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Figure 12. Bathymetric and shoreline changes showing zones of shoaling, deepening

and landfill. Shoaling zones are delineated from water depth differences
as well as from sediment cores and aerial photo analysis.




s

Comparison of water depths along the Benner Bay navigation
channel sounded by Dr. J. Zeigler for Antilles Yachting Services
in 1970 show very small changes over the 6-year period. Inner
reaches of the bay are generally shoaler by about 20 cm (0.7 feet).
The floor of the entrance channel between piles "8" and "9" is
generally deeper in 1976 than in the 1970 survey by about 15 cm
(0.5 feet), whereas sides of the channel are shoaler by 20-60 cm
(0.6 - 1.9 feet). This trend is most likely caused by propeller
wash of boat traffic which acts to deepen central parts and
shoal the sides. Consequently, the channel is narrowed along the
1.1 meter (3.5 foot) depth curve. Berths along Bovoni Passage

are reportedly "dug out" and maintained by propeller wash.

6. Watershed and Drainage. The lagoon system acquires some of

its water and much of its sediment from the upland watershed or
drainage basin. Because the lagoon is linked to the watershed, '
changes in topographic and flow characteristics of the watershed
affect many functions in the lagoon itself. Fresh water inflow
governs the salinity of lagoon water which,in turn, affects the
types of organisms, their distribution and abundance. Additionally,
the amount of sediment, nutrients, organic debris and some
pollutants carried into the lagoon is determined by stream run-
off. These materials affect lTagoon water quality, sedimentation
rates and plant production.

The drainage basin receives about 40 inches of rainfall

annually. As much as 8 inches has been recorded from a single

storm. However, annually runoff amounts to only 2 to 8 percent
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of the rainfall,

The drainage system of the Mangrove Lagoon and Benner Bay
consists of four sub-basins (Figure 13). Most stream channels
are dry and carry only intermittent storm runoff. The Tlagoon
receives drainage conveyed through'sma11 guts or washs, through
local culverts, and through a major stream channel, Turpentine .
Run. |

Turpentine Run which drains into the Mangrove Lagoon.
from the north, covers 8.8 km2 (3.4 sq. miTés);'the 1argest_,:
drainage basin on St. Thomas (Figure 13). A sma11er:basin;
the Nulliberg Basin, drains western sTopes of the lagoon and

2 (0.93'sq; miTeS). Altogether these watershed$

covers 2.4 km
drain 11.2 km? (4.32 sq. miles) which is two times the_1agoon
surface area,

Benner’Bay is backed by a drainage basin ofk0.8‘l_<m2
(0.31 sq. miles) and Bovoni Passage is backed by a,basin'df'].S
km2 (.58 sq. miles). Although these basins are much sma11er than
the TurpentineqNu11iberg baéins, their potential impact on water

quality 15 probably greater because the steep slopes, which are

greater than 30 percent, are conducive to rapid runoff. Moreover,3

the drainage leads directly to the bay shoreline wfthin'a_shdrt
distance. | |

By contrast, most runoff in Turpentine Run infiltfates
the soil and alluvium (Jordan and Cosner, 1973). Only major storm
runoff, resu]ting from rainfalls totaling more than 4 inches,
reaches the lagoon as surface flow. Inflow ocCurs only once evéry

year or two. In August 1963, December 1965 ahd November 1969,
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Figure 13. Drainace basins of the Managrove Laaoon and
Benner Bay with areas of dense residence in
1974.
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flood flows topped the road at Nadir bridge (Jordan and Cosner,
-1973; Towle, personal communication). During these floods,
which lasted about 2 - 4 days, discharge into the lagoon
amounted to more than 10 million gallons or about 37,850 m3 per

flood.

Intense development in the upper drainage basin of
Turpentine Run, the Tutu area, has 1néreased the potential for
flash flooding into the lagoon. By destroyﬁng the naturally
absorpfive soil ‘and vegetation cover with construction of
roadways, parking Tots and roofs, and'byv11ningvstream beds
with concrete, flood water fromvtorrentia1 rains is delivered
to the Tagoon quickly. The impact of stream flooding on water
quality is given in a subp]ementa] report.

Sihce sediment load data for St. Thomas streams is
1éck1ng, the influx of suspended sédiment must be derived by
tenuous extrapolation from representative basins outside the area
o} from deposition rates in the 1agdon itself. Rates of
suspended sediment discharge for three small basins in Puerto
Rico average 1620 toné per sq. mile per year. At this rate,
Benner Bay is supplied with about 1296 tons of sediment, bh the
average each year. Actually, most sediment is supplied in short
pulses during storm of high intensity. If sediment discharged
at this rate is spread evenly over the central bay floor, it
would amount to a layer only about 6émm thick. Since very little
upland sand is found on the bay, thequantityof sand §upp1ied by
streams must be limited. Most sediment supplied to the bay is

fine-grained silt and clay. By remaining suspended in bay waters
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for long periods, the fines degrade water transparency.

The effect of residential development on sediment
yier from the watershed is poorly known. Figure 13shows the
Tocation of these developments and Table 4 gives the percentage

area occupied by the development in 1974.

Table 4. Drainage basin areas and dense residential areas.

Drainage Percent Dense Residen- Percent
Basin Area of tial Area of Drain-
Basin kmz(sq.mi.) Total kmZ(sq.mi.) age Area
Turpentine Run 8.8 (3.40) 66 2.1 (0.81) 23.8
Nulliberg Basin 2.4 (0.93) 17 0.2 (0.07) 10.2
Bovoni Basin 1.5 (0.58) 12 0.3 (0.12) 17.9
Benner Basin 0.8 (0.31) 5 0.2 (0.07) 26.4
Total 13.5 (5.21)

Although some developments have covered the Tand with impervious
surfaces, many backyard slopes and road cuts are exposed to
erosion as illustrated in Figure 14. Additionally, large
areas of government property west of the lagoon have been
stripped of vegetation to provide fill for the municipal dump (Fig. 15).
Impacts from the Benner and Bovoni Basins are probably

greater than from the Turpentine Run basin due to the steep

slopes, high drainage gradients and erodable character of the

soil which has limited permeability. Although development is
dense in parts of the Turpentine Run basin and the sediment
yield is probably high, the bulk of the sediment is most .
likely deposited locally in the upland alluvial valleys and
has not been transported as far as the Tagoon.
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Figure T14A.

Figure 14B.

Figure 14C.

'Stripping of vegetation exposes soil to erosion

and threatens salt ponds with excess sedimentation.
Soil is used by government as fill for municipal

dump. View east toward the lagoon and Bovoni Cay.

Residential development on steep s]opés above
Benner Bay a]teré the natural drainagevpattérn
in fhe watershed and expdées soil to erosion.
During high runoff the sediment is washed down
guts into Benner Bay temporarily increasing

water turbidity.

Clogged culvent along the shore road restricts
drainage into Benner Bay. Roadways disrupt
natural drainage when cu1v¢rting is inadequate to

provide for passage of storm runoff.
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Filling and grading of the extensive racetrack area
jeopardizes the quality of runoff supplied to the lagoon (Figure
33). Prior to 1971, flood drainage from Turpentine Run entered
the lagoon thrbugh two or more vegetated distributary channels
across an alluvial delta (Figure 7). These channels acted like
a filter to cleanse the runoff of sediments and debris. When
the racetrack was constructed on the delta in 1971, drainage
was short-circuited through a single channel directly to the
lagoon (Figures 6 and 7 ). Thus, the cleansing action of the
distributaries has been lost and canalization of the mouth of

the run has produced a stagnant backwater.
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Figure 15A.

Figure 15B.

Aerial view of municipal dump, August 1977
showing extensive exposure of upland soil and
waste disposaT'areas. Sediment and toxic
substances leached from the dump spread lagoon-
ward into Mangroves. Note large zone of dead |

black mangroves (dm).

Ground photo lagoonward of municipal dump at
point (x) in Figure 15A. Pneumatophores (aerial
roots) of black mangroves are partly buried by
influx of sediment from the upland. Ground water

beneath flats 40-60 cm is highly saline and

enriched with toxic metals released from the dump.
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7. Geologic Conditions. The lagoon system operates within the

confines of a basin'which,is determined by geologic conditions.
Thesérconditions'determine the general shape, size and shore |
characteristics of thé Tagoon. In turn, they are modified‘by
currents, waves and vegetation and thus.acquire different aspécts
from place to place. | o

The Mangrove Lagoon is backed on the north and westlbyv
Tow alluvial slopes, whereas oh_the southwest it 1s.f1anked by
rock of the Water Island Formations which consists'of lava flows,
breccias andeater-laid'tuff which is intruded by"dikes. A
similar rock formation forms the north shore of Bovoni Passage.
and it is exposed in eroded cliffs at Compass Point. In a ged]égic
map of the island Donnelly and Whitten (1968) reveal a fault
trending northeast-southwest through Benner Bay and the western
lagoon reaches near Middle Island. According to the map, the
northwest side of the fault is displaced upward relative to the
southeast side which is downward. It is possible that a second
fault crosses transverse to the first fau}t at an aﬁg1e'of.45-55’
degrees. Such a fault not only would eXtend the lagoon head to
the west but also would accouht for greater subsidence in the
heéd than elsewhere. A1l these inferred fau1ts are buried
beneath lagoon fill. _

The probable relationship between alluvium, rock and
buried lagoon sediment is schematizéd.in-Figure~16, In this
section the slope of the alluvial surface on 1ahd”and its depth
in cores beneath ihe Tagoon deposits prdjects seaward to the

depth of the shelf floor at about 18 m (60 feet). It seems
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Figure 16. Schematic relationship between major geoloaic formations across the

Managrove Lagoon.




likely that the ground water aquifer in alluvium beneath
Turpentine Run (Jordan and Cosner, 1973) extends seaward beneath
the Tagoon depqsits to the vicinity of Bovoni Cay where it
impinges on salty grbund water. The relatively impervious clay
lTayer near the base of the lagoon sediments must deter lateral
seepage into the Tagoon itself and may restrict seaward flow as
well. In turn, the clay layer may retard sea water encroachment
into wells penetrating alluvium in lower parts of Turpentine Run.
Topographic trends of the old a]]uvfa] surface and the
thickness of soft or loose lagoon sediment are indicated by the
distribution of probe depths (Figure 17). The alluvial surface
is re]ative]y shallow along the north lagoon shore, i.e., around
the alluvial delta of Turpentine Run, but it is relatively deep
along the opposite shore near Middle Island. In Benner Bay the
old alluvial surface steepens rapidly away from shore, and sed-
iments exceed a thickness of 15 meters over most of the bay floor.
Trends of the old alluvial surface permit tracingvprobable courses
of former streams that were active when sea Tevel was lower about

3400 years ago.

Depositional Units. The Tayers of sediment cored beneath the

lagoon are described beginning with the base alluvium, which
extends seaward beneath the lagoon from fhe-up}and._ Many of the
same units are found in vertical as well as lateral sequences.
Classification of units is based on gross lithology and visual

descriptions.

- 49 .



64°/52'w

@

</

Z O

- 09 -

TOPOGRAPHY OF OLD
ALLUVIAL SURFACE AND
DRAINAGE PATTERN

* PROBE AND BORING DEPTH

BELOW MLW

MODERN SHORELINE MLW
~-f=~ INFERRED STREAM COURSE

—
19

189

Figure 17.
Mangrove Lagoon and Benner Bay.

Depth and topography of the old Alluvial surface below mean low water (MLW) in the
Arrows represent probable courses of former
Solid lines define subsurface contours on the old alluvial surface.



Buried Alluvium. The deepest and moét landward unit or facies:
is a brown to tan sandy clay or clayey sand mixed with rock |
fragmentsvof terrestrial origin. It is very firm and is non-
calcareous except for aggrega;é cemént. It is poorly sorted and
structureless and contains Fe-stained particles. Uanrd it gradés
into alluvial soi]é which have many of the same charééferistics

except it is relatively soft.

High Flats. This unit is not ubiquitous, either on the

surface or at depth. It occurs intermittent]y and is areally
limited. The color is mainly brown but often contains dark

grey layers. It consists of laminated sandy-cTays and clayey
sand with calcareous concretions and occasionéi,layers of algal
mat in upper parts. Doanard it grades into a]]ﬁvium dr alluvial
soil whereas upward it passes into black mangrovevpeaty‘éediment.
This facies contains evidénce of bioturbation by crabs and it
holds occasional géstropods. The consistency varies from firm

to very firm.
) .

Black Mangrove Sediment. 'A‘dark'greenish grey to grey peaty

silt or clay. Root structures ére common but not dpminant; there
is no pure black mangrove peat.  Loca1 bioturbatioﬁﬁis observed
and the samples are all slightly calcareous. The sediment con-
sistency is often soft, due to disintegratéd roots fqrming a muck,
But it is occasionally firm near its base where it reéts on

alluvial deposits.

~



Red Mangrove Peat. A dark brown and reddish peat, frequently

over several meters thick. There are often Targe living roots
throughout the unit and occasionally a matrix of shell or mud.
Near the lower boundary it usually blends into clayey and

then silty peat. The consistency ranges from spongy to very
firm. Living red mangroves normally occur in the lower inter-
tidal zone and red hangrove peat is usually found above black

mangrove deposits 1in vertical sections.

Mangrove Pond Filling. This unit is mainly a contemporary

facies which may be represented at depth, but was not observed
in any of the cores. It is a black peaty clayey silt or silty
clay. In most cases it is soft and contains a high water content.

Red mangroves surround margins of the ponds.

Lagoon Nearshore Sediment. At the seaward side of living red

mangrove stands and around the inner lagoon margin, there is a
distinctive facies consisting of mixed mussel and oyster shell
fragments. Halimeda adds to the generally calcareous nature of
this sediment. Color and consistency vary widely. These deposits
are poorly sorted. At depth they may represent a buried beum

deposit.

Lagoon Sediment. Essentially a gray silty clay commonly with

a black surface-layer 40 to 80 cm thick. Halimeda plates

found in the layers give the deposits a sandy character at depth.
Shell bits are found in layers and there are shell layers often
interbedded with occasionally in Ha]imedablayers. This facies
tends toward homogeneity within layers. It is loose and soft

except in shell Tlayers which vary 10 to 20 cm thick.
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Bluish Grey Clay. This ynit is ubiquitous in older deposits

as an intermediate sahdy clay between the alluvium soils and
black mangrove sediments. The bluish grey color is distinctive
in fresh samples. It contains calcareous rock fragments but is
otherwise structureless, homogeneous and extremely firm. This
unit may be a sub-facies of the b1éck mangrove unit or it may
have been deposited in ponded backwaters or inner lagoons.
Table 5 summarizes characteristics of the depositioned

units encountered in the Mangrove Lagoon and Benner Bay region.

Stratigraphic Sequence. When the buried depositional Qnits

are compared from core to core in sections across the inner lagoon

margin, vertical and 1atera1're1ationships are displayed.

Figure 18 illustrates these re]atjonships in a stratigraphic
aiagram. The surface units, like black and red mangrove peat,
can be traced downward in the section from their preseht site of
formation, i.e., in cores 9 and 10, as well as seaward beneath
lagoon deposits. Nearshore sediments and high flat sediments
however, are very limited in extent. Deposition of these units
was probably piecemeal, firsthere, then there, depending on
local conditions controlled by undulations in topography of the
old alluvial surface. Nearshore deposits encountered in core

6 suggest a low ridge backed by a shallow trough, cores 4 and‘5.
By cbntrast, the exténsive peat deposits in the lower section of
Figure 18 indicate mangroves persfsted in the area confinuous1y
from about 4500 years ago to the present day. |

The broad relationship of deposits filling the Mangrove

Y
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Lagoon depression displays a main transgressive sequence with
black mangrove sediments being the main initial unit leading
the sequence landward on top of old a]]dvium. Consequently,
sediméntary infilling of the Tagoon and growth of Bovoni Cay
have proceeded contemporaneously with the rise of sea level
during the last 5000 years. In marginal local areas close to
land, high sediment supply in the last 200-300 years has
turned the landward edge of the transgression into a regréssion.
Such areas include: (1) seaward overlap of high flat deposits
on black méngrove sediments or blue clay off the government
waste disposal area (Core 7) and west of the sewage treatment
plant (Core 2), (2) lagoonward extension of alluvium over high
flat and pond sediments at the mouth of the Benner Bay gut
(east of Antilles).

Radiocarbon Dating. Radiocarbon dates of intertidal vegetation

record the relative rise of sea level that created the lagoon
basin. They also provide an estimate of long-term rates of
§ed1mentation. The material dated from the inner lagoon,

Figure 18, Tower section, consisted of black mangrove roots that
today grow downward from just above mean high water to about

mean Tow water or below. It is not expected that roots would
penetrate far into the buried soil or old alluvium. Thereforé,
they mark the intertidal zone for the most part and, in turn,
record the position of sea level at the time of their gfowth.
Successive positions of these zones with time and upward accretion

of sediment indicate the rate of relative submergence and land-
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Table 5. Characteristics of depositional units in
the Mangrove Lagoon and Benner Bay area.
Unit, '
Facies Color Texture Composition Consistency
ATluvium brown sandy clay, terrestrial rock fragments; ) very firm
(buried and or tan clayey sand no carbonate except cement in
upland) aggregates, Fe.-stained
High Flats brown or sandy clay, laminated algal mats and highly| Firm to
(Intermit- black clayey sand, calcareous concretions, gravel | very firm
tantly peaty muck. and marine gastropods.
flooded)
Black Man- Black peaty clay highly calcareous,disintegrat- | soft to
grove (above to gray or silt, ing root structure, bioturba- firm
MHW) tion
Red Man- Dark red peat large roots in mud or shell spongey to
grove (Inter- | to brown matrix very firm
tidal)
Mangrove black peaty, clayey often calcareous, high organic | soft
Pond silt, silty content
clay
Near Shore varies very poorly shell fragments, Halimeda, bits| varies soft
(Tm below MSL)|widely sorted of wood and peat ' to firm
Lagoon biack to silty clay shell fragments and Halimeda soft
gray ‘ in layers
Blue clay blue clayey sand rock bits, highly calcareous . extremely

terrigenous sand

firm




ward transgression. These elements serve as a Qeo]ogic norm
against which rates of recent sedimentation éan be compared
and evaluated.

The position of the radiocarbon dates‘in relation to
a line of average sea level rise, based on dates from the U.S.
East Coast, is shown in Figure 19. Dates from near the base
of cores 9 and 10 indicate relatively rapid subsidence and rapid
sedimentation, 33 cm‘per century (13 inches per 100 years).
This rate is more rapid than during the period 4,500 - 900 BP
as indicated by the slopes of the 1ine from core 18 to core 10.
On the other hand, the date in core 26 from Benner Bay lies at
a relatively shallow depth (3.6 m) for its age. This suggests
very slower rates of submergence than normal, a rate possibly
affected by relative uplift, during the last 5000 years.
Table 6. Radiocarbon age and depth of subsurface samples from

the Mangrove Lagoon and Benner Bay. Dates determined
by Geochron Laboratories.

Depth below Sample Radiocarbon
Sample MLW, cm Character Age
Core 9 165 - 185 Peaty clay, ' 460 + 145
Black Mangrove
Core 10 280 - 300 Peaty clay, 805 + 140
Black Mangrove
Core 18 495 - 520 Silty Peat 4445 + 185
: Black Mangrove
Core 26 360 - 370 Red Mangrove 5005 + 175
peat :
Core 39 68 - 73 Peaty sand | 995 + 190

(Red Mangrove)
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level line for the U.S5. East Coast.



Geologic Development. By integrating the information from

probes, cores and radiocarbon dates, a sketch of the recent
geologic evolution of the 1angn is revealed. The lagoon
occupies a basin originally downfaulted and partly excavated

by the ancestral streams of Turpentine Run. When sea level was
lower prior to 5000 years B.P. the streams f1owéd through valleys
to a shoreline located farther seaward on the present-day shelf.
By 5000 years B.P. (before the present), the global sea level rise
inundated the valleys forming broad estuaries divided by an
interfluve alluvial delta (Figure 20A). Spits formed across the
entrances and mark the former shoreline, which 1ies.a1ong the
present-day 6-meter (18 foot) depth curve.

Continued rise of sea level between 5000 and 2000 B.P.
flooded most of Jersey Bay (Figure 20B). As waves reworked the
bay floor and former delta deposits, a barrier island, Bovoni Cay,
formed. This, together with reefs and cays to the west, isolated
inner waters forming a lagoon with broad passes at entrances and
between estuary margins of the lagoon, mangroves extended landward
over broad lowlands and grew upward with the rise of sea level.

By the time the sea approached its present level (Figure
20C), 500 - 200 B.P., sands of Bovoni Cay were moved wéstward‘by
longshore currents and landward by storm washovers. The Cay and
adjacent shoals were quickly stabilized by mangrove growth,
accreted landward and coalesced into a nearly continuous barrier

island. Mangroves also have stabilized the seaward side of
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Figure 20.

Probable geologic
evolution of the
Mangrove lLagoon

Drowned estuarial em-
bayment about 5,000

years (BP) before the
present.

20B. Rise of sea
tevel, formation
of Bovoni Cay,

Patricia Cay and
Tagoon with fring-
ing mangroves,
5000 to 2000 B.P.

Continued rise of sea

level and expansion of
mangroves, 500 to 200

B.P.




Bovoni Cay and therefore cause it fo prograde séaward‘at

several points. A small barrier which formed along the exposed

inner (west) lagoon margin disolated backwaters into inner |

lagoons and ponds. Segmentafion of the lagoon continues to the

present-day as exemplified by formation of Middle Island and the

shoal between Middle Island and the entrance to Bovoni Passage.
| Because the geologic history has been so long and

complicated, sedimentary‘substrates are high]y variable in

the area. Environmental managemeht must consider this fact

and know the nature of the geologic variations.
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8. Environmental Conditions

Waves. Of the different energy sources affecting the lagoon,
waves, tide, wind and stream 1nf10w; waves provide thé chief
driving force. By breaking on the reefs around Patricia Cay,
they set up a local head of water which drive a mass transport

of water across the reef and into the lagoon. When winds reach

more than 7 m per sec (14 knots), they create an internal wind

drift within the lagoon and thus dominate over tides as a

driving force. By contrast during periods of 1ight weather when
sea swell is low, the long-continued action of the tide is
relatively important. Therefore, with time the lagoon is stressed
by different but interrelated energy sources. They act either in
combination to produce an additive stress, or opposed to cancel
each other.

Commonly, ocean waves approach the coast from the east-
southeast. They are refracted into the Jersey Bay from the
southeast by landward shoaling of the Bay floor and by the seaward
end of Cas Cay which forms a projecting headland receiving the
brunt of wave attack. Such waves are generated by the northeast
trade winds. Typically, they have a height of 0.3 - 1.0 meters
(30-60 feet).

As the waves enter Jersey Bay, they "feel bottom" and
are refracted into gently-curved patterns with crests more or less
parallel to the bottom contours (Figure 21). Bending of the
crests is incomplete, however, for along the northeast shore of

Cas Cay, they break at an acute angle to the shore while along
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Manglar Cay they run transverse to the shore. Shoals in central
Jersey Bay along the 1-meter depth contour tend to hold back

advancing waves. The resulting frictional effect on the bay

- floor produces"blowouts" which expose sand beneath an eroded sea

grass cover. Blowouts are observed in water depths from 1.0 m
to 3.6 m (3 to 12 feet). By contrast, the West Entrance channel
and the trough leading to Cas Entrance allow the waves to pene-
trate somewhat farther landward then on the shoals, but their
height is greatly reduced, less than 6 cm (0.2 feet). Because of
the narrowness of the West Entrance channel and protection
provided by Mang]af IsTand and adjacent shoals, waves do not
enter Benner Bay under normal conditions. Bovoni Cay excludes
waves from the Mangrove Lagoon proper. Additionally, mangrove
prop roots effectively buffer the shore by absorbing wave energy
and they retard shore currents.

Ordinary wind waves driven by east or northeasterly
winds across the Mangrove Lagoon are small because of the short
fetch and relatively shallow bottom. They vary in height from
ripples to 25 cm (0.8 feet). However, during local squalls and
storms they increase to 40 cm or more; muddy sediment is stirred
up increasing the turbidity more than two-fold. Wind stress also
drives water westward creating a set-up along the western shore.
The excess water is either driven lTandward into backwater ponds
and flats, or for another part, it returns eastward through the
passage between Middle Island and the western shore.

Storm Waves and Tidal Flooding. Although Bovoni Cay and the

mangrove forest provide substantial protection from most storm
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waves, the lagoon and bay are susceptible to tidal flooding
created byvmajor hurricanes. Such hurricanes, which haVe a
frequency on the average of once in 33 years, raise water 1eve1s_
about 1.5 meters (5 feet). This would flood most marinaé and
shorefront facilities in the area. It would innundate lowlands
northward to the Nadir-south coast road and westward to the
drag race track. It would threaten the sewage treatment plant
and present serious problems of lagoon contamination.
Iiggg. Rise and fall of the tide is relatively small in the
lagoon and bay, less than 30 cm (1.0 feet) most of the time.
Mean range, determined from 5 months of NOS record between November
1, 1972 and April 4, 1973 on a gauge along Bovoni Passage (Figure
2), is 27 cm (0.9 feet). The.highest extreme tide accompanying
common storms was 47 cm (1.59 feet) above mean low water, whereas
the Towest water was 7 cm (0.25 feet) below mean low water.
Character of tidal fluctuations at Benner Bay during a
month follows the predicted tide for Charlotte Amalie. The time
of high water is 18 minutes earlier at Benner Bay than at Charlotte
Amalie whereas the time of low water is 10 minutes Tater on the
average. Although the tide changes character through a month, it
is predominately of the diurnal type; that is, there is one high
vwater and one low water each day. Part of the time the tides
are of the mixed type. '
Within the Tagoon and bay, tidal differences from place
to place are small. Differences in the time of high and low water
observed one to two days on staves af Bovoni Passage, Cas Entrance

and at the lagoon head, are less than 30 minutes. Differences in
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range obtained from 31 days of tidal record averaged 1.8 cm (0.06
feet) lower in the lagoon than at Cas Entrance (Michel, 1970).
Superimposed on daily and semi-diurnal fluctuations of
the tide there are seasonal changes in which the monthly mean Tow
water is lower in winter and spring than in later summer. During
low Tevels reef crests are exposed to a greater extent and thus
the influx of ocean water to the Tagoon is limited. As shown in
Table 7, monthly mean low waters were as much as 13.4 cm (0.44
feet) lower in January than in July, 1976. Additionally, they
were 8.1 cm lower in March and April, 1976 than during the same
months in 1975. Anomalously Tow values, about 12 cm below normal,
occurred in May and June, 1976, prior to the present survey.
The normal seasonal variations have long been noted in the Cari-
bbean region. Théy are ascribed to seasonal changes in wind and
weather conditions. Low seasonal levels not only restrict
transfer of ocean water across the reefs into the lagoon but they

also restrict flow into ponds and backwaters at a time when

evaporation is high. Thus, the ponds are either very poorly flushed

or entirely dried up.

The volume of water entering and leaving the Mangrove
Lagoon on each tidal cycle, mainly once a day, called the tidal
prism, varies a great deal from neap to spring tide range.
However, on the average, the monthly mean tidal prism is 191,238
cubic meters (6,752,613.7 cubic feet; Table 1). The mean tidal
exchange in the lagoon amounts to 19 percent of the total volume
of water below mean high water, 996,193 cu. meters. The

corresponding tidal exchange in Benner Bay amounts to 18 percent.
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Table 7. Comparison of monthly mean lTow water tidal heights
at Charlotte Amalie, 1975 and 1976, data from
National Ocean Survey. ---Indicates no data
available. ’

<

Month 1975 Monthly MLW 1976 Monthly MLW Difﬁgigﬁze 1975-76
January - --- 99.4cm 3.26ft. -

February 106.7cm 3.50ft, 100.0cm  3.28ft. -6.7cm

March 111.0cm  3.64ft. 103.4cm  3.39ft. -8.0cm

April - --- 103.7cm  3.40ft. -8.2cm

May --- --- 99.7cm 3.27ft. ---

June - -—- 107.8cm  3.34ft. ---

July - --- 112.8cm  3.70ft.. ——-

August ~-- --- 111.9cm  3.61ft. ---

December 101.6cm 3.33ft. - - -

At neap tide range, tidal exchange may amount to only 3.5
percent, whereas at spring tide range it may reach 38 percent
of the total volume of water. Because of varying size and
"conductance" capability of the different entrances, most tidal
flow, about 65 percent, is transported through the Cas and
Patricia Entrances while the remainder, 35 percent, is transported
through the entrance to Bovoni Passage.

Although tidal forces are small compared to wind and
wave transport over the reef, they are the most persistent force
over the long-term. They are also the main force during periods
of light weather, a time when "worst case" conditions for exchange

and flushing of pollutants develop.
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Tidal Boundary Demarcation. The intersection of tidal datum

planes with the shore around the Mangrove Lagoon and Benner Bay
was observed at 18 points. From these "check points" the horizon-
tal positionsof the mean high and mean low water lines were drawn
on an aerial photograph enlargement using vegetation patterns

as a guide.

The tidal datums were derived from NOS tidal bench marks
based on five months of record between November 1, 1972 and April
4, 1973. During this time the monthly mean low waters in the
region are commonly about four centimeters lower than average for
a year. For this reason, and because the tide data are of
relatively short duration, the tidal datums are necessarily
preliminary. Observations of fhé water Tine were made by two to
three crews during a diurnal tide, within + 30 minutes of mean
high and mean low water on a reference staff in Bovoni Passage.

Results of the observations and boundary demarcation are
compiled in the bathymetric chart of Figure 8. The mean low water
line, or primary shoreline, on the chart commonly 1ies along the
upper part of the red mangrove prop root mass as shown in Figure
38. The intersection surface consists of root masses, organic
debris or peat. Horizontally, as viewed in plan view on an aerial
photograph, the mean low water line lies landward of the seaward
edge of mangrove branches at distances from 0 to 7.5 m. At one
point on the north end of Manglar Cay a distance of 54.6 m was
recorded. The mean high water line lies from 1.5 to more than
100 meters landward of the seaward mangrove edge. This is often

close to the landward 1imit of red mangroves or the boundary
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between red and black mangroves. Most Manglars are below mean
high water except central parts of Manglar Cay and Middle Island
(Figure 8). Because tidal flow is restricted in semi-enclosed
areas, ponds and inner lagoons, the datums vary and thus Tlimit
demarcation.

Tide levels are important for defining dredging planes
as well as horizontal boundaries. It would be useful to obtain
tidal height measurements for a year or more and to relate the
derived datum to long-established tidal datums fof Charlotte
Amalie harbor. Tidal data are crucial for establishing legal
boundaries in rapidly growing shorefront areas. A knowledge
of storm tide levels is often required for insurance as well as

for planning new construction.
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Circulation. Current patterns exhibit considerable variety in

time and space. Measurements reveal four modes of circulation
driven by different forces: (1) a broad clockwise pattern driven
by mass wave transport which is directed inward through Cas Cay
entrance and outward through Benner Bay; (2) a reversing tidal
~current; (3) a local wind drift; (4) a stream runoff flow seaward
through both entrances. The current speed and direction and'a
particular time and place is the resultant of components derived
from the different driving forces. Because the lagoon and bay have
variable entrances, geometry must be taken into account.

0f the four circulation modes the broad clockwise mode is
most distinct (Figure 22A). As ocean waves are refracted and break
on the Patricia and Cas Cay reefs, the mass transport over the reef
builds up a local hydrostatic head. This head forces water partly
into Jersey Bay and for another part into the lagoon. More water
enters Cas Entrance, which has a relatively larger cross sectional
area of flow than Patricia Entrance which has a small entrance
choked with Porites rubble (Figures 10 and 22). As water passes
inward and spreads out through middle reaches of the lagoon,
velocities diminish from 0.10m per sec to less than 0.04m per sec.
In the central lagoon, part of the flow moves slowly westward in a
counterclockwise gyral around Middle Island. Another part moves
eastward through Bovoni Passage and out the Benner Bay West entrance.
A maximum velocity of 0.14m per sec was recorded in the narrow
part of Bovoni Paésage which acts like a nozzle. Interestingly,
bottom water often moves westward through the "nozzle", opposite

to the predominate eastward surface current. This feature is a
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response to small water level differences between the lagoon and
Bovoni Passage. The travel time for a parcel of "new" water

" from Cas Entrance and to Benner Bay West Entrances is about 20
hours.

A distinctive feature of the wave-driven circulations jis its
wide range in speed with time. The flow "pulsates" through passages.‘
Such a feature may re]ate%to mass transport of waves in groups as
they break on the reef. Around Behner Bay and Manglar Island both
"current speed and direétion are highly variable with time.

The wave-driven circulation provides an influx of
relatively clear ocean water through Cas Entrance and a discharge
of turbid lagoon and passage water out Benner Bay West Entrance.
Evidence of turbid discharge is clearly seen on the aerial photo,
Figure 6, at point "p" whereas the bottom features are clearly
visible in southern and middle lagoon reaches of the 2 meter depth
"ML" (Figure 6). When the wave—driven circulation and associated
mixing is active, gradients of salinity and temperature between
the lagoon énd Jersey Bay are small. Water quality overall is
improved.

Tidal currents créate a reversing circulation pattern, i.e.,
landward during the rising tide and seaward during a falling tide
(Figure 22A). The narrow reach of Bovoni Passage tends to segment
the ebb flow inasmuch as this passage has a Tower flow "conductance"
than Cas Entrance. Like the wave-driven currents, speed of tidal
~currents generally diminishes inward. Most lagoon tidal currents
are less than 4cm per sec. They provide minimal circulation and

‘mixing during semi-diurnal tide phases, but during diurnal phases
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Figure 22.
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Surface currents based on anchor stations and dye patch observations,

August 1976. A. Tidal currents August 25-27, during rising tide.
B. Wave driven transport,August 17-19.
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they create a significant circu]ation. Tidal currents are the
most important mode of circulation durihg periods of low wind
and waves on the reefs.

Wind drag over across‘open reaches of the inner lagoon
produces a local wind drift of near-surface water. Under conditions
of easterly trade winds blowing greater than 7m per séc (14 knots),
the drift flows westward across the middle and inner lagoon. This
drives water against the western shore with speeds of 2 to 3cm per
sec. Part of the water returns eastward south of Midd]e Island
where it is dampened in a null zone of opposing easterly wind
drift. Since wave transport over the reef is also driven by the
wind, the local wind drift is commonly superimposed on the broad
clockwise circulation.

Currents driven by stream runoff are significant during
short periods of flooding. Although they have not been measured
directly, they are reported by fisherhen and their effects are
indicated by salinity and turbidity distributions (Grigg et al,
1971). For example, a‘5-1nch rainfall over Turpentine Run and
Nu]]iberg Basinsbdischarées an estimated 76,000 m3 per storm
(3 days) which amounts to an outflow of 0.36 m3 per sec through
- Tagoon entrances. This results in an average outflowing current
of 0.15cm per sec. Since this circulation disperses mud and land-
borne debris with contaminates, throughout the Tlagoon, it is
detrimental to lagoon ecology. |

Most currents, except for stream runoff, are essential to
maintenance of good ecological conditions. Currents bring in clean

sea water from Jersey Bay, they redistribute nutrients from mangrove,



N

disperse larvae of fish and shellfish, mix and dilute turbid
lagoon water, partly flush contaminates out and perform many
useful functions. Without a circulation the lagoon would
become a stagnant dead lake. Such conditions already exist

on a small scale in most marginal salt ponds around west, north
and east parts of the lagoon and bay.

Drainage and tidal exchange of the salt ponds with -
the lagoon is restricted by road fill, landfill, debris, trash
and growth of mangrove prop roots (Figures 23A-C). The
restrictions are most effective during periods of neap tide
range and low seasonal tides from December through May. This
is also the dry season. Consequently, high evaporation in
restricted ponds at this season leads to extreme salinity in
soil and surface water. Mangroves suffer or die (Figure 23C,
see section on mangroves‘for details). Additionally, sediments
become black and anoxic; water quality is degraded by extreme
diurnal oxygen content. Closure of the ponds reduces the area
of tidal flooding andbtherefore Towers the tidal prism and
flushing rate. Closure of the Compass Point salt pond east of
Benner Bay by road fill has reduced the tidal prism of inner Benner
Bay by about 33 percent. In turn, flushing of the inner bay is
reduced about 20 percent further extending the residence time of

pollutants.
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Figure 23A. Aerial view south across the Compass Point salt
pond, August 1977. Zone of 1iving mangroves (1m)
flushed by tides of Benner Bay (BB) contrasts with
zone of dead red mangroves (dm) in the salt pond
which is restricted by road fill (r). Landfill
along inner margin of pond (f) replaces a former
fringe of mangroves. It restricts drainage from

the Tand and is a local source of turbidity.

Figure 23B. Ground photo of road fill across the Compass Point
salt pond at the head of Benner Bay, August 1977.
By restricting drainage and tidal exchange between
the pond and the bay the volume of water for flushing
pollutants in the bay is reduced and a natural nursery

area for juvenile fishes is destroyed.

Figure 23C. Reétricted drainage between salt ponds along
western lagoon shore near sewage treatment plant,
March 1977. Low tides and high evaporation during
this season lead to stagnation and extreme surface
and soil salinity. Many black mangroves are dead

orvdying.
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"water'Qua]fty

The value of lagoon waters is derived from a combin-
ation of physical and chemical properties that benefit man and
biota. The results are directed to finding the sources of pol-
lution and establishing guidelines for improving water qua]ity;

The distribution of different water quality paramet-
ers is illustrated in the chartlets of Figures 24, 25; 26 and
27. These provide information on a seasonal basis; they are
supplemented by other data obtained by the DCCA Water Pollution
Lab during intervening periods.

Temperature measurements reveal nearly isothermal
conditions throughout the lagoon and bay most of the time. 1In
summer, lagoon waters are about 2°C warmer than seawater in Jer-
sey Bay. In winter lagoon waters are about 29C cooler than in
Jersey Bay. Thus; the annual range of témperature in the lag-
oon is greater than in the adjacent bay. On an annual basis
water temperature in the lagoon tends to follow variations of
air temperature because the watefs are so shallow and vertic-
ally mixed. The seasonal trends of temperature in Benner Bay

are shown in relation to open south coast bays, in Figure 28.
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Extreme temperatures, greater than 359C, were record-
ed from backwaters and salt ponds that have restricted gircu]-
ation. Such extreme temperature variations 1imit the number
and distribution of plant and animal species in these areas.

With increasing turbidity and suspended material in
Tagoon waters which is dark and absorptive, and with gradual
.shoaling of the lagoon floor, maximum water temperatures may
be expected to increase with time. Thus, conditions for plant
and animal 1ife will become more rigorous and some species
eliminated.

Salinity data indicate that lagoon and Benner Bay
waters are neutral from August 1976 to January 1977, and slight-
1y hypersaline from February 1977 to May 1977. Measurements
from ponds and backwaters are extreme, either nearly fresh fol-
lowing local rainfall or distinctly hypersaline, greater than
50 ppt. during drought, see Table 11 for mangrove bond salinit-
ies. Strong differences in salinity occur locally where pond
drainage enters the lagoon. |

Long periods of drought and hypersalinity, particularly
between February and May when the tidal plane is low and mass
transport over the reef is limited, lead to worsening conditions
for pollution. Not only does evaporation concentrate mater-
jals but it leads to a net inflow of water. Thus, particulate
pollutants accumulate in inner reaches and few escape seaward.

Although the range of salinity is relatively narrow
throughout most of the lagoon and in Benner Bay both vertically
and horizontally, it is often critical to growth and reproduct-

ion of certain species that have evolved in harmony with chang-
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ing salinity. Some species have undoubtedly adapted to the
alternating pattern of neutral and hypersa1iné water which is
temporarily interrupted by freshwater runoff. It is presumed
that the natural salinity regime provides optimum functioning
of 1ife in the lagoon. For management it is important to main-
tain open entrance reaches and to control development that re-
stricts flow.

Dissolved oxygen concentration varies over a wide
range in the lagoon and Benner Bay whereas in seawater of Jer-
sey Bay it varies within narrow limits. Concentrations reached
an early morning minimum of 1.6 mg/1 near the lagoon head in
August 1976. By contrast, a mid-afternoon peak of 12.6 mg/1
was recorded. These values contrast with a range of 5.6 to 6.9
mg/1 in seawater of Cas‘Entrance.

Besides the large diurnal range in polluted and plank-
ton-rich water, percent oxygen saturation remained below 100
percent more than 65 percent of the time. This suggests at
first an excess of oxygen consumed by respiration over oxygen
produced by photosynthesis. However, once the metabolic rates
are corrected for oxygen diffusion into or out of the water,
and when changing rates of respiration or photosynthesis are
taken into account, the actual metabolic rate, or community
metabolism differs.

On an annual basis oxygen values were generally lower

during August, September and October than in January, February
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Figures 24, 25, 26, 27, whith follow on the successive four
pages, show the distributions of water qua]ify pérameters in
near-surface water for August 25-27, 1976; January 15, 1977;
March 24; 1977; and July 23, 1977.
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and March. The low concentrations are affected by a combina-
tion of high net production of organic matter, 1ight weather
and poor mixing and an influx decomposed organicimaterial from
pollution sources and runoff. Most of the low values are from
near-bottom backwaters where circulation is high. Low oxygen
concentrations close to the bed may be a 1imiting factor for
benthic organisms if waters are completely depleted of oxygen.

Benner Bay is subject to increased turbidity caused
by sediment influx of storm runoff. By contrast high turbidity
of the inner Iagobn is caused partly by plankton blooms part-
icularly following runoff from Turpentine Run. For another
part blooms are created by discharge of sewage when the treat-
ment plant is broken down.

Turbidity is an important stress on the lagoon and
bay environment. Sunlight must be able to penetrate coastal
waters so as to foster the growth of both the rooted plants,
such as turtle grass. Increased turbidity from the addition
of suspended matter to the water reduces light penetration and
has a negative effect on plant growth.

Turbidity has most Tikely excluded turtle grass from
inner reaches within the last eight years. By limiting 1ight
penetration it has restricted the grass to shoals and lighted
areas of seaward reaches.

The high turbidity values recorded in the lTagoon dur-
ing 1976-1977 are part of a long-term trend of increasing max-
imal turbidity which began in 1974. On the other hand, in
Benner Bay, turbidity has improved slightly since 1975.
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Turbidity distributions in the lagoon form a grad-
ient that decreases seaward from the lagoon and bay head to Jer-
sey Bay. The most marked change takes place in the central
Tagoon and in the Benner Bay entrance during summer. This change
reflects the source of turbidity, sewage as well as suspended
plankton and their seaward dispersal and dilution by less furbid
water of Jersey Bay. Locally high turbidity develops during
windy periods when waves resuspend muddy sediments from shoals.
A similar local increase/is produced by boat wakes.

The pH (hydrogen ion concentration) varies within L
narrow limits throughout most of the lagoon. The annual range
is normally 7.7 to 8.4 but a slightly greater range occurs
locally in ponds. This indicates the lagoon and bay are well
buffered with seawater in its neutral or slightly hypersaline
state. The pH of}the bay system is relatively stable and does
not represent a stress or act as a limiting factor for organisms.

Dissolved phosphorus is markedly higher in the Man-
grove Lagoon than in Jersey Bay. Concentrations are more than
100 times greater. High values were recorded from the mouth
of Turpentine Run in January 1977, from backwaters of Middle
Island, and the lagoon head in September 1976. These high con-
centrations together with diminished oxygen content give evi-
dence for eutrophication (over fertilization). Relatively
large differences between dissolved and total phosphorous in-
dicate the phosphorous is associated with particulate material,

mainly phytoplankton. The phorphorous is released by death and
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decay of phytoplankton which partly thrive on sewage. For
another part they are nourished by decomposition of mangrove
detritus or by influx of phosphorous in runoff. The phosphor-
ous is particularly excessive when combined with nitrogenous

wastes and triggers phytoplankton blooms in poorly circulating

lagoon waters
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Monthly water quality trends at Benner Bay compared
with average for south coast bays, 1973-1976.
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Productivity. Rates of gross community photosynthesis

(primary production) and total community respiration in the water
were determined from light-dark bottles and from the diurnal oxygen
curves using the graphical method of Odum and Hoskins (1958).
Table 8 summarizes values of production at key stations in the
lagoon aﬁd compares data derived from 1970 oxygen curves with
those obtained in the present study, 1976.

One of the by-products of the diurnal curve analyses is the
gas transfer constant (K) which indicates the rate of oxygen
diffusion into or out of lagoon water per unit saturation deficit
gradient. This diffusion constant also provides an estimate of
the maximum excess of respiration over production that is per-
missible for the lagoon without conditions becoming anaerobic.

For example, if 10 percent saturation is lethal for fish, a fish
kill may be expec;ed when the R1 values (shown in the last column
of Table 8) exceed the measured R values. On August 25 in the
upper lagoon at Stations 27A, 27B, R, values were very close

to R values, indicating'that the lagoon had almost reached its
capacity to accept organic pollution. It was close to a metabolic
threshold beyond which the system would break down.

Free water gross production shown in Table 8 ranges from
8.0 - 43.3 gm/mz/day. The highest rate is at the lagoon head
(Station 27B), whereas the lowest rate is in Bovoni Passage
(Station 9). Gross production exceeds respiration at all stations
measured and there is a substantial net production of from
2.1-15.6 gm/mZ/Aay. Net production is generally two times greater
in 1976 than in 1970. This is caused by more rapid metabolism,

both gross production and respiration, rather than an increase in
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Table 8. Values for range of oxygen saturation gross production (Pg), community respiration (R),
and net production (Pn). X is the diffusion constant at 0% saturation. Rj is the maximum
respiration necessary. to produce an oxygen saturation of 10 percent. -

- 06

Location Date Oxygen Light-bark Bottle Free-Water Curve
Saturation Method Method
% gms /m2 /day gms /m? /day
Pg R Pn Pg R Pn
Cas Entrance Reach #1 Aug. 18-19, 1976 86-120 1.5 1.1 1.5 10.6 8.0 2.6 2.1
Benner Bay #7 Mar. 21-22, 1970 94-124 ——— e e 10.6 8.5 2.1 2.3
Benner Bay #7 Aug. 25, 1976 74-123 7.4 3.6 3.8 14.9 9.6 5.3 1.7
Bovoni Passage #9 Mar. 21-22, 1970 85-114 ——— e e 7.1 4.2 2.9 0.2
Bovoni Passage #9 Aug. 18-19, 1976 67-115" 8.3 5.3 3.0 13.7 8.7 5.0 0.2
Mangrove Lagoon #10 - Mar. 21-22, 1970 68-124 e mee T oes 8.0 4.4 3.6 0.3
(Inner Reaches)
Mangrove Lagoon #10 Aug. 25, 1976 90-161 7.4 1.4 6.0 13.9 8.8 5.1 0.9
(Inner Reaches)
Mangrove Lagoon #27A Aug. 25, 1976 94-169 8.7 3.2 5.5 15.8 5.0 10.8 1.3
(Lagoon Head)
Mangrove Lagoon #27B Aug. 25, 1976 96-212 11.2 5.9 5.3 43,3 27.7 15.6 0.2

(Lagoon Head) -
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Table 9. Values for gross production (Pg), respiration (R), and net production (Pn) by light-dark
bottle method and changes in production between August, 1976 and January, 1977.

Oxygen Light-Dark Bottle Changes Between
Location Date Saturation Methgd August 1976 and Jan. 1977
% gms/m</day gms/mz/day
Pg R Pn Pg R Pn
Cas Entrance Reach # 1 Aug. 18-19, 1976 86-120 1.5 1.1 0.4 - - -
Benner Bay #7 Aug. 25, 1976 74-123 7.4 3.6 3.8
Jan. 16-17, 1977 68 2.6 0.2 2.4 -4.8 -3.4 -1.4
Bovoni Passage #9 Aug. 18-19, 1976 67-115 8.3 5.3 3.0 - - -
Mangrove Lagoon #10 Aug. 25, 1976 90-161 7.4 1.4 6.0 - - -
(Inner Reaches)
Mangrove Lagoon #27A Aug. 25, 1976 94-169 8.7 3.2 5.5
(Lagoon Head)
Jan. 16-17, 1977 82 0.4 0.2 0.2 -8.3 -3.0 -5.3
Mangrove Lagoon #27B Aug. 25, 1976 96-212 11.2 5.9 5.3
(Lagoon Head)
Jan. 16-17, 1977 72 1.9 1.4 0.5 -9.3 -4.5 -4.8
Mangrove Lagoon #10A Aug. 25, 1976 70 4.6 2 1.4
(Central Reaches)
Jan. 16-17, 1977 84 2.6 0.2 2.4 -2.0 -3.0 +1.1




respiration alone. The higher net productionin 1976 indicates
there is more organic matter being produced in the lagoon than
is consumed. Thus, a substantially greater amount of organic
matter is avai]ab]e for storage in the sediments. Despite import
of sewage and mangrove detritus, respiration does not exceed
photosynthesis; instead, the sewage fertilizes the lagoon and
stimulates greater production.

Rates of gross production and respiration determined
from Tight-dark bottles are summarized in Table 9. Gross
production in the bottles generally makes up more than 50 percent
of the over-all free water production except at Station 27B.
Metabolism in August 1976 was higher at all stations than in
- January. This reflects diminished growth of phytoplankton in
January 1977, a time of low light intensity and reduced nutrient
supply. During August metabolism is much greater at stations near
inner reaches than near the entrance. This also reflects greater
production of phytoplankton in inner parts despite the high turbidity.

Biologic activity is stepped up by nutrients released from
secondary sewage treatment. Such nutrients increase the growth
rate of phytoplankton leading to blooms which render the water
turbid. They create large diurnal changes in oxygen content ranging
from supersaturation in the surface near mid-day to complete depletion
near the bottom in ear]y morning. Oxygen consumption is further
reduced by oxidation of untreated boat sewage and by petroleum wastes

that contain large amounts of reduced carbon.
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Bottom Sediments. The Mangrove Lagoon is floored with a

variety of different sediment types ranging from fine mud to coarse
sand. Figure 29 indicates the distribution of different types
which were determined by macroscopic examination. The inner Tagoon
floor is predominantly mud whereas seaward reaches are pre-
dominantly sand. Between these two main types, or end members,
are mixtures of mud and sand. Halimeda, which grows on the
lagoon flioor, is the chief sand constituent of the mixed sediment
while quartz and feldspar are important in seaward rea;hes.
Sediments from Benner Bay exhibit similar types, but the
distribution patterns differ. Medium sand cbvers the entrance
shoals while muddy sand predominates tne channel floor. Although
the channel sediments are suitable for dredging, they contain
too. much clay and silt for use as aggregate without special pro-
cessing. They are, however, suitable for fill where 20-30 per-

cent fines .can be tolerated.

Mud from the inner 1égoon floor contains the highest organic
matter, up to 14 percent by loss-on-ignition {Figure 30 1. Some
of the organic material is a by-product of pollution, either sewage
pollutants absorbed on fine-grained particles or dead organisms
thriving on nutrient-rich pollutants. Some of the material is
undoubtedly detritus derived primarily from Teaf fall in adjacent

mangroves.

The distribution of carbonate sediment determined.by HC1
digestion is given in Figure 31. ‘Most of the carbonate in
lTagoon sediments reflects the percentage of sand contributed by
Halimeda, whereas low carbonate reflects high proportions of

terrigenous particles eroded from headlands.
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Sediment Chemistry

In an area receiving pollutants the bottom sediments
provide an index to the source and extent of pollution. When
po]lutants enter a coastal environment they disperse into
different parts of the environment according to their chemical
reactivities and biological availabilities. Often bottom
sediments concentrate pollutants many ordérs of magnitude above
Tevels found in solution. They negate fhe old adage that "dilution
is the solution to po11ution“. Since sediments are less transient
than water which moves with the tide and wind, fhey indicate the
location and intensity of pollution in relation to its source.

The methods used to determine trace metals and nutrients
are given in Appendix I. Samples mainly consist of bulk surface
sediment. A few samples were taken from cores to determine the

depth distribution of contaminates.

The distribution of trace metals and various organ-
ic constituents is shown in Fiigure 32. Data are tabulated in
Table 10 and station locations are given in Figure 3.

The metals, copper, lead and zinc are higher than
normal ~in sediments from Benner Bay, Bovoni Passage, at the
mouth of Turpentine Run and 40 to 100 meters lagoonward (east)
from the municipal dump. They are concentrated mainly in fine-
grained muddy sediments close to pollution sources, the munic-
ipal dump, entering streams and marinas. Such metals are com-
monly used in marine bottom paint and sacrificial anodes. With
the exception of core J from the lagoon head, these constit-
uents are higher in surface sediments than at depth in the sed- .
iments. This indicates the lagoon and bay are receiving great-

er amounts of copper and zinc contaminants than in the recent
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past. However, most of the concentrations are restricted to in-
nermost parts of the bay and'1agoon and have not spread through-
out the lagoon or seaward into Jersey Bay.

Of the other metals examined, cadmium and mercury, con-
centrations are normal for most of the area except at Station I
in Benner Bay where mercury is unusually high; A1l metal con-

- centrations except mercury were exceptionally high in ground
water in the ai]uvia1 substrate. High salinity of the ground
water greater than 150 ppt. suggests the metals are concentrated
in the flats by high evaporation of capillary water from the sur-

- face of the flats.

0il1 and grease concentrations are highest lagoonward
from the municipal dump (100 m). Substantial concentra-

‘tions were also found at the entrance to Turpentine Run and in

Benner Bay where they are most likely é product of bilge wastes

and local oil spillage.

Toia] phosphorus, nitrogen and chemical oxygen demand
are unexpectedlyhigh in the fnner parts of the Mangrove Lagoon
and Benner Bay than elsewhere. This reflects a relatively high
nutrient imput or regeneration of organic pollutants in these
zones.

The results indicate that sediments in the proposed
dredged channel of Benner Bay contain moderate amounts of lead
-and copper that could present a disposal problem. The Environ-
mental Protection Agency defines regulations and criteria for
ocean dumping (Federal Register, Vol. 42, No. 7 - Tuesday, Jan-
uary 11, 1977). In section 227.6, e. is given the "Conditions"

which must be met in the absence of bio-assay results for disposal
Not all potentially toxic constituents in the area have been analyzed.
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Table 10. Concentration of chemical constituents in sediments
from the Mangrove Lagoon and Benner Bay.

PPM  PPM  PPM- %  PPM PPM- PPM - PPM PPM

_86 -

sample No.| % Ts |% vs |Tp | TKN |o08G |cop|cd |cu Zn Pb Hg

138400 48.5 {9.40 | 130 | 2600 | 920 | 13.0/ 1.7 | 11 19 |25. [K.002

278 30.3 | 11.7 | 180 | 4400 | 380 }9.2 | 1.5 |30 50 |33 [K.002

“ 10A 30.5 | 13.0 | 89 | 3900 {1200 |6.3]2.3 | 12 22 |36 [<.002

K 47.1110.7 2 | 2600 | 1300 {6.5 | 1.1 |38 | 79 |59 |<.002
L 55.5 | 9.81 211200 {740 |6.6 | 1.1 |40 65 |45 0.060

G 66.5 | 5.58 | 240 | 1000 | 580 |2.1|2.0 |47 | 44 |30 |<o02

67 55.7 | 7.94 | 180 | 1200 | 240 1.1]2.0 |31 31 |27 |<.002
Tutu* 65.0 {6.63|5.8 | 2000 | 330 |6.4D.14 |25 29 |10 p.034

47 89.5 | 8.39 2 11700 {290 | - p.46 |17 79 |53 p.o78

48 92.8 19.44 2 | 1000 | 260 |3.4 p.65 | 140 |150 |54 b.020

49 59.9 | 14.3| 17 |2300 | 3600 |7.4 | 1.8 |67 |121 | 110 p.033
20 57.1 |4.87 | 84| 280 |350 |2.1|1.7|7.7 |7.4 18 .0002

R 55.3 {7.57 | 150 | 1400 {450 |1.9 [2.0 | 25. 33 (45 D.056

48 GW** - - - - — - P.19{0.20 {0.12 {0.91 [ND

|A2-A3, 0-2 cm, |60.5 |5.27 | 44 | 830 {270 |2.7 |2.6 |17 10 [2.0 p.o028
A2-A3, 43-45 m |60.1 15.08 | 170 | 370 |92 2.112.5 7.6 |5.5 |9.6 p.007
Core J, 0-3 cm |39.0 |12.3 {320 | 3800 {590 |13 |1.9 |35 62 20 0.010
Core J, 30-33 cm|43.7 [ 12.4 |71 {2700 | 130 |14 |1.2 |40 53 15  0.005
lcore 1, 0-3 cm |48.2 [ 11.4 {80 |2200 |890 |15 |1.9 |120 |110 24 |0.23
Core 1,,30—33 em49.3 19.47 |76 11500 |170 112 |2.7 |15 19 11 0.020

* Pesticides all negative ** Ground water 50cm below surface
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9. Biological Conditions

Mangrove'Stndies.' Comparison of mangrovewdistributions‘deducedk
from a chart dated 1851 (Figure11) with thosebreCOrded_in‘the
1947 aerial photo (Figure 7) showsjitt1e change.b The basic
distnibutions Were essentia11yvstab1e‘for 96 years; Small changes
are evident,however, in recent years. The 1954 aerial photo-
graphs 1ndicate estab]ishment of trees at Midd]e Island (point a,
(Figure 39B)wh11e the 1965 photographs show that trees extend the
shoreline seaward from Bovoni Cay (po1nt b, F1gure 39C).
Additionally, mang]ars were established on submerged shoals in
Jersey Bay (point c, Figure 39C) and these have continued to
expand unt1] the present day (Figures 6 and'40):

Patricia Cay. Th1s cay, located in the southern part of the

Mangrove Lagoon (Figure 8), consists of an e]ongatedvstructure of
coral shingle and sand about 35-40_meters wide. Behﬁnd this

ridge mangroves hajeygrown into the lagoon for approximately 200
meters. A head]and;;Patrfck Point, "anchors" the east end of the
ridge. |

The south shore is co]onized by mangroves of two'species:

Rhizophora mangle (red mangrove) and'Laguncu1aria racemosa (white
mangrove). The slope of the beach faoe allows only a fringe of

mangroves .two or threebtrees wide to develop. Typica1\beach scrub

develops on the ridge, Along_the‘south shore Rhizophora does best
toward the eastern part of the cay nhere the sand has a higher silt

content whereas Lagunou1ar1a is the dominant tree at the fringe

toward the inlet at the west end. Toward this side ooarsevsands

prevail .and Rhizophora does not seem to be very successfu1f1n.thjs
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substrate. Where Rhizophora occurs in the outer part of the

fringe, Laguncularia follows behind growing at a slight elevation

on the sloping beach face. Figure 33A summarizes elevation data.

Behind the ridge is a large salt pond with relatively
high salinity. The mean surface salinity measured (August, 1977)
was 50 ppt, while the salinity of the soil water underlying the
pond was considerably higher, ranging between 80 ppt and 90 ppt.
Dead and/or dying mangrove trees, mainly Avicennia, the black
mangrove, are found here. This species is the dominant species
fringing the hypersaline pond.

Behind the black mangroves and toward the Mangrove
Lagoon a wide fringe of red mangroves occurs. This fringe is as
wide as 200 meters in places. An interesting characteristic of
these mangroves is their "scrubbiness"; vegetation heights are
less than two meters. Macnae (1968) observed that scrubbiness
increases with higher soil salinities and Cintron and Lugo
(in press) demonstrated for the mangrove forests studied that
-tree height decreased directly with increased soil salinity.
However, surprisingly,waters inundating these mangroves which
are submerged by most tides have relatively low salinity (36
ppt) as does the underlying soil water (38 ppt). Other factors
such as flushing and nutrient inputs affect structural
development and must be related to the stunted character of the
vegetation. These are discussed later. The color of the leaves
of these stunted mangroves was slightly more yellow than the tall
mangroves elsewhere in the bay: 5 GY 4/6 for the low mangroves

and 5 GY 5/4 for tall mangroves. Colors ranging from 2.5 GY 5/4,
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5/5 were also observed in the low mangroves. The red mangroves
at the lagoonward edge are slightly taller, about two meters,
whereas those behind are only 1.50 to 1.75 meters tall.

Bovoni Cay. This is an arcuate cay or barrier island almost

1.2 km Tong. A sand ridge of lesser elevation than the ridge
at Patricia Cay separates Jersey Bay from the Mangrove Lagoon.
Mangrove growth behind this ridge is not as extensive as in
Patricia Cay except at the southern tip.

Mangroves along Jersey‘bay are mostly reds of large size
(7 meters); white mangroves grow behind these in the sandy ridgeL
The fringe is only a few meters wide (5-8m). Beach scrub
vegetation grows in the portions not wetted‘by the tides. In low
areas of the ridge, i.e., in the trough between what seems to be
two ridges, black mangroves were observed. A forest of low reds
extends toward the lagoon. As in Patricia Cay these reds are

overwashed, permanently flooded except by unusual tides.

West Shore of Inner Lagoon. The mangroves along the west shore

of the mangrove lagoon,in contrast to most of those in the southern
lagoon,are of large size with a canopy.height of + 7 meters. The
fringe varies in width between 80 m and 200 meters. They occur
in what seems to be a double band separated by shallow ponds or
inner lagoons. Salterns,or high tide mud flats,are found behind
the fringe as in other xeric mangkoVe areas (Citron, Lugo, in
press).
In a transect made west of the sewage treatment plant (Fig.33B)

the following zonation was observed: (1) a band of red mangroves
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(14 meters wide at this site) (2) a band of black mangroves (10 m
in width), the landward portion of these trees (Figure 23C) is
partially defoliated dead or dying (3) a shallow depression, flooded,
and (4) a band of black mangroves extending to 30 meters. The trees
at the landward edge from 45 to 90 m were all dead (Figure 37) (5)
a wide and high mud flat.

| Soil and surface salinities at this transect are shown in
Table II, Figure 33B. As can be observed the lowest surface and
interst1t1a1 salinities, 36.6 ppt and 40.0 ppt, respectively, are
found in the red mangrove band. Higher values are found in the black
mangrove band where the mean surface was 48.8 ppt and the mean
interstitial water was 61.4 ppt. The salt pond had a mean surface
salinity of 56.8 ppt; the underlying interstitial water salinity was
93.2 ppt. The landward black mangrove forest, which is mostly dead,
had a surface salinity of 56.8 ppt and an interstitial salinity of
93.2 ppt. The salt flat had interstitial and soil salinities of
100-135 ppt. A pit duQ to a depth-of 30 cm just above the reach of
the high water mark yielded water of 20 ppt salinity. The top 10 cm
of this pit was composed of a yellow clay Which overlies gray mangrove
mud.

"To the west of the transeét area an elevated road bed is

found and, adjacent to this, road fill was deposited on the mud
flat. This area is -above tide level and fresh water accumulates
here. The fill material is fairly impermeab1é, and pools of fresh
water rest here. Again a pit in this area showed 20 cm of yellow
‘clay with the fi1l material resting on gray mud. The underlying

soil water had a salinity of 36 ppt. Because of the presence of
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fresh water, grasses grow adjacent to the rear of the mangrove
forest. This . anomaly 1is due to the alteration of the mud
flat topography.

Compass Point and Salt Pond. This area is of particular

interest because it shows that mangroves can be killed not only
directly by cutting but also by the indirect effects of changes
in drainage patterns leading to stagnations and salt accumulation.
The aerial photography of 1947 shows this area as a shallow
embayment with mangroves growing as a wide fringe, probably 70
meters wide, across the mouth. In the 1954 photogfaphy a salt
flat is observed behind the mangrove fringe,and this salt flat
is more prominent in the 1965 photograph. A wide zone of
mangrove seems fo have been removed between 1954 and 1965. Some
mangrove growth is observed along the edge of the embayment
in all of these photographs. Sometime between 1965 and 1971 a
road was built across the mouth of the embayment. Most of the
~salt pond and a portion of the mangrove fringe was sealed off by
the solid fill road from Benner Bay. The forest, which consisted
of tall red mangroves, appears dead or dying in the 1972 photo-
graph. See figures 23A and 23B.

This area was visited in August 1977, a time when the
surface water inside the embayment (pond)averagaj65 ppt salin-
ity. The interstitial salinity,however, was considerably higher,
between 95 and 106 ppt. Tree height was 15 meters and mean D.B.H.
was 22 cm (these measurements were made on the trees still
standing). The road, except in a narrow area, impedes the drainage

of the water between Benner Bay and the salt pond. No recovery of
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the mangroves wés noted. Soﬁe red mangrove seedlings were observed
within the embayment but these showed extensive salt damage and
wi]1 probably not survive for Tong. Within the salt pond

embayment a clump of dwarfed black mangroves was also observed

(ht. 1.5 cm). The interstitial salinity there was about 89 ppt

and the surface salinity was 56 ppt. On the Benner Bay (west)

side of the road, near the northern corner of the mud flat,the
surface salinities were about 54 ppt and the interstitial salinities
were about 75 ppt. These values are close to what they. are
naturally in this type of environment. The bay salinity here was
36 ppt. Figure 33C and Table 11 summarize salinity and elevation
data.

In 1947, when mangroves were estensively cut for wood,
aerial photos reveal the stands covered an area of 134,263 sq.
meters throughout the lagoon and bay. In 1972, the mangroves
covered an afea of 199,706 sq. meters an apparent increase of
67 percent. However, about 15 percent of the 1972 mangroves were

dead or dying. Many stands were buried by Tandfill used to

construct shorefront marinas, docks and a racetrack (Figures 34, 38).

Others died out around margins of salt ponds where tidal drainage
has been restricted by road fill, sedimentation and uncontrolled

waste disposal (Figure 35).
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Table 11. Surface and Interstitital Salinities (ppt) for Mangrove
Forests, Salterns and Hypersaline Lagoons
1 Standard Error of the Mean Shown (s.e)

SALINITY
Location Surface Interstitial
X s.e X s.e

Benner Bay
Compass point '
Rhizophora stand - 55.8 0.20 90.2 1.56
Standing water |

20 cm. deep 61.3 3.20 -——— -———
North Edge of
Rhizophora Stand 51.5 0.89 98.6 2.23
Avicennia Stand (dwarf) 55.8 0.20 88.6 1.17
Surface drainage 5.0 ---- - -
Mean {(diked area) 55.7 1.61 92.5 1.79
Salt flats |
Compass point 54.0 1.82 75.4 1.60
Surface salinity
Lagoon 35.0 ---- -——- -
West Shore Mangrove lLagoon
Living Rhizophora fringe0-14 m 36.6 1.40 - 40.0 1.38
Living Avicennia fringe 15-20m 48.8 1.74 61.4 4.90
Mean (1iving Mangrove) 42.7 1.57 50.7 3.50
Zone of dead Avicennia 50 m 56.8 2.08 93.2 1.07
Saltern (Mud flats) 80 m 108.7 8.41 133.3 1.05
Rear of saltern 120 m 40 cm ----- -—— 20.0 0700
Mangrove Lagoon
Hypersaline lagoon
Patricia Cay 48.6 0.67 83.3 2.40
Tall Mangroves

(Rhizophora) 34.0 0.00 39.0 0.00
Low Mangroves

(Bovoni Cay) 35.8 0.25 38.0 0.00
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Figure 34.

Figure 35.

Exposure of landfill along the lagoon shore at

the racetrack which buried former mangrove stands.
Erosion of unstabilized fill is now a local source
of turbidity that degrades water quality. Black
mangroves, right background, "anchor" parts of

the shore.

Uncontrolled trash disposal along landward margin
of the lagoon near the shore road at the mouth of
Turpentine Run, restricts drainage in mangrove ponds
causing mangroves to die. The trash and debris are
a source of metal and chlorinate contamination.
Dumping by boats and cruise ships also contribute

much trash that accumulates in mangrove roots.
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Figure 36.

Figqure 37}

Mean low waterline along prop roots of
red mangrove, Bovoni Passage. The roots

provide shelter and habitat for juvenile

fish and small lobsters.

Figure 38.
Pneumatophores or aerial roots, of black
mangrove are smothered by dense algal growths
stimulated by excess nutrients; salt pond
along western lagoon shore.
—~ —~ —~ — -~ ~

B]aék mangroves buried
by racetrack fill along
north shore of the
lagoon, March 1977.
Loss of mangrove stands
has contributed to
decline of the area's

natural resources.
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Discussion of Mangroves. Zonation patterns in the Mangrove

Lagoon and Benner Bay system are similar to those observed
elsewhere in the Caribbean. Fringe type mangroves are the
dominant physiographic type. The successional development of
these fringes is described in Cintron and Lugo (in press). This
pattern may be summarized as follows: vigorous plant growth at

the water edge results in a restriction to the flow of water into
the .inner parts of the swamp. Soil salinities in that part of the
swamp increase and are invaded by the more tolerant species,
Avicennia. However, eventually these trees may die as circulation
is further restricted by active growth at the fringe and by
clogging of drainage channels with prop roots and sediment. The
low tidal energy available and reduced fresh water inflow cannot
maintain the drainage channels open. Extensive areas of the inner
swamp die and become salt flats. |

This pattern may be reversed or slowed down by storms or
periods of high precipitation. At that time the fringes may be
partially destroyed allowing better circulation to the inner swamp
by large water flows that can unclog or open new drainage channels.
These conditions lead to a rejuvenation of the inner parts of the
swamp.

Thus, a cyclic pattern is to be expected in xeric
environments such as the Mangrove Lagoon. During periods follow-
ing storms or high precipitation mangrove areas increase and salt
flats decrease. During periods of drought, of storm free inter-
vals, mangrove areas dwindle and salt flats increase. Failure to

recognize this fact may lead to incompatible land use that may

- 112 -



affect the normal expansion of the mangrove forest during

periods of 1Qw salinity. Thus, the salt flats are integral parts
of the mangrbve ecosystem and should be considered as such in

any management scheme.

Comparison of the aerial photography avai]ab]é for changes
within the last thirty years shows very 1ittle change, except for
the extensive attrifion in mangrove areas due to development in
the edge of the lagoon. More surprising is the fact that little
chahge if any is observable when old charts of the area are
compared with the recent aerial photography and maps.

Mangroves have been considered active land bui]ders
(Davis, 1940). This classical view states that siltation on
mangrove roots, and the resulting sediment aggradation, results
in the formation of dry land. The fringes advance seaward into
water made shallow by the growth of sea grasses. This picture
may be applicable in areas where the coastline is accreting due
to 1afge sediment inputs; mangroves therefore colonize the shallows
formed by physiéa] processes.

In dry environments as the Mangrove Lagoon, however, where.
sédiment inputs are small, where nutrient inputs are also small
and productivity is low, the advance of mangroves into the open
water is drastically reduced. Mangroves in this type of environ-
ment are opportunistic and will colonize sand bars and shallow
areas formed by storms. Mangrove expansion elsewhere is Timited
by lagoon depth. Where the plantrites cannot become implanted
because of excessive depth, colonization becomes exceedingly slow,

since the biologic productivity is slow and the inputs of
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of terrigenous and other sources of sediments are also small.

Over the long-term mangroves may be considered to be
invading dry land, as sea level rises. If sedimentation offsets
the rise in sea level the mangrove fringe will increase in size;
if not, it will just shift landward. The change in sea level
since the earliest charts of the area were prepared is small,
less than 13 cm per century, and itkméy be assumed that it has
resulted in minimal changes in the mangrove forest physiography.

Salinity and drainage play a dominant role in determining
zonation and structural charécteristics of mangrove forests.
Alterations to drainage patterns can lead to the formation of
evaporation ponds with extremely high salinfties. These dense
saline waters permeate the sediments and may remain well after the
disturbance is removed. Salts may take years to leach away, espec-
ially in dry environments. Many salts accumulate in the flats by
evaporation of ground water through upper layers. Attempts to
replant or revegetate these areas would not be successful unless
this fact is considered. Soil salinities must be appropriate or
else replanting efforts are wasted.

An interesting characteristic of the mangrove lagoon area
is the presence of two types of mangrove growth forms; a tall red
mangrove forest and a dwarfed or low mangrove. As shown earlier
excessive salt content of the soil water or surface water does not
account for the "scrubbiness" of this forest. The tall mangrove
forest occurs 1andward near sources of alluvial deposits. By
contrast , the low forest occurs next to the barrier ridge

(Bovonic Cay) formed by wave activity, far from the influence of
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land-borne sediment and nutrients. This forest is flooded, and
thus it is possible that nutrient accumulation is reduced as the
leaching rate is high. These forests are also flooded by low
nutrient sea water. It is suggested that the ﬁcrubbiness is due
to adaptive factors and the greater nutrient loss due to tidal

movement.

Benthic Biota. 'Resu1ts of the quantitative sampling program

~are summarized for the four seasonal sampling periods in Tables
12 to 16“; The raw data, including an extensive 1ist of annelids
observed‘ plus specimens ‘and dfied algae, are on file at the
Istand Resources Foundation.

Station 7 (Figure 3), which is just to the west of the
most eutrophicated portion of Benner Bay, had standing crops of
algae ranging from 1.4 grams wet weight to 60.95 grams wet weight.
Stations 9 and 10A, which are in relatively clear water of the

Halimeda-penicillus community showed increasing biomass of algae

during the 12 month study period. 1In both cases the August
samp]es.were over 8 times heavier than the January samples and
probably indicate peak summer productivity. The two stations of
the inner Mangrove Lagoon (27A and 27B) gave conflicting results.
Examination of the results reveal that several of the high figures
appear to be due to sampling patch distributions of the algal
community. This hypothesis was verified by diver transect obser-
vations (Figure 40). The greatest diversity and largest . number

of organisms was recorded from station TOA in the central lagoon.
By contrast station 27A, which is close to a pollution source, has

the least diverse flora and the lowest number of bivalves.
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Table 12. Summary counts of the number of species and
individuals in faunal samples from the Mangrove
Lagoon and Benner Bay during August, 1976.

Five replicate samples at each station are Tumped for
totals.  Asterisks are grab samp]es, others are cores.
Number of individuals in a sample is followed by the
minimum number of species in parenthesis.

Station

Major Group 7% 9 10A | 11 27A* 50
Porifera - - 2(1) - - -
Coelenterata - - (1) - - (1)

Anthozoa | .
Platyhelminthes 10 - - - - - -
Nematoda - - 175(1) 66(1) - -
Nemertea - 3(1) 1(1) 13(1) - 5(1)
Sipunculoidea - 1(1) - 149(1) 1(1) 1(1)
Bryozoa ‘ - - 3(1) - ‘ - -
Annelida

Polychaeta 139(8) 85(17)236(20) 179(19) 114(14) 63(20)

0ligochaeta - 12(1) 8(1) 14(1) 9(1) 1(1)
Echinodermata

HoTothuroidea - - - - - 2(1)
Arthropoda

Crustacea T(1) 23(3) 146(11) 75(13) 63(6) 12(8)

Pycnogonida - - 3(1) - -
MoTlusca

Amphineura - - 5(1) - - -

Gastropoda 5(3) 100(4) 250(7) 76(10) 29(3) 1(1)

Pelecypoda 4(1) 4(2) 14(2) 17(5) 118(5) 13(3)

TOTAL 150(14)238(23)844(48) 589Q51) 334(30) 99(37)

™
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Table 13. Composition of %4 s;i m. quadrats collected in the
Mangrove Lagoon an§=Benner Bay, January 28, 1977.

STATION
Taxon : ‘
7 ' 9 T0A 27A 278B

FAUNA, Numbers of individuals, (Minimum number of species)

Annelida
Polychaeta 0 20(2) 65(3) 0 0
Mollusca
Gastropoda 1(1) 16(1) 4(1) 0 0
Pelecypoda 15(1) 11:(3) 14(2) 6(3) 34(1)
Chordata |
Ascidiacea 0 0 8(2) 0 1(1)
Total number individuals 16(2) 47(6) 91(8)  6(3) 35(2)
FLORA, wet weight, gms. (dry weight, gms.)
Halophila 0;3(0.1) 2.4(1.5) 0 151.3(11.3) 0.6(0.1)>
Diplanthera (Halodule) O 49.5(9.2) 0 0 0
Halimeda incrassata 1.1(0.5) 0 0 0 0
H. monile : 0 0 2.3(0.5) O 0
Caulerpa mexicana - | 0 3.2(1.5) 325.9(35.8) 67.5 0
Penicillus capitatus 0 0 aa(se) 0 o
Acanthophora spicifera 0 1.2(0.3) 0 0 0
Unidentified Rhodophyta O 0.2(0.003) O 0 0
Total weight of plants 1.4  56.5 342.1 218.8 0.6
' - (0.6) (12.5) (41.9) (20.3) (0.1)
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Table 14, Composition of % sq. m. quadrats collected in the Mangrove
Lagoon and Benner Bay, April 19, 1977,

g STATION

Taxon
7 9 10A 27A

FAUNA, Numbers of individuals, (minimum number of species)

Porifera: 3 (1) - - -
Annelida:
Polychaeta 30 (1) 3 (2) 7 (1) -
Mollusca: |
Gastropoda 3 (2) 5 (3)v 5 (1) 3 (1)
Pe]ecypodg ‘ 7 (4) 6 (2) 54 (3) 18 (4)
Chordata:
Ascidiacea - - 1 (1) -
TOTAL NUMBERS - 43 (8) 14 (7) 67 (6) 21 (5)

FLORA, Wet weight, gms., (dry weight, gms.)

Chlorophyta:
Caulerpa webbiana 0.07 0.24 4.64 -
(0.01) (0.02) (0.25) -
C. cupressoides, f. - 15.74 - -
mamillosa - (1.92) - -
C. racemosa, f. - - 3.35 -
macrophysa - - (0.22) -
Acetabularia crenulata - 0.10 - -
- (0.03) - -
Halimeda incrassata 0.89 - - -
(0.11) - - -
Udotea flabellum 59.29 - - -
(22.77). - - -
filamentous, - 5.83 - -
unidentified - (1.19) - -
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Table 14. (Continued)

STATION
Taxon 7 9 10A 27A
"Rhodophyta:
Gracilaria cylindrica - 1.03 - -
- (0.08) - -
Spermatophyta:
Halophila - 0.05 9.90 0.59
- (0.01) (0.96) (0.11)
Diplanthera (Halodule) - ‘ - 19.61 -
- - (2.01) -
TOTAL WEIGHT OF PLANTS 60.25 22.99 37.50 0.95
(3.44) (0.11)

(22.89)  (3.25)
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Table 15, Total number of individual animals and plant
species collected April 19, 1977.

Porifera

Polychaeta
Gastro;oda
Pe]ecypoda
Ascidiacea

Total

Chlorophyta
Rhodophyta
Spermatophyta
Total

Number of Individuals

3
40
16
85

1

145

Number of Species
7
1
2
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Percent

2.
27.
11.
58.

0.

100.

Percent

70.
10.
20.
100.

of Total
1

~N O O O

o

of Total
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Table 16.Biotal composition of 4
d

q. m. quadrats collected in
the Mangrove Lagoon an e

s
Benner Bay, August 4 and 5, 1977.

Station

Taxon ' 7 9 10A 27A 278

Fauna, Numbers of individuals, (minimum number of species)

Annelida
Polychaeta
Greater than 1 cm 71(2) 16(2) 4(2) 27(3) 0
Less than 1 cm numerous common common numerous rare

Mollusca

Gastropoda .
Cantharus tinctus 1 , 3
Cerithjum Titeratum
C. variabile
Coraliophilia aberrans 1
Bulla striata 5 2 |
Cymatium sp. 1

*Modulus Modulus ‘ 1
Marginellidae 1
Phrgocythara coxi ] 1
Taegulus divisis 1

Engina sp. 2

~N w —

Pelecypoda
Caecum pulchellum 6 28
Chione cancellata 2
Macoma sp. : 1

- 121 -



Table 16. (Continued)

Taxon

Station

10A 27A 278

Flora, Wet Weight gms (dry

Algae
Chlorophyta

Avranvillea nigricans
Halimeda opuntia

H. incrassata

Caulerpa sertularioides

C. mexicana
C. cupressoides
Acetabularia crenulata
Penicillus capitatus

Udotea flabellum

Rhodophyceae :
Gracilaria cylindrica
G. sp.
Acanthophora speicifera

Unident Rhodeophyte

Cyanophyceae
Lyngbya sp.
Phaeophyceae
Dictyota divaricata
Spermatophyta
Halophila baillonis

weight gms)

125.54(11.56) 3.44(0.
3.52(
37.57(

N — — O

4
g
0.11g
4.22q
1g (19)399.06(75.8%)
16.70(4.98)

0.96 g
28.29(1.97g)

19
0.1g(0.1g)

7.729(1.569)

0.19(0.1g)

0.72g(0.1g) 46.96(5.87) 3.31(0.1g) 1g(0.1)

Minimum Annelid species
Total Mollusc species
Total Plant species
Total wet wt. of plants

2 2 3
2 1 6 5
0 3 4
470.31

E-Ner NN
-

1
100.42

-—

31.07 95.59 1.09
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Three basic biotic associations occur in the Mangrove
Lagoon and Benner Bay : (1) turtle grass flat, (2) sand filled
channels, and (3) reef backs.. In parts of the area, conditions
of extreme turbidity, eutrophication, boat related turbulance and
siltation have favored certain species from these associations
over others. Therefore, at present there are at least eight
recognizable communities which will be discussed.

The most widespread community over the past has been

the turtle grass (Thallassia testudineum) dominated community.

This extremely productive association is generally over 80 per
cent dominated by this spermatophyte with regular appearances by

another spermatophyte Syringodium filiforme and the Chlorophytes

Halimeda, Penicillus, Avranvillea, and Udotea, (Fig. 41B). It acts as a
juvenile habitat for many species of fishes and spiny lobsters.
Over the past decade it is this community that has shown the most
change. | |

McNulty, Robertson and Horton's 1968 benthic survey
(Fig. 39D) seems to validate the assumption that the dark areas

in the aerial photos represent Thallassia beds. If this is true,

then the turtle grass beds have existed in their 1968 configurations
since at least 1947. Tabb & Michel (1968) also support this
finding. The area to the east of Bovoni Cay nearshore in Jersey

Bay reconsolidated and expanded between 1947 and 1968. The first
evidence of degradative change appeared in the 1968 survey (McNulty
33. §1., 1968; Fig; 39D) which shows the presence of a muddy

bottom, generally devoid of plant 1ife south of Middle IsTand

in the Mangrove Lagoon and at the east end of Benner Bay. These
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areas were previously covered by turtle grass. Grigg,’gl, al.
(1971) shows increasing coverage of muddy bottom as do Olsen and
Dammann (1973; Fig. 39E). The présenf effort (Figure 40) indicates
that turtle grass currently has a very restricted distribution
throughout most of the area. The eastern sector of Benner Bay is

presently devoid of plant 1ife. In many cases the'turt1e grass

 commun1ty has been replaced by or survived by an'alga1

dominated community. The predominant forms are Halimeda and

Penicillus the algae mentioned abave as appearing in the grass

flats. Other common components are the chlorophyte Acetabularia

crenulata and various Caulerpa species, the Rhodophytes, Gelidium,

Acanthophora‘spicifera, the PhaeopHyte Dictydta'divaricata, and

the Spermatophytes ﬂglggglg and Halophila baillonis. The
ichthyofaunal component is very similar to the small Tabrids,
wrasses and 1utjanids that one finds commonly over the turtle
grass flats. The algal species are all found in the deeper
sublittoral zone, evidence that they may be preadépted for the
lower 1ight intensities encountered in the higher turbidity

waters that resulted from increased development in the surrounding
watershed and from eutrophication. The benthic jelly fish
Cassiopea has also increased greatly in population size over the

recent years. They are frequently found within the Penicillus -

Halimeda commUnity on the bottom feeding photosynthetically.
Present]yka1most all of the bottom‘in the Mangrove Lagoon, Bovoni
Passage and much of Benner Bay is covered by these in a zone
extending rough1y 15 m from the mangroves.

In certain parts of the lagoonal complex, development
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Figure 39. Distribution of major

aerial photography; A.
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Figure 39. Distribution of major communities from: A. 1965
photography; B. McNulty (1968).
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Thatassia
SANDY ZONE
Halimeda -Penicillus
Il ooy zone

[<7<] Porites

Figure 39E. Distribution of major communities from f1e1d
observations of Olsen and Dummann 1971-1972.
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related changes in water quality were apparently so great that
the succession from turtle grass to algal domination in the
benthic flora was bypassed completely. 1In these areas, the inner
lTagoon and eastern Benner Bay (Figure 40), heavy deposition of
bTack organic detritus and nutrient enrichment led to the estab-
lishment df a loose semi-liquid sediment which came to be'cdvered

by the spermatophyte Halophila baillonis. This species has'begn

. Shown to be tolerant of unstable substrates (0lsen and SHeen;_
1974); It is a superior competitor in stressed situations but is
easily displaced by other algal species When conditions pefmit
their growth. The inner lagoon is covered with this cbmmuhiéy
with about 90 per cent coverage by Halophila ahd»occasfona]

growths of Caulerpa cupressoides, Udotea falbellum and

A&ranvi]]ea nigricans. This community extends through Bovoni

Passage and is found in deeper parts of Benner Bay. The HaTophila
community appears to be the successor to the algal Halimeda-

Penicillus community.

In the extreme eastern portion of Benner Bay, conditions
have even surpassed those tolerated by Halophila. Two well defined
zbnes of sabellid worms occur in this region. The first'consists
of scattered 1arge‘1ndividua1s in the sediments themselves. The
éecond zone is covered by a matrix of smaller sabellid tubes above
the sediments. Algal cover does not begin until about 10 metefs
east of the channel itself. This strong zonation woqu seem to
indicate that there is an intense gradient or change in the sou£h~
east sector of Benner Bay. Further investigation of the area
may indiéate a source in one of the commercial enterprises in the

area.
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BENTHIC
N COMMUNITIES
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' Halodule, MARINE GRASS
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Figure 40. Distribution of benthic communities based on field observations of the present stﬁdy, 1977.



It would appear that the successional sequence within
the lagoon has gone from a "aboriginal" turtle grass to a

community dominated by Halimeda and Penicillus, two species

which occur normally as part of turtle grass beds. As Tight
penetration became dimished by turbidity the algal community

was restricted in its distribution and was survived by Halophila
bailonis which has begun to cover much of the bottom in turbid
reaches of the 1agoon and to extend into the deeper parts of the
Bovoni Passage. Concurrent establishment of this community in
Benner Bay was not observed since intense eutrophication and
high productivity resulted in conditions in which Halophila was
unable to survive. There are two distinct zones of different
sabellid worms in the southeast portion of the bay which indicate
thefe is a steep gradient operating in this area.

Several other biotic associations were observed associated
with the reefs in entrances and connecting channels of Patricia
Cay. McNulty, et. él: (1968) show that the back reef community
Porities extended through both of the entrance channels into the
lagoon. Porites in Patricia Entrance was a]ivé in 1971 but is

almost completely dead at present. Current flow is very Timited

and eutrophic effects may bevactive. Dictosphaeria cavernosa is a
relatively insignificant green algae which grows in secluded parts
of the reef of the Atlantic and Pacific oceans. In the presence

of eutrophication, its growth rate increases greatly and it forms
thick mats which cover the entire bottom thus preVenting Tight from
reaching other components of the benthos (Maragos, 1972). Several

samples of this algae collected from the Patricia Entrance channel
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exhibit the beginning of this growth form. We suggest that the
hutrient source may be the increased boat population at the
western end of Cas Cay lagoon proper.

Immediately to the south of Middle Island in the Mangrové
Lagoon, we found an érea of fine sediment covered by the Rhodophy-

cean algae Gracilaria cylindrica and Acanthophéra spicifera. They

occur in the area noted by McNulty, et. al. (1968) as one of the
first occurances of the black mud that has 1aték come to be
coveréd by HaToghi]a. Both of tﬁese ajgae are commonly found in’
quiet back waters and may well be favored by conditions of heavy
nutrient input, (Figure 41C). |

Cas Entrance reach (Fig. 41A) was initially filled with
Porites rubble and Tiving corals (McNulty, et. al. 1968). Subse-
guent surveys have shown.it to be covered with the Halimeda-

Penicillus community (Grigg, et. al. 1971), turtle grass (Tabb

and Michel, 1968) and a fine calcium carbonate sand (Olsen, et.
al. 1973). Present]y'the fine sand covers part of the area while
turtle grass and scattered algae cover the eastern portion.
The major change.in this area is a large and expanding area
dominated by the spermatophyte Halodule and containing many small
rhodophycean algae (Gelidium sp and several filamentious red
algae). The aerial photos and field obervations of the past five
years also indicate that Haiodu]e is expanding. Nutrient sources
responsible for this change await further invéstigationt

The elkhorn coral Acropora palmata community dominates

reefs between Patricia and Cas Cay (Figure 40) and around Rotto

Cay. This community generally receives clear oceanic water
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and survives in a relatively héa]thy state excépt where they are
damaged by grounded boats and anchors, |

Most people in the Virgih Isiands are familiar with the
statement that the "mangroves are a nuréery ground‘for fishes and
lobsters". This is only partly true. The Mangrove Lagoon is
indeed aﬁ impdrtant nhrsery ground for fishes aﬁd 1ob5térs, the
only large extant‘system.dn St. Thomas. ;The‘mahgrers themselves
play an indirect role in the process in that their major input is
probably detrital energy from their leaves and shelter in the’
root systems for small 1obsters»andnth snapper species (Lutjanus
griseus and L. apodus). In the presence of 1afge nutrient inputs
from pollution sources the mangrove contributibn is proportionately
less.

- As can be seen from the analysis of the biotic succession
in the area,this increase in nutrienté from poltution and siltation
is accompanied by a reduction and replacement of the turtle grass
associated with the mangroves in the'1agoon.’ Th1§ reduction has a
significant impact on the lagoon as a nursery ground. Previous
work documented that 93 percent of the 1agoona1 species found in the
lagoon as juven11e$ are found in the reef.environment.as adults.
Some of these juveniles continue to be found in the algal dominated
community that succeeds the turtle grass but they are not found
in any of the subsequent successional stéges.

In summary, the mangrove.1agoon that existed mainly in a
natural state until at'1east 1968, contained large areas of turtle
grass thét survived until the early 1970's. At this time

accelerated eutrophication and terrestrial sedimentation acted in
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Figure 41A.

Figure 41B.

Figure 41C.

Aerial view of back-reef flat community which Ties
1andwérd of Cas Reef (cr); and a sand community,
Cas Entrance (ce). ‘The entrance is the main avenue
of exchénge between the 1égoon and the sea. Wave
transpoft over the reef drives seawater into the
lagoon and fhroUgh‘Bovonf Passage.. Anchored boaté
fhreaten‘the entrance with sewdge po]]ution, Auguét

1977.

Submerged turtle grass community in front of
mangrove prop roots. The grass beds are rich

and productive. They provide an essential

“habitat for many youhg fish and spiny Tobsters.

Less than 10 percent of the grass beds that once

flourished in the lagoon vremain intact.

Submerged algal community attached to rock
bulkhead in polluted zone of Bovoni Passage.
Such a]gaé thrive on excess nutrients, Auguét‘

1977.
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concert to restrict the distrithion'of turtle grdss to the
shallowest portions'of_theimahgrove lagoon and_began'fo eliminate
it entirely from the Benner Bay area. The probable Timiting
factor was decreased 1ight penetration resﬁ]tihg from iﬁcreased
turbidity. Turtle grass was survived by algal species, whfch'are

normally part of turtle grass beds (Halimeda, Penfci]]us,

Avranvillea), and was invaded by a number of opportunistic

species'1ike Acanthophora spicifera (Doty, 1961).v The resuTting
algal community provided a marginally suitab]e'habitat for many
of the juvenile fishes but its successor, the Halophila dominated
association did hot. Sur&eys and conversations_with‘fiShermen
reveal that during the Tate 1960's and 1970's, Mahy bf~#he

schooling 1thanids (Ocyurus chrysurus, Lutjanus griséhs, L.

apodus) ceased to be abudnant. These are three of the species
which utilized the lagoon as a nursery ground (Olsen, et. 31. 1973).

We suggest that the present deteriorative trend within the one

surviving juvenile habitat oh the 1s]and of St. Thomas will have

[

future repercussions in the offshore fishery.

o
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10. Improving the Benner Bay Entrance Channel

Having determined the present condition of the water
quality, sediments, bjota and relevant processes in the bay,
it remains to determine how the entrance channel can be improved
without grossly altering functions of the bay or degrading
water quality.

Benner Bay is intrinsically suited as a small craft harbor;
it posses superb shelter and protection. The natural configuration
and surrounding terrain offer access from the Tand as well as from
the water. Protective structures are not required to deter wave
action or sedimentation in the entrance. However, the bay lacks
sufficient water depth in the entrance channel for deep draft sail-
boats. The chief aim is to gain maximum improvement with minimum
disturbance.

At present the entrance channel into Benner Bay provides
access for a width of about 18 m (68 feet) and a water depth of 1.4
m (4.5 feet) below mean low water. At high water and seasonal high
tide between August and November, the water depth in the channel is
about 1.75 m (5.6 feet). As shown in Figure 9, the main shoal across
the channel is Tocated between markers 9 and 10. Shoals also
extend channelward at markers 7 and 8, a critical location where the
channel changes course. Consequently, the channel is locally
narrowed to less than 16 m (52 feet) at these points.

Comparison of water depths surveyed in the channel in 1970
(Zeigler) and in 1976 (present study) indicate that central parts
of the channel are deeper by about 15 cm (0.5 feet) and shoaler on

the sides by about 20 cm (0.6 feet) in 1976. Therefore, the channel
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is narrower along the 1.1 m (3.5 féet) depth curve in 1976 than

in 1970. This trend is most 1ikely caused by propeller wash and
dragging of keel sailboats through the channel. Reportedly, sail-
boats with drafts more than 1.8 m (6 feet) are hauled through

the channel.

Bed sediments from outer parts of channel, between
markers 7 and 9, consist of coarse muddy éand while from inner
pérts, between markers 9 and 11, they are mainly sandy mud. 1In
general, mud becomes more abundant with distance landward into
the bay. The upper 5 to 10 cm of bed sediment is moderately
sorted by boat wash and has less silt and clay than at greater
depth (10 to 60 cm). The sand consists mainly of calcareous
particles of the algae Halimeda, mixed with scattered shell
fragments. Most of the potential dredge hateria] is poorly
sorted and contains from 5 to 60 percent sf]t and clay. The

sediment contains moderate amounts of toxic metals, leads, copper,

0il and grease and nutrients. In general, the sediments become more

contaminated with distance landward into the bay.

Probe depths indicate the sediment along the present
channel course is "loose" and granular for more than 3 m (10 feet)
below the sediment surface (Figure 17). No coral heads, rocks or
consolidated sediment layers were encountered.

In short, the bed material is such that it can be
easily dredged and disposed of. The muddy portion could create a
local turbidity and contamination problem during dredging and
disposal; however, the sandy portion would make good Tandfill.

! Enlargement and deepening of the channel should

conform to the natural bed geometry. This practice not only

- 137 -

~
[

™

PSR



minimizes the amount of dredged materjal but reduces future
maintenance dredging. By following the natural bathymetry,
disturbance of benthic habitats is kept to a minimum, naturai
slopes are partly retained and the natural pattern of water flow
is largely preserved.

The channel depth required depends on the size and
type of vessels using the channel and the speed at which'they
travel, a feature that governs the "squat" or sinkage into the
water. Channel depths for dredging are commonly measured from
mean low water. To attain a specified minimum controlling depth,
it is practice to dredge 0.3 to 0.6 m (1 to 2 feet) deeper than
the controlling depth, a practice that increases the volume of
dredged material. Several hypothetical channel depths are con-
sidered to compare advantages and Timitations of each.

One plausible plan considers a controlling channel
depth of 2.4 m (8 feet) below mean low water with a 0.6 m (2 foot)
overdepth, for a width of 30 m (100 feet) and a length of 925 m
(3034 feet). Such a channel would extend along the course of the
natural channel landward from the 2.4 m depth curve off Manglar Cay
to Antilles Yachting Service at the bay head. It would provide
water depth, shore access and passing room for large auxilary sail-
boats more than 30 m (100 feet) long, and for inboard motor boats
of more than 37 m (125 feet). Additionally, it would provide tacking
room for sailboats up to 10 m (30 feet). These dimensions are
extrapolated from average depth-length relationships used for
approach channels and marinas (Appendix II, Adie, 1973). The "8-

foot" depth would Tower the existing depth of the channel floor
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about 1 meter (3.3 feet). It would cut back side slopes 8 to 12 m
(26 to 40 feet) and allow for straightening the alignment at
markers 7 and 8. Dredging would cover an area of 27,750 m2 and
remove and estimated 22,050 m3 ( 28,665 cu yds) of material.

Since deeper parts of Benner Bay floor are limited
to less than 2.0 m (6.5 feet), anchorages would have to be dredged
to accomodate.morage of boats with 2.0 - 2.4 m (6.5 to 8 foot)
drafts.

The 2.4 m (8 foot) depth plan would produce moderate
changes 1in thé natural bathymetry and lead to frequent maintenance
dredging,possib]y.once every 2 to 4 yearé. The channel would act
1}ke a slot to trap sediment supplied from lateral shoals as well
as from ;uspension in the overlying water. Infilling sediment would
consist of high proportions of mud along with adsorbed contaminents.
Dredging would increase the volume of inner Benner Bay about 10
percent and thus reduce the flushing a slight amount. Although
sediment stirred up by propeller wash would be relatively small,
there is a threat that turbid, toxic and nutrient-rich materials
would be released during initial dredging and disposal of
muddy sediments from inner reaches. In brief, an 8-foot plan would
brovide a great improvement with moderate disturbance. It would
create a substantial amount of dredged material to be disposed of. .

A controlling channel depth of 1.8 m (6 feet) below |
mean low water in addition to 0.3 m (1 foot) overdepth, for a
width of 24 m (80 feet) and a Tength of 330 m (1100 feet) would
provide depth for most auxilary sailboats of 13.5 m (45 foot)
length and 4.5 m (15 foot) beam (without tacking space). Addit-

ionally, it would provide depth for most inboard motor boats over
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30 m (90 feet) long and for all outboard boats (Appendix II,

Adie, 1975). The "6-foot" depth would lower the average depth of

the existing channel floor 20 cm (8 inches). It would cut back

side slopes 4 to 10 m, eliminate lateral shoals and the 1.4 m sill, or
threshold, between markers 9 and 10f At the same time a straighter
alignment than the present channel could be éttained at marker 7.

Dredging would cover an estimated area of 7,920 m2 and remove

an estimated 9,722 m3 ( 12,639 cu yds) of material.
The 1.8 m (6-foot) depth plan would improve the existing
channel and follow bathymetry of the natural channel over most of
jts course. Large changes in the alignment and thus the direction
of flow could prove difficult and costly. Since the inner bay
floor has depths greater than 1.8 m, the channel would terminate
75 m landward of marker 9. It would not cut into the inner part
of Benner Bay and thus affect the flushing volume. Maintenance
dredging would be required infrequently, possibly once every 3 to

5 years, to remove infilling sediments from the sides. The 1.8 m

(6-foot) plan would have very l1ittle affect on flushing of pollu-
tants from Benner Bay, Bovoni Passage or the Mangrove Lagoon.

The existing cross sectional area of the entrance is already

more than adequate to handle the relatively weak tidal exchange.

In brief, a 6-foot plan would provide substantial improvement

with minimum disturbance.

- 140 -



An alternate plan for relatively deep draft boats is
to provide an access channel, anchorage and shore facilities in a
seaward area close to deep water. This would include a deep but
short channel through East False Entrance and berthing a10ng the
west shore of Compass Point. The existing channel, or a 6-foot
depth p]an,.cou1d provide access fordgma11 boats into Benner Bay

while a tributary channel into Bovoni Passage could serve shore

facilities along Bovoni Passage as well as access to storm refuge
zones behind Bovoni Cay. ‘.

A problem in dreﬁging entrance reaches is disposaT
of the dredged material. Normally, dredged material is disposed
of in the most economical way with minimal environmental distur-
bance. The most economical way is to dump the material a1ohgside
the dredged channel. This requires no hauling or transportation
but the material may bury habitats, create turbidity, spread over
adjacent grass beds and backfill the dredged channel creating |
high maintenance costs. The dredged material should be dumped
outside the environs of Benner Bay, Jersey Bay and the Mangrove
Lagoon. Dumping at sea may be feasible if the material meets
EPA criteria for ocean dumping of‘Ju1y 1977. On the other hand,
the material is sufffcient1y sandy especiai]y in seawardvperts of
the channel, to make good fill on upland areas. It may be necessary
to dump it behind dikes to prevent release of contaminated silt aﬁd
clay. At present criteria for upland disposal are in a.state of
flux. It is difficult to determine whether a given sediment
contains sufficient contaminants to warrant alternate methods of

disposal.
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11.  Summary of Scientific Findings and Their Significance for
Management.

A. The basins occupied by the Mangrove Lagoon and Benner Bay began
to form more than 5,000 years B.P. when the region was downfaulted
and cut by streams during Towered sea level. About 4,500 years
B.P. when sea level rose to 5 m, waves built Bovoni Cay and thus
formed the Tagoon behind it. The cay continues to build as mangroves
clog washover passages and stabilize seaward extending shoals. At
the same time, sedimentation, shoaling and pond closure are contract-
ing the inner lagoon. Such processes have been speeded up in recent
years by man.

A significant change in the shore configuration or
bottom geometry of the natural basin may be detrimental to the
circulation, water quality and ecology. Dredge and fill plans should
be carefully evaluated for potential ecological effects and consis-
tency with protective management. Channels should be designed to
gain maximum improvement with minimum disturbance. In general, they
should be kept to minimum size and located to avoid vital habitats.

Deepening the Benner Bay entrance channel to the 1.8 (6-
foot) depth is feasible. The channel should be laid out to follow
the existing natural bathymetry. Maintenance dredging would be
infrequent and would remain so if pollution is abated and future
disturbance in the area is minimal. Disposal of dredged material
needs to be accomodated with regard to its toxic substances, volume
and conteht of fine sediment. Deepening would not alleviate
pocllution and poor water quality in the bay.

Any effort to reduce sedimentation will prolong life of

the lagoon and bay. Fine sediments are of special concern because

of their secondary effects in creating turbidity and transporting
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toxic substances. The relevant management practice is to avoid
sediment accumulation by controlling sediment at its source.
This means tight contro]s through the Earth Change Law, on all
development in the watershed; particularly those activities that
expose soil or alter drainageways by eXcavation, grading or
Tand clearing. This meansbthe V.i. Department of Public Works
should practice the law, just as citizens do, on government prop-
erty around the racetrack and municipal dump. The degree of
constraint should be determined by: (1) proximity to the water
(2) sensitivity of the environment, (3) magnitude or extent of
the potential disturbance.

| Because vegetation in sloughs, washes and flood plains
‘tends to filter out sediment and modulate flash flooding, natural
drainage channels should be preserved. Construction of reservoirs
and ponds in headwaters should be encouraged. |

B. Four modes of circulation were observed: (1) a broad clockwise

vo—

pattern driven by ocean waye transport across the Cas-Patricia Cay
reefs, (2) a weak reversing tidal current mainly through Benner Bay
entrances, (3) a local wind drift and (4) a short-term stream

runoff through all entrances. The lagoon and bay are flushed
adequately only during periods of spring tide range and high wave
transport over the reefs. Current speeds generally diminish inward
toward the lagoon head. During mean range of the tide, approximaté]y
19 percent of the lagoon water is exchanged with Jersey Bay.

However during neap range of the tide, 1ight winds and Tow waves

over the reef, the circulation is virtually inoperative.

Ecological health of the lagoon and bay depend upon active
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flushing and exchange with Jersey Bay. Any change in the geometry
of entrance passages that reduces flow is presumed detrimental and
should be avoided. Prospective activities that may alter the
natural circulation, and presumed to be adverse, include: (1)
realigning or narrowing entrance channels, (2) altering passes by
bridges, causeways and jetties, (3) retarding flow by mounds of
dredged material, (4) altering shoreline configuration with piers
and landfill structures. Inner reaches of the lagoon and bay are

particularly sensitive to changes in water depth and configuration.

C. Most salt ponds, marginal Tagoons and intertidal backwaters

have restricted drainage. Many ponds are flushed only during spring

tide or seasonal high tides (July through November). Geologic and
biological evidence indicates the ponds were once well-flushed by
the tide and they were connected to the lagoon's hydrologic system.
Without adequate flushing, salinity increases during dry periods,
sediments become anoxic and mangroves suffer or die. This trend 1is
exemplified by the.Compass Point salt pond east of Benner Bay where
drainage is restricted by a roadway. C]osure of this pond has not
only killed the mangroves but reduced the tidal prism of inner Benner
Bay about 33 percent. In turn, flushing of the bay is reduced
about 20 percent further extending the residence time of pollutants.
The pond west of the treatment plant landward of the lagoon
head, is restricted by debris, mangrove roots and a roadway along the
northeast side. Mangroves are dying out, nutrients are excessive,
algae are abundant and sediments are black and anoxic.
The ponds are not only sensitive to changes in tidal

exchange but to alterations in adjoining salt flats and upland
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drainage.

The relevant management practice is to avoid changes

in the flow of water between the ponds and the Tagoon: that

restrict or block exchange. This requires restrictions

on filling, waste disposal, dikes, weirs, piers, bulkheads,
causeways, bridge and channel modification in and around salt
pond that block or impede passage of water. Upper.1im1ts of
tidal flooding around 1andwafd‘margins of the ponds should be
surveyed to establish the bounds of public property and to serve
as a basis for establishing a protective buffer zone. Such a
zone should extend from the upper limits of tidal flooding to an
elevation of 0.5 m above the tidal 1imit so as to include cont-
iguous salt flats and 1owek‘parts of stream drainage. The buffer
should be designed not only to restrict landfill and waste disposal
but to control local alteration of entering streams courses.

D. Water quality is generally good with respect to temperature

salinity and pH. However, inner reaches are turbid (> 2 JTU) and

oxygen saturation is less than 50 percent under "worst case"

conditions. Gross production of the inner Tagoon is very high,
8 to 10 times greater than in entranée reaches. Toxic metals in
the sediments, copper, lead and zinc, plus o0il and grease are higher
than normal. Concentrations in sediments and ground water lagoon-
ward from the municipal dump are seriously high. |

| Pollution of the bay is caused by sewage from boats and
diffuse sources in the watershed and on the waterfront. In the
lagoon, pollution is caused by nutrient-rich runoff f;om Turpentine

Run and by an overloaded, malfunctioning and obsolete sewage
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treatment plant. The excess supply of nutrients combined with
weak water circulation in the lagoon, lead to eutrophication (over-
fertilization) and rapid growth of phytoplankton.

The relevant management practice is to eliminate discharge

of sewage effluents at their source: boat discharges, diffuse

sources, and an overloaded, malfunctioning and obsolete treatment

‘plant. Most land-borne or waterfront sources can be controlled by

existing ordinances. Marinas should incorporate better facilities
for handling sewage, refuse, wastes and bottom scrapings. Live-
aboards on boats without holding tanks or treatment facilities, should
be moored in protected zones of Jersey Bay where flushing is better
than in Benner Bay. The influx of nutrients from the watershed;
especially nitrogenous wastes, into the lagoon via streams as
Turpentine Run should be reduced. Diffuse or "non-point" sources

as fertilizers should be identified and brought under control. Any

control of fine sediment from residential or agricultural areas

in the watershed would also probably reduce influx of nutrients

and toxic substances.

E. Since 1968, over 90 percent of the turtle grass

beds that once flourished throughout the Tagoon have been

destroyed. Less than 10 percent remain. They are survived by

extensive growths of benthic algae Halimeda, and by the seagrass
Halophila which 1ives on black mud. Most shel1fish (bivalves) are
reduced in number, while polychaetes (Sabellid worms) and benthic
jelly fish (Cassiopea) have invaded a wide area of inner zones.

Thé lagoon head, mouth of Turpentine Run and eastern Benner Bay are

devoid of benthic 1ife. The greatest impact of pollution on benthic

1ife is felt in inner zones close to sewage sources where circulation

and exchange is least.
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Any effort to eliminate pollution, reduce sedimentation
and improve water quality and circulation would be an obvious

benefit to stall the decline of benthic 1ife. In particular, higher

than normal levels of turbidity can be reduced by retarding growth

of phytoplankton through nutrﬁent control and by eliminating dis-
chgrge of turbid materials, pollutants and sediment at their source.
Eroding shores, though a secondary source, should be stabilized.
‘Boat traffic across shoals that stirs up mud and rips out grass'
beds, should be controlled. Sources of oXygeh-demanding contaminants
as organic matter of various sorts, re]eased into the water, should
be eliminated. Accidental spills are eépecia]]y hazardous becauée
they impair oxygen exchange with the atmosphere:and are impossible
to clean up in mangrove thickets. ‘Controls should be deve]oped_for
safeguards and precautions. | |

It is essential that remaining grass beds, nursery areas

and breeding grounds and vital habitats be insulated and free of

human disturbance.

F. An estimated 15 percent of the mangrove areas are dead or in

stages of dying. Since these areas are an essential natural

resource--the largest mangrove lagoon remaining in the Virgin Islands--

they .should be protected by placing them in the territorial park
system. »

Any activity or structure that changes the natural

drainage or salinity of the mangrove areas should be avoided. Above

all, the mangroves should not be tut, removed or obliterated except
to improve drainage and circulation in other parts of the manghove
stands. Mangroves serve best as a natural system providing shore

protection and stabilization, nursery areas, breeding grounds
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maintenance of water quality and supportive shelter for fish
and wildlife.
12. Prospect

What wi]l the Tagoon and bay be Tike in the next five
years if present trends continue? An ever-increasing number of
boats growing number of people and waterfront facilities will
increase the potential for pollution. Sewage po]]ution.w111
intensify in inner reacheé as facilities and waters become over-
loaded. Turbidity will be further increased and oxygen depleted.
Lagoon water will become foul with noxious odors, decaying algae
and hydrogen sulfide. The black mud blanket with zones devoid of
benthic organisms will spread throughout inner reaches of the |
lagoon and bay while the remainder of the area will be covered
with polychaete worms. Effects of sewage pollution will spread
farther seaward than at present, encroaching on Manglar Cay,
south end of Compass Point and to back-reef areas of Cas and
Patricia Cays. Diffuse sources of pollution along the waterfront
and in the watershed will become re]ative]& more important.
Subtle chemical pollutants and hydrocarbons released from boats,
trash, fuel spillage and an active racetrack may cause unexpected
damage to mangroves and remaining grass beds. In short, the 1agobn
and bay appear doomed as a natural system. With itsbdemise, a
significant natural and recreational resource for Virgin Islanders
will be lost.

Present trends of environmenta] deterioration can be
stalled by sound conservation practices. Conservation and protection
are the key to maintaining a healthy environment. Some problems

can be resolved by better enforcement of existing regulations. Other
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problems can be ameliorated by better planning and coastal
management. A great deal is now known about how the environment
operates and some good laws exist to control it. Putting the
knowledge and laws to work now depends on active and concerned

citizens and success of the coastal zone management program.

13. ‘Recommendations

A. Changes in the configuration and bottom geometry of thé lagoon
and bay should be avoided unless abso]ute]y necessary ahd until |
prospecti?e ecological effects are carefully evaluated. Deepéning
the Benner Bay entrance channel to 1.8 m (6-foot) can be accomp-
Tished if plans meet envirohmenta] guidelines for dredging and
disposal inc]uding toxic substances.

Sedimentation should be reduced by control of  sources:

(1) erodable areas of the watershed (2) production of calcareous
algae and phytoplankton. Eliminating pollution sources and hence

~nutrient supply, would retard algae growth.

B. Circulation throughout the lagoon and bay should be maintained

by avoiding major changes in configuration, bottom geometry, or
structures that restrict flow. The circu]ation could be improved

by widening the "narrows" between Bovoni Passage and the lagoon.
Additionally, exchange between Jersey Bay and the lagoon could be
impered by removing Porities rubble from Patricia Cay entrance.
channel. The influx of seawater into the lagoon shbu]d.be increased
by removing rubble from shallow inlets through the reef crest on the
Patricia and Cas Cay reefs. Additionally, inlet-washover channels
through Bovoni Cay, which are clogged by debris and mangroves

roots, should be re-opened.
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C. 3Salt pond water quality and habitat should be improved by

allowing normal tidal flow into the ponds. Restrictive structures

Tike roadways and dikes should be openedto allow flow of tidal water. Waste

disposal and Tandfill around pond margins and on high flats should

be prohibited. Tidal exchange of ponds around west, north and east

margins of the lagoon and bay can be improved by manually clearing
entrance channels into and between ponds. Where mangrove roots are
extensive, alternate channels should be established to connect the
pond with the Tagoon in a short distance. A1l openings should be
shallow, 0.3 m below mean low water‘at the most. They should be
accomplished manually by pick and shovel without heavy éonstruction

equipment.

D. Pollution should be more tightly controlled at known sources.

Diffuse sources along the waterfront and in the watershed should be
specifically identified and controlled immediately. These include
leaching or malfunctioning septic tanks, local gas and oil spills
around marinas, restaurants, bakeries, fuel docks, and hotels.

High density boat berthing with "live-aboards" along inner reaches
of Bovoni Passage and Benner Bay should be replaced by dispersed
moorings more than 30 m (100 feet) apart. Additional moorings
should be provided in sheltered areas of Jersey Bay. The Nadir

treatment plant should be abandoned and replaced by an ocean out-

fall suited to rapid diffusion and dilution. Solid wastes, trash,
debris and junk autos should be removed from flats and pond margins.
As previously indicated these areas are an integral part of the

lagoon system and require a marginal buffer zone around Tandward
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=‘mar‘gins. Both surface and subsurface drainage from the municipal

dump should be restricted.

E. Pollution and sediment sources damaging to benthic 1ife should

be brought under control immediately. No wastes or contaminates of

any kindvshbuld be discharged into the lagoon or inner reaches of
Bovoni Passage and Benner Bay. Efforts to improve water QUa1ity and
.circu1ation throughvmanagement practices previously noted are highly
récommended.

F. Mangroves should be protected from significant alteration by

(1) zoning, (2) a buffer zone on Tandward sides, and (3) by pro-
.tection overall, together with ponds, flats and the Tagoon itself,
in a territorial park system. Cutting of shoreline mangroves or
trails through the mangroves for boat moorings or for any purpose
other than the planned area management and use program should be
prohibited. The Mangrove Lagoon should be reserved as a wildlife
resource with recreational and sport fishing activities in

designated areas as shown in Figure 42.
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APPENDIX 1

Chemipal procedures for ana1ySes of sediménts and ground water.

Total Volatile Solids (%TS, %VS)

| The sediment samples were driéd in an ern‘at 103°
to constant weight, (dry weight/wet weight x 100 = percent fota]l
so11ds). The dried samples were placed in a muffle furnace for
one hour at 550-600°C. ‘The decrease in weight after ashing was

- reportéd as vo]atiTe solids.

Chemical Oxygen Demand (COD)

The parameter was‘determined by the dichromate reflux
" method. The oxidizable substances were oxidized by a standard
solution of potassium dichromate in sulfuric acid. The excess
dichromate'was titrated with standard ferrous ammonium sulfate.
Silver sulfate was used as a catalyst; mercuric sulfate was used

to eliminate the interference to chloride ions.

Total Kjeldahl Nitrogen (TKN)

The samples were digested with 2 solution containing
sulfuric acid, potassium sulfate, and mercuric sulfate converting
organic»nitrogen to ammonium sulfate. The digested samples were
steam-distilled into a saturated boric acid solution and tit-

rated with standard hydrochloric acid.

Total Phosphorus (TP)

The samples were digested in concentrated HNO3 and
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evaporated to dryness; concentrated H250 was added and heated

4
until the solution cleared. Water was added and the samples
were filtered through a glass filter. The filtrates were anal-
yzed for total phosphorus‘by the single solution method, using
ascorbic acid as the reducing agenf. The developed samples were

read on a Klett-Summerson Photoelectric colorimeter, model 900-3.

Metals (Cd, Cu, Zn and Pb)

One gram of sample was heated to fuming with ten mill-
iliters of concentrated HNO 5 acid. After cooling, ten addition-
al milliliters of acid were added, heated and cooled. The sam-
ples were centrifuged and the supernatants meésured for volume

and analyzed on a Varian Atomic Absorption Spectrophotometer,

‘model AA-5.

Mercury (Hg)

The samples were digested with concentrated H SO4 over-

2
night. The digested samples were oxidized with 5 percent KMNO4
and transferred to 300 ml BOD bottles. After the addition of
reductant solution the BOD bott]gs were immediately attached to
the aeration apparatus of a Coleman Mercury Analyzer MAS-50,.

Mercury concentrations were determined from standard curves. The

composition of reductant solution is as follows:

H,0 600 mil
H2503 100 wl
NaCl 5 grams
(NHZOH)2504 20 grams

q.s. to 1 liter
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0il and Grease (0 & G)

The sediment samp]eé were dried with magnesium sulfate
monohydrate, the sokh]et-extracted witﬁ hexane (Standard Meth-
ods for the Examinations of Water and Wastewater,‘IZth Ed., APHA,
Inc., N.Y., 1965; 531-532). The hexane was then evaporated to |
dryness. The weight of solid residue from the solvent evapor-

ation yields oil and grease.

Appendix II. Design curves for boats drafts for establishing
minimum dredging depths from Adie (1975).

Length of Boat (in feet & metres)

Draft of Boat (in inches & millimetres)
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