.
Contours are labeled (white) at 2.0-m intervals. Sample sites
are also identi¢ed by symbol (b) and labeled in black. Bot-
tom contours (reported as altitude in meters above bottom)
are labeled in white.
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interface. The result of this deconvolution opera-
tion is the re£ected energy level expressed as (R)
in Eq. 2 above. The software uses an assumed
seawater impedance of 1:5U106 kg/m2/s. The re-
maining unknown in Eq. 2 represents the sedi-
ment impedance as Z2.

3.3. Sedimentologic methods

Several sediment cores were collected in the
northwest corner of the study site (Fig. 4). As
discussed above, one of these cores, KW-PE-
GC-167, was used to provide ground truth impe-
dance calibration values for the acoustic system,
whereas others were used for comparison with the
real-time (15-kHz) and processed (12-kHz) impe-
dance predictions.

Gravity cores were obtained using plastic
(PVC) core barrels 3 m long with a 3-in. (7.79-
cm) inner diameter and a core assembly weight of
400 lb (181.3 kg). All cores were maintained in
upright positions and refrigerated while awaiting
processing.

Sampling sites were selected based on data as-
sessments from previous geologic studies of the
area and by a review of normal incidence acoustic
(Fig. 2a) and side-scan data (Wever et al., 1997)
aboard the WFS Planet approximately 3 days pri-
or to the commencement of bottom sampling by
the R/V Pelican.

Initial analytical methods included measure-
ments of compressional wave velocity using 400-
kHz (Briggs and Richardson, 1997) and 500-kHz
GEOTEK (Schultheiss and McPhail, 1989) acous-
tic loggers and wet bulk density by a GEOTEK
multisensor core logger (Boyce, 1976; Schultheiss
and McPhail, 1989). Acoustic impedance values
were calculated from the product of measured
sound speed and analyzed wet bulk density val-
ues.

Cores were subsampled at 2-cm intervals and
analyzed for wet bulk density, and grain density
using Quantachrome multi-pycnometer and ultra-
pycnometer-1000 helium gas pycnometers (Quan-
tachrome Corporation, 1993). Grain-size analysis
was completed on subsamples at 0.1-m intervals
by pipette (Folk, 1974/1980) and sedigraph for silt
and clay sizes (Briggs et al., 1996), and by sieve

for larger sand and gravel (shell) sizes (Folk,
1974/1980). X-radiographs were taken of each
core to delineate vertical variations in sedimentary
horizons as well as to distinguish larger/dense
shell fragments residing within the core sample.
Additional subsamples of selected cores were
dried, embedded in resin and polished for analysis
by petrographic and scanning electron microscopy
(Furukawa et al., 1997). Stephens et al. (1997)
provide a detailed explanation of sediment pro-
cessing methodologies used for all core samples.

4. Characterization of sur¢cial sediment facies

4.1. Sediment facies patterns

Initial assessment of sur¢cial (0.0^0.4 m) sedi-
ment type was conducted aboard the WFS Planet
using the 15-kHz narrow-beamwidth (12‡) acous-
tic system. Color-coded survey tracks of acoustic
impedance predictions, illustrated in Fig. 2a, pre-
sented a synoptic overview of sur¢cial facies pat-
terns in the study area. This map provided a refer-
ence for selecting sampling sites for ground truth
core and instrument deployment locations.

Several sediment types are clearly delineated on
this map. Sur¢cial sediments having acoustic im-
pedance predictions1 ranging between 2.45 and
2.69 ip (yellow) dominate the northwest corner
of the site. Scattered throughout portions of this
sector are segments having a slightly higher impe-
dance range (2.70^2.97 ip, pink). The most prom-
inent feature is the high-impedance band (red and
gray segments of the tracklines) that crosses the
central portion of the site from the northeast to
southwest corner. This band has the highest im-
pedance in the site, ranging from 2.98 to a max-
imum of 4.0 ip and most likely represents surface
exposures of limestone bedrock. Sediments in a
slightly lower impedance range are also distrib-
uted intermittently throughout this section
(2.70^2.97 ip, pink). Parallel and immediately

1 Acoustic impedance units (106 kg/m2/s) are presented in
an abbreviated form. Core-calculated impedance is represented
by ic and acoustically predicted impedance will use ip.
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south of the high-impedance band, lies another
area of low-impedance sur¢cial sediments, similar
to those observed in the northwest sector, with
impedance values ranging from 2.01 to 2.69 ip.
In the southeast section, a high-impedance bot-
tom, 2.98 to a maximum of 4.0 ip, again becomes
more prevalent. Seemingly very low-impedance
zones (blue) along several tracks are erroneous,
corresponding to areas of increased acoustic scat-
tering where bottom relief is high along angular
slopes or where the sea£oor surface is rough
enough to cause a loss in signal return. In these
areas, the narrow-beam transducer receives less of
the re£ected acoustic energy because it is out of
the receiving window beneath the transducer.

The 12-kHz R/V Seward Johnson data were re-
processed to electronically calibrate the raw
acoustic data with impedance values calculated
from sediment bulk density and compressional
wave velocity measurements at a single represen-
tative core site (KW-PE-GC-167). The raw 12-
kHz data obtained at a crossing of this core loca-
tion was adjusted until the same impedance value
as that averaged from the upper 0.4-m increment
of the core was achieved. The full data set was
then reprocessed using the same system settings
that were used to match the acoustic data to the
core-impedance value. This process created a re-
vised impedance trackline map that could be used
to compare the real-time WFS Planet 15-kHz pre-
dictions (Fig. 2a) to the processed (12-kHz) pre-
dictions in Fig. 2b. The sediment facies trends
that are clearly de¢ned in the initially collected
15-kHz data are still identi¢ed in the revised
data. Although the track spacing is wider in the
12-kHz survey compared to that conducted by the
WFS Planet, similar trends in sur¢cial sediment
facies can be observed. Speci¢cally, the northwest
corner maintains the low-impedance values and
the diagonal high-impedance band identi¢ed as
sand and limestone rock outcrop in the initial
15-kHz interpretation remains but is represented
by higher impedance levels in the revised impe-
dance map. Thus, the calibration procedure re-
sulted in a one-step increase in impedance esti-
mates at the core site. The original 15-kHz WFS
Planet data at the core site crossing recorded the
track in yellow (predicted impedance of 2.22^2.69

ip) whereas the reprocessed data was registered in
pink in this region, indicating a revised impedance
prediction of 2.70^2.97 ip. Although the predicted
impedance values are not exactly the same, the
facies trends identi¢ed by both the processed
and real-time impedance predictions are nearly
identical. The most dominant sur¢cial feature,
the northeast to southwest high-impedance sand/
rock belt (limestone outcrop) remains outlined as
are the zones retaining lower impedance sandy
muds and muddy sands.

4.2. Holocene sediment type predictions and
distribution

A blanket of Holocene sediments covers a ma-
jor portion of the survey area except to the east
where the Key Largo limestone is emergent and in
the southern sector where antecedent highs and
patch reefs are common (Mallinson et al., 1997).
Sediment thickness varies from less than 1 m in
the northeast to greater than 3 m in the north-
west. Sediment thickness in the bedrock depres-
sions at the base of the antecedent high forma-
tions in the south range between 3 and 5 m.
Average sediment thickness in the extensively
sampled study area is about 2 m. Recent sedi-
ments are presently being deposited along the
base of the eastern escarpment between Bush
Key and Long Reef at the northwest corner of
the study site, creating a gently sloping sediment
embankment of mixed carbonate silt, sand, and
shell. This thick deposit seems to be prograding
in a southerly direction as indicated by the toe of
sediment located near 24‡35.5PN latitude on the
western-most acoustic trackline along 82‡52.0PW
longitude (Fig. 3). This apparently is a transition-
al zone of muddy sands (pink, predicted impe-
dance of 2.70^2.97 ip) lying between a thick se-
quence of sandy muds (yellows, predicted
impedance of 2.22^2.69 ip) to the north and a
thin veneer of coarse sand and gravel sizes (red,
predicted impedance of 2.98^3.99 ip) to the south.
These coarse sediments thicken further to the
south where they ultimately coincide with a bed-
rock outcrop as it transitions into the antecedent
high formation. These deposits are comprised of
broken shell and coral fragments that have been
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removed from and transported o¡ the banks to
the west and the antecedent highs in the south
(Mallinson et al., 1997).

Interpreted sur¢cial sediment types are identi-
¢ed in the trackline impedance maps presented in
Fig. 2. These sediments consist of soft, carbonate
muds (M, green) and sandy muds (sM, light yel-
low) having impedances ranging between 2.01 and
2.44 ip, soft carbonate muddy sands (mS, yellow
and pink) having impedances ranging between
2.45^2.97 ip, and hard, ¢ne to coarse sands (fmS

and mcS, red) having impedances ranging be-
tween 2.98 and 3.99 ip. High-impedance zones
(4.00 ip), illustrated in gray, delineate limestone
rock exposures or coral reefs.

Topographic lows in the bedrock further to the
south, provide additional repositories for sedi-
mentary materials in this area. These sediment
ponds are situated on the north and south £anks
of topographically high (2^5 m relief), live coral-
gal reef structures. These structures form in a
southwest to northeast diagonal band across the
southern portion of the study area. Up to 5 m of
Holocene sediments have been deposited in these
bedrock lows.

Fig. 5 displays 12-kHz color-contoured sur¢cial
sediment property predictions co-registered with
the three-dimensional (hull-mounted) transducer
altimetry. The thick sediment cover in the north-
west corner is somewhat constrained by the dom-
inant northeast to southwest high-impedance sur-
face. Also observed on this illustration is the
rough (karst) bottom in areas having coarse sedi-
ments and the prominent antecedent high struc-
ture with associated patch reefs in the southwest
and southeast sectors.

4.3. Bottom samples

4.3.1. Acoustic impedance/mean grain size and
size^frequency distribution

The average acoustic impedance value of 2.82 ic
representing the upper sediment column (0.0^0.4
m) at core site KW-PE-GC-167 was used as the
ground truth reference value for ‘calibrating’ the
acoustic 12-kHz system (Table 1). Average mean

Fig. 5. Predicted acoustic impedance contour map of sur¢cial
sediment cover in Southeast Channel study area using 12-
kHz reprocessed data from R/V Seward Johnson. The con-
tour map is draped over the 3-D bottom reported as altitude
in meters above bottom.

Table 2
Average of core calculated acoustic impedance (upper 0.4 m), acoustic system-predicted impedance (two frequencies), percent size
fraction and mean grain size near listed core locations

Core No. Acoustic impedance (106 kg/m2/s) % Size fraction

Core 15-kHz v 12-kHz v Sand Silt Clay Phi

147 2.73 2.69 30.04 3.11 0.38 32 47 20 5.6
233 2.77 2.9 0.13 2.71 30.1 no data
229 no data 2.86 n/a 3.29 n/a no data
225 2.78 2.76 0.02 no data n/a 34 43 21 5.9
178 no data 2.95 n/a no data n/a 34 47 18 5.3
227 2.8 2.67 30.13 no data n/a 34 46 19 5.6
179 2.74 2.74 0.00 no data n/a no data
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grain size for this site was 4.9 phi (0.033 mm),
classifying the sediment in Wentworth (1922)
terms as coarse silt (Table 2).

Weight percent frequency distribution for this
core, however, was nearly equal in the sand and
silt sizes at 41 and 39%, respectively, with 17% in
the clay size and approximately 3% in the gravel
fraction. Also identi¢ed in Table 1 are the color of
the acoustically predicted impedance contour in
Fig. 5 near core site KW-PE-GC-167 (pink) and
the representative predicted acoustic impedance
range for this color (2.70^2.97 ip).

Calculated acoustic impedances from seven ad-
ditional core sites in the northwest corner, as well
as acoustic impedance predictions obtained at
track locations near them, are presented in
Table 2. Also presented in this table are the size
fraction (%) and mean grain size (phi) for the
upper 0.4 m of each core. The majority of bottom
samples were obtained from the northwest corner
of the site because sediment cover in other areas
to the east and southeast was much thinner and
consisted of more granular materials. These hard-
bottom areas, illustrated in the red contoured
areas in Fig. 5, were nevertheless sampled with
bottom grab samplers. Data from these samplers,
reported by Wever et al. (1997) are presented in
Table 3.

Core sites selected for this work (Fig. 4) were
used because they lie near or along the acoustic

tracklines (Fig. 2). Cores KW-PE-GC-208 and
213 are located near the western-most line trans-
ited by the R/V Seward Johnson. Averaged impe-
dance values for these core sites are 2.73 and 2.75
ic, respectively. Mean grain sizes at these sites are
6.5 and 6.4 phi, respectively, in the medium to ¢ne
silt class. Approximately 300 m to the east, cores
KW-PE-GC-210 and 220 have lower impedance
values of 2.67 and 2.64 ic. Mean grain size is 6.4
phi at sites 210, 208 and 213 to the west. Mean
grain size is slightly coarser at site 220 at 5.9 phi.
The sand-size fraction at all four of these sites is
less than 22%, with a dominant combined silt-
and clay-size fraction of 80%.

About 250 m to the east, core KW-PE-GC-147
has an average measured impedance value close to
those identi¢ed above at 2.73 ic. However, mean
grain size at this site decreases to 5.6 phi (medium
silt) as the portion of sand-size particles increases
to about 30% with a corresponding decrease in
the silt/clay size fraction to about 70%.

Cores collected along a line 300 m east (KW-
PE-GC-225, 227, and 179) have sur¢cial average
impedance values of 2.78, 2.80, and 2.74 ic, re-
spectively. No sur¢cial impedance value is avail-
able for core 178 because no sound velocities were
obtained in the top portion of the core. Mean
grain size values were 5.9 phi for core KW-PE-
GC-225, 5.3 for core KW-PE-GC-178 and 5.6 for
core KW-PE-GC-227, all falling within the me-

Table 3
Wentworth terminology as applied by Wever et al. (1997) to selected ground truth sediment samples

Grab No. Terminology Contour map

Wentworth size class Real-time Processed

15-kHz color Predicted impedance rangea 12-kHz color Predicted impedance rangea

pl 29 medium/¢ne silt red1 2.98^3.28 red2 3.29^3.62
pl 35 medium/¢ne silt dark yellow 2.45^2.69
pl 31 medium/¢ne silt red1 2.98^3.28 red3 3.63^3.99
pl 43 medium/¢ne silt yellow 2.45^2.69 dark yellow 2.45^2.69
pl 45 medium/¢ne silt yellow 2.45^2.69 red2 3.29^3.62
pl 33 medium/¢ne sand red/gray s 3.63 red3 3.63^3.99
pl 39 medium/¢ne sand red/gray s 3.63 red3 3.63^3.99
pl 37 medium/¢ne sand red/gray s 3.63
pl 263 coarse/medium sand gray s 3.99 red3 3.63^3.99

Samples are compared to pertinent real-time and reprocessed acoustic impedance predictions obtained along tracklines and from
contour maps. Empty cells denote lack of data.

a Acoustic impedance units in 106 kg/m2 s31.
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dium silt category. No grain size or weight per-
cent distribution was completed for core KW-PE-
GC-179. Size distribution in these sediments re-
mained dominated by the silt/clay fractions at
an average of 65% while sand-size contribution
increased to about 34%.

The last group of three cores used for this study
(KW-PE-GC-229, -233, and -283) were obtained
along 82‡51.0PW where both the R/V Seward
Johnson and the WFS Planet crossed near these
sites. The sur¢cial impedance value for core KW-
PE-GC-233 was 2.77 ic and that of core KW-PE-
GC-283 was 2.82 ic. No sur¢cial impedance value
is available for core KW-PE-GC-229. Neither
grain size nor frequency distributions are avail-
able for any of these three sites.

4.3.2. Biogenic components
The most dominant species represented in these

sediments is the calcareous green alga Halimeda in
varying states of diagenesis within the sediment
column (Furukawa et al., 1997; Mallinson et al.,
1997). Stephens et al. (1997), in their analysis of
cores in the area, reported a minimal amount of
small shells in the upper ¢ne portion (6 5 phi) of
the sediment column between 0.9 and 1.4 m below
sea£oor (mbsf), varying with geographic location.
These shelly horizons are indicated in the inter-
pretations of the acoustic pro¢le in Fig. 3. Below

this level, sediment structure and content changes
to a somewhat desiccated, shelly lag layer averag-
ing between 0.0 and 0.4 m in thickness. Coarse
molluscan shells consisting of partial and broken
gastropods and pelecypods and coral debris dom-
inate this horizon. The sediments below this shell
deposit and in the deepest cores consist of a bio-
turbated layer of ¢ne-grained (6 6.5 phi) gray
sandy mud. Lithi¢ed and unlithi¢ed burrows
were common in the upper and lower portions
of the sediment cores, but not necessarily in the
coarse lag deposits near intermediate depths.
D’Andrea and Lopez (1997) concluded that these
burrows were created mostly by polychaetes and
callianassid shrimp. This bioturbaceous activity
e¡ectively removes the primary micro- and mac-
ro-stratigraphic structure in the upper sediment
column leaving fossilized burrows in its place.

Images obtained by scanning electron micro-
scope con¢rm the predominance of Halimeda
plates and aragonite needles in these sediments
(Furukawa et al., 1997). Fig. 6 illustrates the mi-
cro-structural components of the upper sediment
column (0.2 and 0.64 mbsf) obtained from KW-
PE-GC-147, located in the low-impedance yellow
area of Fig. 2a. Wet bulk density and compres-
sional wave velocity at this site are 1.80 g/cm2 and
1506 m/s, respectively. Mean grain size is 5.6 phi
and the size distribution includes 32% sand, 47%

Fig. 6. Scanning electron microscope images of subsamples from core KW-PE-GC-147. Large and small Halimeda platelets (S)
are smooth and ¢ne-grained (silt size), whereas particle aggregates (M) are cloudy with less well de¢ned edges. Left sample is
from 0.2 m and the one at the right 0.65 mbsf. Scale bar: 100 Wm. (After (Furukawa et al., 1997.)
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silt and 20% clay. Skeletal grains appear smooth
and similar to the grain labeled (S) in this image.
Cloudy and/or shiny portions (labeled M) are in-
dicative of ¢ne-grained micritic particle aggregates
that form by mechanical and chemical alteration
of the coarse platelets (Furukawa et al., 1997).

4.4. Determination of facies units

Wentworth and Folk classi¢cation terminolo-
gies, based on mean grain size and percent size
class respectively, are presented in Table 1 along
with calculated acoustic impedance values and the
predicted impedance values obtained from the
acoustic tracks and contour maps. The calibration
site (KW-PE-GC-167) has the highest calculated
impedance and the coarsest grain size of all cores
(phi = 4.9). This core is classi¢ed in terms of mean
grain size (after Wentworth) as coarse silt and in
terms of sand:mud ratio (after Folk) as either
sandy Mud or muddy Sand. All other cores
have mean grain sizes greater than 5.3 phi, classi-
fying them in either medium silt (those up to 5.9
phi) or medium to ¢ne silt (those above 5.9 phi)
size ranges. Cores obtained at the western-most
side of the area (Fig. 4, KW-PE-GC-208, 210
and 213) have the ¢nest mean grain size. These
three cores also classify in Folk terms as sandy
muds, whereas the others, except for core KW-
PE-GC-220, classify as muddy sands. Folk
(1974/1980) classi¢ed all grain sizes with phi
s 4.0 in either silt- or clay-size fractions and fur-
ther describes them all in a range identi¢ed as
mud. This illustrates that all of the calculated
acoustic impedances in the range of 2.64^2.82 ic
can be classed as muds. Breaking this range into
two components, the record shows (Table 1) that
sM fall below an impedance of 2.73 ic, whereas
mS have impedances above 2.73 ic. Core KW-PE-
GC-147, although having an impedance of 2.73 ic,
is classi¢ed as mS in the table because it has a
higher percentage of sand than others at or below
2.73 ic. No core data are available to develop the
correlation between measured acoustic impedance
and sediment type in the sand and limestone
hard-bottom areas. Therefore, sediment-type de-
scriptions from four grab sample sites collected by
Wever et al. (1997) in the eastern portion of the

study site (pl 33, 37, 39, and 263) were used
(Table 3) to de¢ne the upper limits of the impe-
dance vs. facies relationship. For the rock descrip-
tion, an assumption was made that acoustic im-
pedance for rock is greater than that of sand and
that the sea £oor with exposed rocky areas was
relatively £at with minimal angular relief.

Fig. 7 presents the result of adjusting the color
bands in the contour software to match the rela-
tionships identi¢ed in Tables 1 and 3. This illus-
tration provides a new and informative view of
the study area in which color contours represent
the facies identi¢ed in the legend. Facies nomen-
clature is modeled after Wentworth’s categoriza-
tion in relation to grain diameter and Folk’s clas-
si¢cation based on sand:mud ratio. This contour
map displays sediments in the northwest corner

Fig. 7. Two-dimensional, acoustically predicted, sur¢cial sedi-
ment facies contour map. Sample locations are indicated.
Contours are based on predicted acoustic impedance. Facies
terminology in key at top was associated with pertinent im-
pedance values in Tables 1 and 3. These associations are
based on correlation of core-derived impedance, mean grain
size and sand:mud ratio presented in Tables 1^3. Sample lo-
cations are also identi¢ed.
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consisting of ¢ne to coarse silts with a coarsening
trend to the east represented by the sedimentary
changes identi¢ed by varying sand size descrip-
tions. Also noted on this map are the areas where
the Key Largo limestone is exposed on the bot-
tom and the areas identi¢ed as coral reef struc-
tures. The application of this methodology is lim-
ited in the hard-bottom areas due to lack of
ground truth data from these areas. In particular,
the occurrence and extent of the exposed bedrock
are not appropriately represented after extrapolat-
ing the impedance vs. sediment type based solely
on four grab samples in the hard-bottom area.
Walter et al. (1997) and Walter (1998) presented
4-kHz subbottom pro¢les across the entire site
that reveals the exposed bedrock at several loca-
tions. Wever et al. (1997) using side scan imagery
reported the exposed bedrock as ‘new reef’ struc-
ture and Mallinson et al. (1997) identi¢ed these as
‘hardbottom and coarse sediment’ areas.

5. Discussion

5.1. Facies analysis

The 15-kHz predicted acoustic impedance
trackline map created in real time aboard the
WFS Planet provides a reasonable estimation of
the distribution of sur¢cial sediment types in the
survey area. These sediment facies are comprised
of carbonate muds and sands in varied propor-
tions, particularly in the sandy-silt and silty-sand
size classes. Additional bottom facies that play an
important role in the morphology of the area are
limestone rock and coral reefs.

These classi¢cations were made during the ini-
tial WFS Planet survey by evaluating the track-
line acoustic impedance predictions (Fig. 2a) in
combination with vertical acoustic pro¢les similar
to that of Fig. 3. Many of these pro¢les record a
high-impedance subbottom re£ector, the Pleisto-
cene surface, which crops out in several locations
in the east and transitions into a topographically
high-reef structure in the south (Mallinson et al.,
1997; Walter et al., 1997; Walter, 1998; Wever et
al., 1997). Little, if any, sediment cover is ob-
served at these locations. Sediment cover does,

however, thicken towards the north and west on
approaching the shallow carbonate banks of the
Dry Tortugas (Mallinson et al., 1997, ¢g. 3C).

The area is portrayed in the 15-kHz trackline
plot (Fig. 2a) and the 12-kHz trackline plot
(Fig. 2b) in yellow as the sector with the lowest
impedance (6 2.45 ip). The low-impedance return
occurs here because acoustical backscatter is re-
duced as the result of the apparent dominance of
¢ne materials in the sediment volume. This obser-
vation is corroborated by the presence of low
acoustic impedance values calculated from core-
derived wet bulk density and compressional wave
velocities, low mean grain sizes and a predomi-
nance of silt- and clay-size fractions (Tables 1
and 2).

The central north and northwest sections have
a thick sediment covering of a carbonate silt/sand
mixture, while the hard, sometimes exposed lime-
stone bedrock is a prevalent feature that crosses
the test area diagonally from the northeast to the
southwest. Low-impedance/soft silty Holocene
sediment ponds that overlie the buried limestone
bedrock lows between antecedent high structures
represent the southern portion of the test area.

Deep sediments in the sediment ponds, as well
as other thick (s 3 m) sediment deposits in the
northwest corner of the study area, display a dis-
tinctly weak acoustic signature and are described
as ‘acoustic transparent zones’ (ATZs). These
zones are ostensibly devoid of acoustic return be-
low the sequence of carbonate sediments above
them. The low-intensity acoustic return is ob-
served best in the 4-kHz acoustic imagery by a
white zone that lies below the sur¢cial sediment
and slightly above the bedrock surface (Fig. 3).
The location of these ATZs in the northwest cor-
ner correlates well with a change in mean grain
size and color in several of the cores that pene-
trated to this depth. The low-acoustic response
also coincides with the occurrence of darkening
sediment color (graying) and ¢ne grain size (silt)
at core sample depths below approximately 2 m
within the study area (Mallinson et al., 1997;
Stephens et al., 1997).

The impedance contour maps presented in
Figs. 5 and 7 were created after reprocessing the
R/V Seward Johnson 12-kHz acoustic data. Com-

MARGO 2994 23-4-02 Cyaan Magenta Geel Zwart

D.J. Walter et al. / Marine Geology 182 (2002) 161^177 173



parisons of the 12-kHz trackline data with the
contour maps illustrate reasonable agreement.
Sediment facies trends characterized in these
maps are comparable to the uncorrected (real-
time) 15-kHz data. However, portions of the de-
tailed data in the corrected (12-kHz) trackline
map (Fig. 2b), denoting a more heterogeneous
and spatially variable sediment facies distribution,
are lost in the process of contouring the data due
to the interpolations performed by the gridding
software. Apparently the spatially detailed cover-
age obtained on a ping-to-ping basis by the acous-
tic system and conspicuous in Fig. 2b, is averaged
out during the process of gridding and contouring
the data, especially at wide track spacing (1.0 km)
used during acquisition of the 12-kHz data.

A comparison of acoustic impedance values
from sediment core data with 12- and 15-kHz
acoustic predictions in the northwest quadrant
of the study area show close agreement (Table 2).
The processed track data presented in Table 1
represent an average value for three consecutive
pings at the closest point to the core site. In most
cases, the acoustic track did not cross over the
core location exactly and, as observed in the color
trackline impedance plots, sur¢cial sediment im-
pedances were variable in several cases along
track. The slight discrepancy in the 12-kHz pre-
dictions is due to the fact that no sensitivity in-
formation was available regarding the 12-kHz,
hull-mounted transducer array. This information
is a required input to the acquisition software to
provide accurate raw data values from which the
sediment impedance predictions are calculated
(Lambert, 1988).

No core data are available to test the validity of
the acoustic predictions in the red and gray re-
gions of the contour maps. However, Wever et
al. (1997) reported Wentworth size class descrip-
tions for four grab samples obtained in this area
(locations identi¢ed with ‘pl’ preceding the site ID
number in Fig. 4) as well as ¢ve additional sam-
ples obtained from the northwest corner. A total
of 31 samples were described by Wever et al.
(1997) using Wentworth terminology. Four size
classes were identi¢ed within the entire study
area: ¢ne and medium silt, coarse silt, ¢ne and
medium sand, and coarse sand. Both silt sizes

were prevalent in the northwest corner while
sands were dominant in the eastern area of the
site. These data are presented in Table 3 with
predicted acoustic impedance ranges (colors) at
these sites (site #167 was also used by Wever
but is reported in Table 1). Side scan sonar re-
cords illustrating areas of high and low backscat-
ter also con¢rm the trend from coarse sediment
cover in the east to ¢ne cover in the west (Wever
et al., 1997). The acoustic facies identi¢ed using
side scan sonar data compare reasonably well
with facies delineated by the trackline maps
(Fig. 2) and the impedance contour maps pre-
sented in Figs. 5 and 7.

5.2. Geologic assessment

Sediments in the experimental site consist al-
most entirely of carbonate materials with 6 10%
terrigenous content (Briggs et al., 1996; Stephens
et al., 1997). The major source of silt and sand
size fractions in the locations with thick sediment
cover are the benthic, calcareous green alga Ha-
limeda transported o¡ the shallow platforms ad-
joining the Keys (Halley, 1979; Bentley and Nit-
trouer, 1997).

A scanning electron microscope image of two
subsamples from core KW-PE-GC-147 (Fig. 6)
shows a typical breakdown of constituent par-
ticles within the sediment volume. Particularly
evident in this and other samples are the skeletal
grains of sand- and silt-sized Halimeda fragments
with interstitial, ¢ne-silt-sized, micritic aggregates.
The source of these Halimeda skeletons is the car-
bonate banks to the west, north and northeast of
the study area, reported by Vaughan (1914),
Shinn et al. (1977), Halley (1979), and recently
by Bentley and Nittrouer (1997).

All geomorphic features in this area have a
northeast to southwest trend suggesting the pres-
ence of a prevalent current pattern that £ows
around the platform from north and northeast
and the southwest (Wright et al., 1997). Account-
ing for the bathymetric features within the con-
¢nes of the immediate Southeast Channel area,
these current patterns result in a retention of sedi-
mentary material at the foot of the eastern escarp-
ment of the Garden and Bush Key platform. Be-
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sides tidal current in£uences, the dominance of
subtropical easterly winds likely create an addi-
tional constraint on transport of sediment out of
this area (Rhodes et al., 1989), enhancing the po-
tential for retention of sediment.

Exposures of limestone bedrock and coral reef
communities are also apparent in several sections
of the study area. The reefs occur on bathymetric
highs formed by the ascending bedrock in a
northeast-to-southwest diagonal band across the
southern portion of the study area. Thick sedi-
ment ponds have accumulated on the £anks of
these features.

Signs of paleo-subaerial exposure and paleo-
current e¡ects are indicated by the presence of
several karst features on the exposed and buried
limestone bedrock (Figs. 8 and 9, respectively).
Mallinson et al. (1997) also recognized karst on
the surface of the Key Largo limestone bedrock.
These features suggest that previously active pro-
cesses eroded the buried bedrock formation dur-
ing a period of lowered sea level. Walter et al.
(1997) and Walter (1998) showed evidence of an
incised paleo-channel illustrated in several acous-

tic records crossing the site from west to east. This
feature appears as a sharp ‘V’ trending downdip
along the Pleistocene bedrock surface and east-
ward through the study area, suggesting a some-
what linear northeast-to-southwest channel
(Fig. 9). Interestingly, this paleo-channel also
has an inclination similar to that of the present
reef structure, i.e., northeast to southwest.

6. Conclusions

The combined analysis of core and acoustic

Fig. 9. Acoustic imagery showing incised features (white el-
lipses) extending eastward through a portion of the study
site in the buried Pleistocene surface. Positions are approxi-
mate.

Fig. 8. Acoustic imagery showing examples of locations
(white ellipses) where Pleistocene Key Largo Limestone crops
out onto the sea£oor. Positions are approximate.
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data from Southeast Channel shows a variety of
bottom facies provinces ranging from hard corals
in the southern portion to soft carbonate sandy
silts and silty sands in the regions with thick sedi-
ment cover (s 3 m). The northwest corner, adja-
cent to Garden and Bush Keys, has approxi-
mately 1^3 m of silty sand (with a shell layer
approximately 1 mbsf) over the Key Largo lime-
stone bedrock. As this sediment layer thins over
the bedrock to the east, it transitions into a mix-
ture of coarser silty sand and shell. Thick sequen-
ces of carbonate silts have also been deposited in
the topographic lows of the limestone bedrock at
the £anks of the reefs. All of these thick sequences
exhibit a low-intensity acoustic response, i.e., are
acoustically transparent, at approximately the
same depth below sea£oor as the graying/¢ner
sediments observed in core samples.

Carbonate bedrock underlies the sur¢cial sedi-
ments in the entire area, but rises to the sea£oor
and crops out in the northeast corner of the study
area. This bedrock also crops out at the southern
portion, partitioning into two separate carbonate
reef structures that pass through the southern
portion of the site in a northeast-to-southwest di-
rection. The areas of bedrock outcrop are devoid
of signi¢cant sediment cover but may retain
coarse sand- and gravel-size fractions.

Correlation of two independently collected
acoustic data sets (Fig. 2a, 15 kHz at 150-m spac-
ing and Fig. 2b, 12 kHz at 1-km spacing) demon-
strates the advantage of producing a real-time im-
pedance map to represent bottom composition
and structure within the boundaries of a surveyed
area. Normalizing the sediment acoustic impe-
dance data at the same position as that of a
ground truth core sample yields predictions that
fall within an acceptable range of accuracy to de-
¢ne sediment facies in terms of combined Went-
worth/Folk descriptions, i.e., mean grain size and
text-based sediment type. The approach of corre-
lating acoustic impedance values with sediment
mean grain size and percent size fraction can be
used with con¢dence to construct a sur¢cial sedi-
ment facies map to characterize sediment facies
and delineate their areal distribution. Two- and
three-dimensional impedance contour maps cre-
ated with this data provide a representative and

usable illustration of sediment facies patterns,
provided adequate coverage is obtained with an
appropriate survey pattern.
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