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FIG. 2. Map of Coral Bay showing vibracore and surface sediment sampling sites (basemap from Devine et al.,

2003).

island-derived sediments enter the bay as
point sources where guts empty into the
bay.

%oral Harbor is fringed by mangroves
and salt ponds, and is home to a cruising
and live-aboard population of 75-150 boats
at any particular point in time. Adjacent to
Coral Harbor, Hurricane Hole forms part of
the relatively new Virgin Islands Coral Reef
National Monument Protected Area, along
with numerous other smaller bays to the
east. This area contains a very diverse near-
shore ecosystem, deeper open-marine envi-
ronments and offshore cays and rocks. Sea-
grass beds, fringing mangroves, wetlands,
coral reefs, and other coral communities are
common. The elkhorn coral, Acropora pal-
mata, once common in these waters as an
important reef builder, was decimated over
the past 20 years by storms and diseases of
unknown origin, but has been showing
signs of limited recovery over the past few
years (Devine et al., 2003).

Coral Bay has experienced a recent and
rapid growth in population, increasing by

almost 80% from 1990 to 2000 (U.S. Census
Bureau, 2000). This rapid growth rate was
accompanied by a dramatic increase in in-
frastructure including paved and unpaved
roads, residential and commercial con-
struction, and other permitted and non-
permitted uses (Devine et al., 2003). Runoff
associated with these activities has trans-
ported sediments directly into Coral Bay,
thereby providing a unique opportunity to
track the sedimentary signature of a recent
(past few decades) transition from a natural
to an anthropogenically impacted coastal
system in a high relief, tropical setting.

Approach

The majority of Caribbean sedimentation
studies have used sediment traps to deter-
mine sediment source, sediment quality,
rates of input, and distribution of sediment
input to the marine environment (Nowlis et
al., 1997, Nemeth and Nowlis, 2001; Torres
et al,, 2001; Nugues and Roberts, 2003).
While sediment traps provide useful infor-
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mation for determining linkages between
source and the marine environment, as well
as establishing the threshold and extent of
run-off in response to a particular event,
they are inefficient for determining where
sediments are ultimately deposited, sedi-
ment accumulation rates, and temporal
changes in sedimentation over geologic or
historic time frames.

Sediment vibracores and surface samples
were collected in this study to record the
Holocene geologic development of Coral
Bay, and determine if there has been an in-
crease in terrigenous sediment deposition
as a result of increases in anthropogenic ac-
tivities associated with island development
over the past few decades. Specific objec-
tives include the following;:

1. Identify sedimentary facies (i.e., distinct
sedimentary units), environments of
deposition, sources of inputs, and rates
of accumulation.

2. Determine the natural depositional his-
tory of Coral Bay since being flooded by
the Holocene sea-level rise.

3. Identify sedimentary facies resulting
from anthropogenic activities, by com-
paring the surficial sediments deposited
during the time of most recent anthro-
pogenic activities, with underlying units
deposited prior to these activities.

4. Define the distribution pattern of natural
and anthropogenically altered sedi-
ments, and the processes and controls
governing their distribution. Specifi-
cally, are sediments preferentially de-
posited near their sources of input? Are
they transported into deeper parts of the
bay and deposited in a low energy re-
gime, or are they transported completely
out of the bay and into the deep marine
environment?

Results of this study will help to better
understand the marine impacts of island
development as well as provide data that
will aid in the management of marine re-
sources.

METHODS

Vibracores and surface sediment samples
were collected in Coral Bay during the

summer and fall of 2002. Sampling loca-
tions were chosen by proximity to input
sites, while maintaining adequate coverage
throughout the study area (Fig. 2). Sites
were concentrated within Coral Harbor, the
area of most likely impact due to recent
increases in development. Locations were
determined using a handheld GPS.

Vibracores were collected at 12 sites (Fig.
2) in 3” (diameter) by 10" (long) aluminum
barrels attached to a standard cement vi-
brator, which was driven by a 5 hp gasoline
powered engine (Lanesky et al., 1979). Each
vibracore was split longitudinally, de-
scribed, photographed, and subsampled
for further analyses. Subsample locations
were based upon visual descriptions, and
at least one sample for every lithology was
collected. Where no lithologic breaks were
detected samples were collected at regular
intervals down core. At least four samples
per core were collected.

Surface sediment samples were collected
at 47 sites (Fig. 2) by diver or Ponar grab
sampler. Sample site locations were deter-
mined based upon coverage and bottom
type. Approximately the upper 2 cm of the
surface sediment layer were collected.

All sediment samples were analyzed in
the laboratory for grain size, calcium car-
bonate content, organic content, and con-
stituent composition. Grain size was deter-
mined by initially wet sieving the sample
through a 63 pm screen. The sand-size (>63
pm) fraction was then analyzed by settling
tube (Gibbs, 1974), and the fine-size (<63
pum) fraction by pipette (Folk, 1965). Car-
bonate content was determined by the acid
leaching method (Milliman, 1974). Organic
content was determined by loss on igni-
tion (LOI) after at least 2.5 hours at 550°C
(Dean, 1974). Selected samples were visu-
ally observed under reflected light by the
line method (Carver, 1971) in order to de-
termine the composition of the sand-size
fraction. Most samples selected were near
the core tops in order to characterize recent
deposition. Mineralogical content was de-
termined on selected samples by x-ray dif-
fraction (XRD) at the University of Georgia,
Athens.

The geochronologic framework was de-
termined using '*C and ?'°Pb dating meth-
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ods. Due to the paucity of datable material,
only one core (VC-02) was dated, but re-
sults are augmented with data from outside
the study area. Accelerator Mass Spectrom-
etry (AMS) C dating was derived from
organic-rich sediments at a depth of 90 cm
in core VC-02 in an interval presumed to
represent the pre-anthropogenic develop-
ment of the system. Analyses were con-
ducted by Beta Analytic, Inc., in Coral
Gables, FL. Age calibrations were calcu-
lated according to Stuiver and Plicht (1998),
Stuiver et al. (1998) and Talma and Vogel
(1993).

Samples for *'°Pb analyses were col-
lected at 2-cm intervals over the upper 1 m
of core VC-02. This procedure has the po-
tential of determining age and timing of
events over the past 100 years and is ideal
for characterizing short-term ecosystem
changes. Analyses were conducted at the
USGS Short-Lived Isotope Lab, St. Peters-
burg, FL.

Accumulation rates were calculated for
the natural development of the system over
the past several thousand years based on
!4C dates. Rates over the past 100 years, the
period of most recent anthrogogenic activi-
ties, were calculated using *'’Pb profiles.
Both linear accumulation rates (expressed
as cm/yr) and mass accumulation rates (ex-
pressed as g/cm?/yr) were calculated to
correct for discrepancies due to differential
compaction, allowing a direct comparison
of modern accumulation rates with natural,
long term accumulation rates.

RESULTS

Sediment grain size, calcium carbonate
content and organic content are all highly
variable likely reflecting a variety of
sources, input mechanisms and energy re-
gimes.

Sedimentary constituents are composed
of a combination of biogenically precipi-
tated carbonate fragments and non-
carbonate grains (Table 1). The carbonate
fraction consists of typical shallow-water
tropical organisms. The non-carbonate frac-
tion consists of quartz, feldspar, and terrig-
enous rock fragments from the nearby is-

land, with subordinate amounts of organic
material.

Sedimentary facies

Based upon texture and composition
four distinct sedimentary facies are identi-
fied reflecting a variety of depositional en-
vironments (Table 2). The blue-green clay
(bgc) facies is the lowermost sedimentary
facies sampled in cores. It is dominantly
blue-green in color with mottles of dark
gray and brown. It consists of >40% mud-
size (<63 pm) material, <10% calcium car-
bonate and variable organic content (LOI).
The high degree of sediment cohesion sug-
gests significant clay mineral content. Re-
sults of XRD analysis indicates the presence
of the clay mineral palygorskite, commonly
thought to represent deposition under el-
evated pH and salinity (Jones and Galan,
1988). Roots, burrows, and sporadic con-
centrations of cobble-sized lithoclasts of
terrigenous origin are also present. The
“bgc” facies was found in the lower section
(0.89-2.2 m down core) of core VC-01 only
(Fig. 3).

Overlying the blue-green clay facies is
the organic mud (om) facies. The transition
between the two facies is indistinct and
burrowed. The organic mud facies contains
>60% mud (<63um) with 8-20% organic
content (LOI) (Table 2). Carbonate content
is highly variable and roots, burrows, and
fibrous organic material are common. The
organic mud facies was identified in cores
VC-01 and VC-02 (Figs. 3 and 4). The upper
part of the “om” facies in VC-02, residing
~6x m below present sea level, yielded a
radiocarbon date of 5,040 calendar years
before present.

Overlying the organic mud facies is the
muddy shelly sand/gravel (mssg) facies
(Figs. 3 and 4). The contact between the two
facies is generally well defined and distinct,
but may be burrowed and less distinct. The
“mssg” facies is characterized by >40%
sand/gravel sized grains, with most
samples containing >60% (Table 2). The
carbonate content is >40% with most
samples containing >80%, and the organic
content (LOI) is consistently <<5%. Sedi-
ment constituents consist of echinoderm
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TABLE 1. Sediment constituents of selected Vibracore samples. Gray shading indicates samples in the im-

pacted layer.

cm Benthic

Core  downcore Terrigenous

foram Echinoderm Mullusc

Unidentified
CO; fragments Other*

Coraline Halimeda
algae

VC-01 0.05
0.15
0.44
0.02
0.10
0.24
0.18
0.31
0.68
0.12
0.30
0.45
0.60
0.02
0.10
0.05
0.14
0.02
0.10
0.22
1.00
0.02
0.10
0.18
1.00
0.04
0.15
0.25
0.07
0.22
0.83
0.04
0.18
0.40 Tr
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D = Dominant (>50%), A = Abundant (25-50%). C = Common (10-25%), R = Rare (1-10%). Tr = Trace (<1%).
*Includes; sponge, ostracod, annelid, bryozoa, organic material.

fragments, Halimeda grains, molluscan frag-
ments, benthic foraminifera tests, and uni-
dentifiable carbonate fragments (Table 1).
Terrigenous material generally occurs in
trace to rare quantities. Carbonate debris
consists of fresh to worn whole shells or
shell fragments, and rare blackened carbon-
ate particles. The “mssg” facies is com-
monly fining upward and consistently light

tan in color. It makes up the bulk of the
sediment recovered in cores.

The surficial facies in the study area is
the sandy mud/muddy sand (smms) fa-
cies. It is generally a thin (8-50 cm thick),
fining-upward sequence with an indistinct,
gradational or burrowed basal contact. It
typically consists of 25-60% mud-size
(<63pm) particles, <80% carbonate grains,
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TABLE 2. Sediment facies and distinguishing characteristics.

Depositional

Sedimentary

% TOC
(LOI)

% Sand &
% gravel

environment

constituents

Core % Mud % CO3
25-60%, some <20%

VC-01-12

Facies

Impacted marine

Terrigenous-R-D most A-D,

>5% most

<80%

Variable

Sandy mud-

increasing toward top?,

muddy sand

some high below contact
Mollusc, Halimeda, B. Foram,

Open marine

<<5%

>40%, most >60% Variable >40%, most >80%

VC-01-12

Muddy shelly

Echinoderm, unidentified

sand/gravel

CO3-C-A, Terrigenous-Tr-R

No data

Marginal Marine

8-20+%

>60% Variable

Variable

VC-01, VC-02

Organic mud

Paralic
Marine/non-marine

G. R. BROOKS, ET AL.

No data

Variable

>40% <10%

Variable

Blue green clay VC-01

Pre-transgressive

and >5% organic content (LOI) (Table 2).
Sediment constituents generally consist of
abundant to dominant terrigenous clastic
material that commonly increases toward
the surface. Results of XRD analysis record
terrigenous material consisting dominantly
of quartz and feldspar. The “smms” facies
is defined by a finer grain size, increase in
organic content, increase in terrigenous
constituents, and subtle decrease in carbon-
ate content with respect to the underlying
“mssg facies”. !°Pb data show that the en-
tire surficial unit from core VC-02 was
deposited since the 1950’s at a linear ac-
cumulation rate of 0.25 cm/yr and a mass
accumulation rate of 0.146 g/cmz/yr
(Fig. 4).

Characteristics and distribution of
surface sediments

Surface sediments in Coral Bay show a
general pattern of finer sediments near the
bay head and coarser sediments near the
bay mouth (Fig. 5). Finest sediments are
concentrated in Coral Harbor with most in
the 20 - 60 mean grain size range (medium
sand to medium silt). The finest sediments
in Coral Harbor are medium silt size, and
are confined to the innermost portion.

Surface sediments in Coral Bay outside
Coral Harbor have mean grain sizes in the
0 0-2 o (medium to coarse sand) range. Ex-
ceptions include the tops of cores VC-12,
VC-06, VC-10 and VC-11 and site 21 (Fig. 2)
with mean grain sizes between 2 g and 4 o
(fine sand to very fine sand). All were col-
lected from protected, low-energy areas.
Site 27 had a mean grain size of 4 o-5 o
(coarse silt), and was collected from an
open, exposed portion of the bay (Fig. 2).

Calcium carbonate content in surface
sediments is typically >80% indicating a
strong marine influence (Fig. 6). Exceptions
are concentrated in the innermost portions
of Coral Harbor, where values are con-
sistently <60%. Calcium carbonate sedi-
ments consist primarily of biogenic grains
thereby representing a marine source. Non-
carbonate sediments may reflect a variety
of sources, but are primarily quartz, feld-
spar and terrigenous rock fragments. An-
other minor component of non-carbonate
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FIG. 5. Map of Coral Bay showing the distribution of surface sediment mean grain size in phi (¢) units. Note
that finest sediments are concentrated near heaviest island development in Coral Harbor.

sediments is organic matter, but it gener-
ally represents a small percentage of the
total sediment. The greatest variability in
calcium carbonate content is within Coral
Harbor where values range from approxi-
mately 30% to 80%. Calcium carbonate con-
tent increases in a seaward direction. Sedi-
ment samples in Coral Bay outside of Coral
Harbor are almost entirely calcium carbon-
ate (>95%) except some sites in the south-
eastern portion of the bay in a protected
area where values range from 50% to 80%
calcium carbonate. In general, the distribu-
tion of calcium carbonate is consistent with
grain size in that most terrigenous (non-
carbonate) deposition is concentrated in the
northern, most protected part of Coral Har-
bor, and most marine (carbonate) sedi-
ments are deposited in more exposed por-
tions of Coral Harbor and the open bay
(Fig. 6).

The organic content (LOI) of surface sedi-
ment samples in Coral Bay is generally low

with most below 2% (Fig. 7). Highest val-
ues were found in Coral Harbor with most
>2%. The highest value (>9%) was found at
the top of core VC-08 in the center of the
harbor. The next highest values, reaching
4-5%, were found in the northwest corner
of Coral Harbor. This distribution pattern
reflects substantial organic input coupled
with poor circulation in Coral Harbor, es-
pecially in the innermost and deepest (>5
m), central portions. The source of organic
matter is difficult to assess, but could be the
vegetation surrounding the harbor, or po-
tentially waste from the large numbers of
boats typically anchored in the harbor. The
latter may be true for the high value (>9%)
at the top of core VC-08, which had a dis-
tinct sewage smell upon opening the core.
The top of core VC-05, located near the
mouth of a major gut west of the entrance
to Coral Harbor (Fig. 2), also had a sewage
odor and an organic content of 3-4%.
Outside of Coral Harbor, the organic
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FIG. 6. Map of Coral Bay showing the distribution of calcium carbonate in surface sediments. The non-
carbonate fraction consists dominantly of terrigenous sediments from island runoff. Note that terrigenous
sediments are concentrated near heaviest island development in Coral Harbor.

content is consistently below 1%, except for
the top of core VC-12 with >5%, and site 28
with 1-2%. Core VC-12 was collected from
Hurricane Hole, a protected portion of the
bay that has experienced recent develop-
ment, and site 28 was located in the open
bay (Fig. 2). The reason for elevated organic
levels at these sites is unknown.

DiscussioN

Facies architecture and depositional history

Based upon the 3-D arrangement of sedi-
mentary facies, a 4-stage conceptual model
of Coral Bay was developed (Fig. 8). Focus-
ing on Coral Harbor, it illustrates the natu-
ral transgressive development of the bay,
followed by a recent increase in terrigenous
input likely reflecting anthropogenic influ-
ences. The basal sedimentary unit, “bgc”
facies, is interpreted to represent a combi-

nation of marine and non-marine deposits,
including soil horizons and weathering re-
sidua. The mixture of different sediment
types suggests that deposits were reworked
and amalgamated, likely while exposed
prior to being inundated by the Holocene
sea-level rise (Stage 1).

Stratigraphically overlying the “bgc” fa-
cies, the “om” facies is interpreted as
paralic (i.e., marginal marine) in origin,
likely deposited in a coastal mangrove
swamp or similar type of environment
(Stage 2). The radiocarbon date of 5,040 cal-
endar years near the top of this unit ~6+ m
below present sea level, suggests that rising
sea level was just beginning to inundate the
area during this time period. This is consis-
tent with Caribbean sea-level curves (Tos-
cano and Macintyre, 2003; Hubbard et al.,
2005), and provides a time constraint for
the deposition of overlying marine sedi-
ments.
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FIG. 7. Map of Coral Bay showing the distribution of organic matter (LOI) in surface sediments. Note that
highest values are concentrated near heaviest island development in Coral Harbor.

Following inundation by rising sea level,
marine conditions were established and
tropical marine carbonate sediments were
produced and deposited along with terrig-
enous material from the adjacent island
(Stage 3). This is represented by the “mssg”
facies, which reflects the natural develop-
ment of Coral Bay prior to extensive human
activities.

The surficial “smms” facies has been des-
ignated as impacted marine, and is inter-
preted to represent increased sediment
runoff from the nearby island likely in re-
sponse to human activities (Stage 4). Most
cores show evidence of increased terrig-
enous input. This terrigenous signal, de-
fined by a deviation in sediment texture
and composition from underlying sedi-
ments deposited previous to anthropogenic
occupation, is strongest in Coral Harbor
and, with few exceptions (e.g., VC-12), de-
creases in the open portions of Coral Bay.

Based upon '*C and ?'°Pb data, sediment

accumulation rates have also recently in-
creased, reflecting the intensification of is-
land runoff. The radiocarbon date (5,040
calendar years) collected from the upper-
most part of the paralic unit in VC-02,
yields an average linear accumulation rate
of approximately 20 ¢cm/1,000 years (0.02
cm/year) since being flooded by Holocene
sea-level rise. This is a reasonable rate for a
natural coastal system and assumes that
there have been no breaks in deposition
during this period. *'°Pb data from the
same core yield a linear accumulation rate
of 0.25 cm/yr for the entire “smms facies”
(surficial 14 cm), an increase by approxi-
mately one order-of-magnitude. Mass accu-
mulation rates, calculated to correct for dif-
ferential compaction, similarly showed an
increase from 0.015 g/cm?/yr to 0.146
g/cm?/yr over the same interval. Although
this increase is slightly less than that calcu-
lated using linear accumulation rates, the
increase is still approximately one order-of-
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FIG. 8. Conceptual 4-Stage model depicting the sedimentary development of Coral Bay during the Holocene
sea-level rise. Note the increase in sediment input associated with anthropogenic activities.

magnitude, which means the entire surfi-
cial (impacted marine) facies was deposited
within approximately the past 50-60 years,
or since about the 1950’s.

The lack of datable material precluded
the calculation of additional accumulation
rates in Coral Bay, but data from nearby
Fish Bay and Newfound Bay salt ponds

(Fig. 1) can be used for comparison. Fish
Bay salt pond is located at the base of a
watershed exhibiting moderate develop-
ment. Linear accumulation rates have
shown a modest 2.5x increase from an av-
erage of 0.08 cm/yr over the past few thou-
sand years, to 0.20 cm/yr over the past 100
years (Mclean et al., 2004; Schwing et al.,
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2005). Mass accumulation rates have in-
creased from an average of 0.03 g/cm?/yr
to 0.10 g/cm?/yr, or a factor of 3.3x, over
the same time period. This modest increase
in sediment accumulation rate is consistent
with the moderate rate of anthropogenic
development the area has experienced in
the recent past, and similar to current sedi-
ment yield rates (Anderson and MacDon-
ald, 1998; Ramos-Scharron and MacDon-
ald, In Press).

Newfound Bay salt pond, on the other
hand, is at the base of an undeveloped wa-
tershed and average linear accumulation
rates have shown only a slight increase (a
factor of 1.4) from 0.05 cm/yr over the past
2,000 years, to 0.07 cm/yr over the past 100
years (Mclean et al., 2004). These rates are
similar to those calculated for the pre-
anthropogenic section of VC-02. Mass accu-
mulation rates show even less of an in-
crease (a factor of 1.2) from 0.015 g/ cm?/ yr
to 0.018 g/cm?/yr for the same time period
(Mclean et al., 2004). The lack of a signifi-
cant increase in accumulation rate is con-
sistent with the lack of recent anthropo-
genic activities in the Newfound Bay
drainage basin.

It is reasonable to conclude that the dra-
matic increase in sediment accumulation
rates in Coral Bay over the past 50-60 years
is a result of the increase in anthropogenic
activities during this time period. Since the
1950’s St. John has experienced rapid de-
velopment of vacation homes and tourist
related activities (MacDonald et al., 1997),
and the unpaved road network has ex-
panded correspondingly. It is estimated
that sediment delivery to the coastal envi-
ronment in the early 1990’s was 3-4 times
greater than the long-term historic rate, and
the expanded unpaved road network was
identified as the primary sediment source
(Anderson and MacDonald, 1988; Ramos-
Scharron and MacDonald, In Press). It fol-
lows therefore that the surficial terrigenous
signal detected in cores is a result of an
increase in sediment delivery to the coastal
system in response to heightened anthro-
pogenic activities since the middle of the
last century. An implication of this inter-
pretation is that either the early plantation
agriculture and associated activities begin-

ning in the early 1700’s had no detectable
impact on the sedimentary record in Coral
Bay, or the signal of these activities cannot
be resolved with available technology.

Controls and processes influencing
sediment distribution

The magnitude of the surficial terrig-
enous signal (i.e., deviation from the under-
lying natural signal) varies considerably
and generally decreases outside of Coral
Harbor and into the more open and unpro-
tected parts of Coral Bay (Fig. 8—Stage 4).
Deposition of terrigenous sediment is more
pronounced near shore in the innermost
portion of Coral Harbor, as well as in the
central, deep (>5 m) portion. This suggests
that the spatial distribution of terrigenous
sediment in Coral Harbor is controlled by
proximity to input source in combination
with energy level. Coarser grained terrig-
enous sediments accumulate near shore,
adjacent to their input sources, where finer
grained terrigenous sediments accumulate
near shore in sheltered, low energy areas
where they cannot be easily remobilized
and exported. Similarly, the central portion
of the harbor is also the deepest (>5 m), and
energy levels are lower, thereby facilitating
the deposition and accumulation of fine-
grained sediments.

Outside of Coral Harbor in the open por-
tion of Coral Bay, surface sediments are
dominantly medium-coarse, sand-sized
biogenic carbonates, and the terrigenous
signal is minimal. This is probably due to
the higher energy levels, causing most of
the fine-grained terrigenous sediment in-
put into the open portion of the bay to be
quickly exported out of the bay and into
deeper water, or possibly transported back
into Coral Harbor. In more sheltered por-
tions of Coral Bay such as Hurricane Hole
(Fig. 1), the surficial terrigenous signal is
more substantial with primarily very fine
sand size sediments and less (70-80%) cal-
cium carbonate (Figs. 5 and 6). This pattern
suggests that recent development may
have increased terrigenous run-off in some
areas, and that small, isolated depositional
centers exist that collect and accumulate
terrigenous sediments. Carbonate sedi-
ments continue to dominate however.
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In summary, the surface sediment distri-
bution pattern suggests that proximity to
input source and energy level are the domi-
nant controls for terrigenous sediment
deposition and accumulation. The bulk of
terrigenous deposition is in Coral Harbor.
Coarser-grained terrigenous sediments are
deposited near shore adjacent to their input
source. Some fine-grained terrigenous sedi-
ments are deposited in low energy regions
within the harbor. Most terrigenous sedi-
ments making it outside Coral Harbor are
fine-grained and likely bypass the bay com-
pletely. Similarly, most fine-grained terrig-
enous sediment that is input directly into
the open bay is likely exported quickly, ex-
cept for some entering into low energy,
poorly flushed areas where they accumu-
late in isolated depositional basins.

Comparisons with other impacted
coastal systems

Previous studies on Hawksnest Bay
along the northwest St. John shore, and
Fish and Reef Bays along the southwest St.
John shore (Fig. 1), yielded similar results
in that sediment distribution was found to
be controlled by proximity to input source
and energy levels (Hubbard et al., 1987).
Age dating and associated accumulation
rates were not determined so the magni-
tude of increased sediment input remains
unknown, but it was concluded that terrig-
enous input varied greatly among the three
bays and depositional patterns were inter-
preted to reflect an increase in fine-grained
sediment input associated with anthropo-
genic activities. They also established that
fine-grained sediments were deposited in
the deeper and quieter seaward most por-
tions of the bays (Hubbard et al., 1987).

Surface sediment distribution patterns
and core data from Coral Bay are consistent
with the findings of Hubbard et al. (1987),
except that in the open Bay outside of Coral
Harbor there appears to be little accumula-
tion of terrigenous sediment, even in
deeper areas. This may be because the Bay
is exposed and energy levels are too high
for the deposition of fine-grained sedi-
ments as discussed above, although
Hawksnest, Reef and Fish Bays are much

more open and exposed than Coral Bay.
The similarity in historical patterns of sedi-
ment accumulation suggests that Coral Bay
experienced a similar evolution to Fish,
Reef and Hawksnest Bays, and that in-
creases in terrigenous content in surface
sediments are likely due to anthropogenic
activities.

The sedimentary records of Mandel salt
pond and Reef Bay mangrove swamp on
the south coast of St. John were investi-
gated to determine if sedimentation rates
had changed in response to human activi-
ties in the watersheds (Nichols and Brush,
1988). Mandel Pond, described as relatively
free from human activity, revealed mass ac-
cumulation rates ranging from 0.03-0.042
g/cm?/yr for the past 3,300 years with no
appreciable change over the past 560 years.
These rates are consistent with pre-
anthropogenic rates calculated for Coral
Bay, as well as historic and modern rates
calculated for the nearby, and relatively un-
impacted Newfound Harbor salt pond.
Reef Bay mangrove swamp, described as
having a history of substantial human ac-
tivity, revealed mass accumulation rates
ranging from 0.014-0.173 g/cm?/yr for the
past 3,300 years, with one of three cores
showing a fivefold increase in younger ma-
terial over older material (Nichols and
Brush, 1988). Although a recent increase in
accumulation rate is evident in some cores,
results are inconsistent and the increase is
not as dramatic as that found for Coral Bay.
This is likely due to the differences in dat-
ing methods as Mandel salt pond and Reef
Bay mangrove swamp sediments were
dated by '*C augmented with pollen re-
cords, which resulted in averaging data
over the past 500+ years. Coral Bay sedi-
ments, as well as Newfound Harbor and
Fish Bay salt ponds, were dated using a
combination of C and ?'°Pb methods,
which allow the determination of accumu-
lation rates over the last 100 years, the pe-
riod of most intense human activities.

Other anthropogenically impacted
coastal systems that can be used for com-
parison include Tampa Bay and Charlotte
Harbor, two Florida gulf coast estuaries,
and Chesapeake Bay, along the mid-
Atlantic U.S. coast, although all are much
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larger in scale than Coral Bay. Tampa Bay
and Charlotte Harbor are strikingly similar
to one another in both depositional pattern
and accumulation rates. Both were in-
undated by the Holocene sea-level rise
starting ~6 ka and overlying estuarine sedi-
ments have accumulated at average rates
of ~0.03-0.06 cm/yr since that time (Brooks
et al., 2004). The surficial 30+ cm show no
appreciable differences in texture and/
or composition from underlying sedi-
ments, but 2'°Pb and '¥Cs data indicate lin-
ear accumulation rates have increased to
~0.28-0.44 cm/yr, or almost one order-of-
magnitude, likely due to anthropogenic ac-
tivities over the past 100 years. This sug-
gests that anthropogenic activities have not
substantially altered the natural sediment
distribution patterns, but the rate of sedi-
ments entering the estuary has increased
dramatically (Brooks et al., 2004).

Chesapeake Bay, the largest estuary in
the US, exhibits a similar scenario. It was
inundated by rising sea level ca. 6-8 ka
(Cronin et al., 2000) and contains a thick
Holocene sedimentary section made up
primarily of restricted to open estuarine
muds, muddy sands and sandy muds (Bau-
com et al.,, 2000). Like Tampa Bay and
Charlotte Harbor, there are no obvious de-
viations in sediment texture and composi-
tion that can be attributed to anthropogenic
activities, but mass accumulation rates
have increased by a factor of four since the
period of initial land clearance in the early
19" century (Colman et al., 2000).

These findings are consistent with results
presented here, except that Coral Bay sedi-
ments contain a distinct anthropogenic sig-
nal represented by deviations in surficial
sediment texture and composition. Conse-
quently, unlike Tampa Bay, Charlotte Har-
bor and Chesapeake Bay, anthropogenic
activities have not only resulted in a dra-
matic increase in sediment accumula-
tion rates in Coral Bay, but have altered
sediment distribution patterns as well.
The reasons for this are presently unclear,
and it is likely that watershed character and
scale plays a role. It may also be related to
the high relief, intense tropical weathering
processes and highly erodable rocks and
soils typical of tropical, volcanic-island set-

tings. Selective clearing/development in
this type of environment would likely cre-
ate a dramatic increase in sediment input
rates, as well as provide new and different
pathways for sediment delivery to the
coastal system. Coupled with the distinctly
different marine sediments (i.e., tropical
marine carbonates) naturally deposited in
the system, the anthropogenic signal would
be much easier to detect than in the tem-
perate-subtropical estuaries discussed
above.

CONCLUSIONS

Based upon texture and composition
four sedimentary facies are identified. The
facies architecture reflects a typical trans-
gressive sequence deposited during the
Holocene sea-level rise, capped by a surfi-
cial unit that represents an increase in ter-
rigenous input. The surficial unit is defined
by a decrease in grain size, increase in or-
ganic content, increase in terrigenous con-
stituents, and subtle decrease in calcium
carbonate content from underlying units.
This deviation is interpreted as represent-
ing an anthropogenic signal, likely caused
by the recent increase in island develop-
ment. Radiocarbon and *'°Pb data indicate
that accumulation rates have increased by
approximately one order-of-magnitude
over the past 50-60 years, presumably in
response to an increase in anthropogenic
activities during this time period.

The magnitude of deviation of the an-
thropogenic signal over the underlying
natural signal is greatest adjacent to the
most heavily developed areas and pro-
tected, low-energy embayments such as
Coral Harbor, and decreases in the more
open and seaward portions of the Bay. This
pattern suggests that proximity to input
source and energy level are the dominant
controls governing where terrigenous sedi-
ments ultimately accumulate.

In comparison with other anthropogeni-
cally-impacted coastal systems, Coral Bay
is similar in that accumulation rates have
increased by up to one order-of-magnitude
in response to anthropogenic activities. Un-
like these other systems, Coral Bay contains
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a distinct anthropogenic signal represented
by deviations in surficial sediment texture
and composition. Consequently, anthropo-
genic activities have not only resulted in a
dramatic increase in sediment accumula-
tion rates, but have altered sediment distri-
bution patterns as well. This may be related
to the high relief, intense weathering pro-
cesses and highly erodible rocks and soils
typical of tropical, volcanic-island settings.
Tropical, high relief, volcanic islands, there-
fore, provide an ideal setting for studying
natural vs anthropogenically-altered sedi-
ment distribution patterns in coastal sys-
tems.
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APPENDIX VIII

USGS Wentworth Scale

Particle Size and Settling Velocities
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APPENDIX IX

Enhanced Current Gradient and Multi-Component

Sediment Settling Model
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APPENDIX X

SEA GRASS IMPACTS FROM MARINA
CONSTRUCTION AND OPERATION



I.  SEA GRASS IMPACTS FROM MARINA CONSTRUCTION AND OPERATION

The applicant has calculated impacts to sea grasses from all sources (construction, dock shading, boat
shading, ongoing operations) as 3.75 acres in total. We believe this estimate significantly understates
the impacts to sea grass and mischaracterizes the overall impact to the benthic habitat. The erroneous
estimate is then repeated by the applicant in numerous responses, in rebuttal to six federal agencies
(NMFS-PRD, NMFS-HCD, FWS, NPS, EPA, USCG) and in multiple appendices and in multiple
commentaries within the rebuttal letter (Alternatives Analysis, Benthic Mitigation Plan, Responses to
CBCC, Impacts to Seagrass, Threatened or Endangered Species).

The basis for the 3.75 acre estimate is stated in the excerpt below from the applicant's August 2017
submission:

"The project will be directly impacting approximately 1350ft2 due to the placement of 960 piles
ranging from 14”-18" in diameters (66- 14”square concrete, 457 14”- round steel encased
concrete, 437-18” — round steel encased concrete). A total of 39,258.18sf of docks are over
areas with SAV, the majority of which has densities between 20 and 100%. Based on a 46%
survival due to shading since the Applicant is using grated decking, 21,199.42sf (0.487ac) of
seagrass may be lost. At the maximum capacity and at the maximum size boat in each slip there
will be 5.65 acres of shading due to vessels. It can be assumed that 50% of the seagrass under
vessels will be lost due to vessels being in placed more than 2 weeks at a time. There will be
some survival due to angle of the sun and vessel types and some available light. There will be
impacts due to spudding impact during construction which will probably account for between a
900-1020 sf of impact (6sf per spudding event and between 150 and 170 relocations. The
operation of the marina will have an impact due to prop wash scour and you can assume
another 10% loss. In total approximately 3.75 acres of seagrass will probably be lost as a result
of the project."

To summarize the paragraph above, the table below shows the area impacts (as claimed by the
applicant) from each of the main sources of impact:

Cause of Impact Area of Impact to Sea Grasses
Piling Footprint 0.031 acre
Dock Shading 0.487 acre
Vessel Shading (at 50% impact) 2.825 acre
Barge Spudding 0.023 acre
Subtotal 3.366 acre
Marina Operations — Prop Wash and Scour @10% of above | 0.337 acre
Total Impact (per applicant) 3.703 acre (approx 3.75 acre)

There are multiple problems in this analysis. First, the estimate of shading impacts from the fixed dock
structures and boats within the marina neglects the cumulative impacts of these two sources of shading
impacting the same regions of sea grass and ignores the fact that although any single vessel may, on
average, be in place for short periods of time the overall occupancy of the marina will reach close to
90% during peak months of the boating season, according to the applicant's market analysis. Second,



the estimate neglects the shadows created by 966 pilings, 5 feet high, and averaging 16" in diameter.
Third, the estimate neglects the effects of shadow elongation in the latitude of Coral Bay. Finally, the
estimate for the effects of prop wash and scour (10%) has no basis in science, has no supporting
discussion and is flawed for a number of reasons discussed later.

Cumulative Effect of Dock and Boat Shadows

The cumulative shading effect is due to the fact that the grated decking, which by itself will reduce sea
grass cover by at least 54% (Landry, 2008), is overlapped by the shadows created by boats within the
marina. Due to the fact that the sun is virtually never directly overhead the shadows of the dock and the
boats move in an east west direction during the course of the day and the large boat shadows cover
areas which would otherwise be in partial dock shadow. The result of these cumulative shading impacts
is to render the entire area of dock and boat shading unsuitable for sea grass growth.

It should be noted that the Landry study applied primarily to single family, small dock structures. The
extrapolation to a large commercial marina with 12' wide walkways running in a predominantly east-
west direction and 100'+ mega yachts is problematical.

We believe that a more accurate estimate of sea grass impact is obtained by adding the boat shadows at
peak month occupancy to the fixed marina structure shadows and then increasing by average shadow
elongation.

Effect of Shadow Elongation

At the latitude of Coral Bay (18 degrees North) the average elongation of shadows is approximately 22%
during the mid day period (10am- 2pm) of the winter months (Dec — Feb). This means that a yacht with
a footprint of 1000 square feet will cast a shadow elongated by an average of 22%, for a total shadow
area of 1220 square feet. The elongation factor varies by time of day and time of year. In this estimate
we are using the average shadow elongation from 10am through 3pm on January 1.

Piling Shadows

The current design calls for 960 pilings at an average height of 5' above the water at an average water
depth of approximately 10'. The pilings are, on average 16" in diameter. The total length of the piling
above and below water will cast a shadow on the sea bed. The calculation for this shading is shown
below:

Factor Value

Number of Pilings 960

Average Piling Height (sea bed to deck) 15 feet

Average Piling Diameter 16 inches

Single Piling Shadow Area 18.75 sq ft (height * diameter)
Total Piling Shadow Area 18000 sq ft (0.413 acres)

Total Shadow Impact from Fixed Structures and Vessels




As a consequence of (a) the overlapping of boat shadows and marina structure shadows, and (b) the
elongation of shadows, it is erroneous to use the estimates of 54% for sea grass loss due to docks and
50% for sea grass loss due to boats. It is well known that sea grasses will die after two weeks in shade.

It is our opinion that the total area of the boat shading during peak utilization months (90% occupancy
of 5.65 acres) should be added to the total dock area (0.90 acres) and piling shadows and then increased
by 22% to account for shadow elongation in order to arrive at a reasonable estimate for the cumulative
effects of dock and boat shading at the latitude of Coral Bay.

The resulting shade impacts and loss of sea grass from the fixed marina and boats therein is summarized
in the table below:

Shading Component Acres Shaded
Fixed Docks 0.90 acres
Piling Shadows 0.413 acres
Boats Shadows at 90% occupancy peak month 5.085 acres
Sub Total 6.398 acres
Shadow Elongation Factor 22%

Total Sea Grass Shading 7.801 acres

Construction Impact

The direct impacts to sea grasses from construction, as estimated by the applicant, are minor. They
consist of the piling footprint (1350 square feet) and the barge spudding (900 -1200 square feet). This
amounts to a total impact of 0.05 acre and we are omitting this component from our analysis.

Marina Operational Impacts

The applicant has made an unsupported claim that "the operation of the marina will have an impact due
to prop wash scour and you can assume another 10% loss." There is no reference cited for this 10%
estimate, and there is no data cited to support it. It is also unclear from the text what the 10% is
intended to apply to, although the numerical result indicates they are applying the 10% factor to the
shading impact total. This does not make logical sense: the impacts of prop wash scour will extend
throughout the navigational ways and berths of the entire marina, not solely where shadows fall.

Furthermore, the die-off of sea grasses due to shading will release large quantities of fine terrigenous

sediments which are trapped within the root structure of healthy sea grasses. When these grasses die
off due to shading, the effect of prop wash, currents, wind and wave action will be to resuspend these
sediments in the water column, and then to redeposit them on adjacent areas of the seabed, thereby

causing further die-offs of sea grasses.

The distribution of healthy sea grass meadows within the marina footprint is shown in the overlay image
below (excerpted from the applicant's submission with added highlight):
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The dark green area closest to the shoreline is the 30-100% seagrass coverage region, and it is on this
region that the majority of the marina and navigation ways are located. The red line encloses the region
of dense sea grass within the navigable portions of the overall marina. The majority of this region is at
depths considerably less than 10 feet. The region enclosed in red is approximately 13 acres.

Rather than make the same error as the applicant, we prefer to use a range estimate for the cumulative
impact of prop wash and scouring on the sea grasses already impacted by shading. We estimate that
between 25% and 50% of these grasses will die off over time due to marina operations.

As evidence for the impact of prop wash, the photograph below is a 120 ft yacht which attempted to
come into Coral Bay Harbor in the vicinity of the proposed marina. This photograph was taken on Feb
22,2017 under normal wind and water conditions. It is obvious that the yacht captain misjudged
bottom depth resulting in severe prop wash and damage to the sea bed. We anticipate this will happen
frequently with the size and number of vessels navigating the proposed marina and surrounding waters.



Total Impact to Sea Grasses Due to Construction and Operation

The table below summarizes all of the foregoing considerations.

Impact Factor

Acres Impacted

Shading from Fixed Structures 1.313 acres
Shading from Boats 5.085 acres
Shadow Elongation 22%

Total Shading Impact 7.801 acres
Total Dense Sea Grass Cover in Navigational Area 13 acres

Range Estimate for Cumulative Impact of Prop Wash

25-50% (4.25 — 6.5 acres)

Total Sea Grass Impact (all factors)

12.1 -14.3 acres

We believe that a reasonable estimate of loss of sea grass meadows due to the construction and
operation of the marina is in the range summarized above — approximately 12 — 14 acres. This is to be
contrasted with the applicant's estimate of total impact to sea grasses of 3.75 acres. Based on the
analysis of all impacts above, it is our opinion that the applicant has understated the loss of sea grass by

at least 10 acres.

This is a critical error in the applicant's analysis and it impacts their rebuttal in all of the areas mentioned
in the first paragraph, including responses to federal agencies and the alternatives analysis.




Il.  SIGNIFICANT ERRORS IN APPLICANT'S SEA GRASS IMPACT STATEMENT

In estimating environmental impacts the applicant, and the Corps, are obligated to use the best
scientific data available. We have reviewed the applicant's estimate of total sea grass loss (3.75 acres)
and the scientific authorities cited in their report and our review raises significant concerns about the
science behind the applicant's estimates.

The sole authority referenced by the applicant in the computation of sea grass loss due to shading and
marina operations is cited as (Landry, 2008). This is a reference to a study on the impacts on sea grasses
from grated versus solid decking in Florida for small residential docks. The author of the study, Brooke
Landry, is currently an employee of the Maryland Department of Natural Resources.

| contacted Ms. Landry and asked her to review the applicant's estimate of sea grass loss (3.75 acres)
and to review our independent estimate of sea grass loss (12.1 — 14.3 acres) and to provide an opinion
as to which estimate is a more accurate projection of sea grass loss from the construction and operation
of the marina. Brooke Landry is currently the Chair of the Chesapeake Bay Program's SAV Workgroup
and Biologist at Maryland Department of Natural Resources. She is the author of the study cited by the
Summers End Group ("The Effects of Docks on Seagrasses" - 2008) and is an authority on sea grass and
SAV impacts and recovery.

| provided Ms. Landry with three documents: the February 5, 2015 letter from NMFS-HCD to USACE, the
August 15, 2017 response to the NMFS letter from SEG ("Appendix C2"), and our independent estimate
and computational methodology for sea grass loss (Section VIl of this response). | asked Ms. Landry if
she could compare the applicant's estimate and methodology with our work and provide any relevant
feedback.

On April 26, 2018, | received this message from Ms. Landry:

"Thanks for forwarding the NMFS letter as well as Appendix C2, the rebuttal. | can't imagine how
this consultant determined a 46% survival rate based on the data presented in our dock study.
The docks, grated or not, all had a significant negative impact on underlying seagrasses.

In any case, I've read through your counter-estimates and | find them much more appropriate
than what the consultant came up with. It's an incredibly thorough and thoughtful approach
to estimating shading impact and | would recommend any scientist in the field consider using
similar methods. You're correct, seagrasses don't survive shading for too long at all. If you
park a yacht over a patch of seagrass in shallow water and don't take it out for several weeks,
the seagrasses underneath will die. Even if they're not completely eliminated by the time you
do take the boat out, one or two days of sun isn't enough to reset their clocks." (emphasis
added)

Brooke Landry, email communication, 26 April 2018

This is from the scientist who is cited by SEG as their authority on shading impacts to sea grasses. The
conclusion from this is that, based on the best scientific analysis available, and validated by the authority
cited by the Summers End Group, the probable loss of sea grass from construction and operation of the



proposed marina is most likely between 12.1 and 14.3 acres, not the 3.75 acres claimed by the
applicant. Their estimate is too low by a factor of 350% based on the best science available.
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Summers End Marina Docks — August 2017 Permit Submission (Most Recent)
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Summers End Marina Docks — 2014/2017 Overlay Comparison
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APPENDIX XII

INDEPENDENT ALTERNATIVES ANALYSIS



