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ABSTRACT 

This study was conducted to determine if three 
geochemical anomalies in St. John, USVI contribute 
significant amounts of heavy metals to near shore marine 
ecosyste~s. Stream water, sea water, marine sediments, and 
marine organisms from five watersheds were analyzed for Fe, 
Mg, Mn, Cu, Crt Ni, and Zn in order to determine the 
transport of the metals. 

Met:al concentrations in stream water were ty~ical of 
small, unpolluted streams, and only iron exceeded the U.S. 
Environmental Protection Agency (EPA) water quality 
standard. Magnesiu~ ~as transported primarily in the 
dissolved phase, and Lron and m2nganese were transported in 
t:'.e particulate phasE. The streams did not appear to have 
cJnsistently lower o~ higher concentrations of the metals, 
but Coral Bay had ~drkedly higher iron and copper than the 
,"ther streams. 

Annual metal export was estimated for Fish Bay Gut. Mg 
and Fe were expoLted in quantities greater than 10n kg; the 
other metals only rarely exceeded this quantity. There was 
great variability in annual export rates depending 
primarily on the magnitude and frequency of rain events. 

Sea water samples also had low metal concentrations, 
but iron and manganese exceeded U. S. EPA water quality 
standards. There was considerable variability in metal 
c0n~entrations among the sampling sites. 

Marine sediments also had low concentrations and high 
variability among the samples. Intensive sampling 
conducted in Fish Bay showed that Mn, Ni, and Fe were 
horizontally zonated with respect to the discharge point of 
Fish Bay Gut. The high concentrations found in sediments 
make this sample t:ype the easiest compartment for heavy 
metal monitoring. 

Snails, crabs, and sea urchins from Fish Bay were 
analyzed. Snails and crabs appear to be good indicator 
organisms because the lE'vels of heavy metal present in 
their tissue is well above the detection limit of the 
standard analytical techniques. 

The geochemical anomalies do not pose a serious threat 
to the marine ecosystems of St. John island. 
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INTRODUCTION 

On a geological time scale, bedrock weathering and 
tectonic activities have been the largest sources of trace 
metals entering surface waters (Williams, et al. 1974). 
These natural inputs may lead to environmental 
concentrations of trace metals comparable to those produced 
by anthropogenic pollution. Miller et al. (1982) found 
dissolved copper concentrations of 4100 and 1300 ug/l in 
streams overlying or peripheral to large coP?er deposits, 
whereas concentrations ranged from 0.8 to ?6 ug/l in 
nearby control areas. 

A recent study by the US Geological Su_vey identified 
several meta~ deposits in St. John, US Virgin Islands 
(Tucker, et al. 1985). Researchers discovered anomalnusly 
high CO[ICent rations of copper, lead, iron, barium, bismuth, 
and tin. ThesE:: :net-:::ls were not restricted to the bed>::"ock, 
but were also detected in high concentrations in the nearby 
soils and stream sediments. This geochemical data suggests 
that bedrock-boc~d metals are entering the aquatic 
environment, where they may pose a potential threat to the 
biota. This study was conducted to provide addi tional 
information concerning the potential impact of these heavy 
metals on marine ecosystems. 

Source 

St. John's geology was described by Donelly (1957). 
The Water Island formation, which crops out along the 
southern slopes, is composed chiefly of keratophyre flows 
and tuffs (Figure 1). Also of volcanic origin, the 
Louisenhoj formation overlies the Water Island format ion 
and is composed of augite andesite breccias and t~ffs with 
intercalated conglomerates. Th8 Outer Brass Limes~one 
overlies the Louisenhoj formation and is thin-be0ded, 
silicified limestone. The Tutu formation is coarse 
vo~canic wacke, composed almost entirely of weathered 
debris from the LouisenhoJ formation. 

Tucker, 8t al. (1985) concluded that these formations 
were not the principal source of the metals. Ir.stead they 
identified three geological anomalies which they believe to 
be the source of the metals (Figure 2). They po:,culate 
that these anomalies were formed by the emplacement of 
intrusive bodies of molten lava which flowed through the 
existing bedrock. The anomalies are metal rich and are 
characterized by the presence of iron enrichment, copper 
minerals, alunite, and gossan. 
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Figure 1. Geology of St. John. Adapted from Donelly (1957) 
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Figure 2. Metal-rich geological anomalies of St. John. Adapted from Tucker, et 
al. (1985). 



The largest anomaly is centered around Bordeaux 
Mountain and extends from the crest of the mO'Jntain to the 
sea. The authors suggest that a large body of magma flowed 
through the already deposited bedrock. This anomaly 
contains intensely argillized areas and nearly vertical 
iron oxide veins. Many of the s~reams draining the area 
contain sediments high in Ag, Bi, Sb, Ba, Cu, and Pb. The 
second 1 argest anomal y is centered around Fish Bay Creek 
and is also characterized by high concentrations of Ag, Bi, 
Sb, Ba, Cu, Pb, and Se in a small area. This anomaly may 
have been caused by a small metalization zone, possibly 
related to a geological fault. The third anomaly, the 
Shore anomaly, is characterized by gossan and intrusive 
rock containing pyrite. 

TransDort 

'I'race metals are a ffected by var ious factors as they 
are tr3.nsported through st reams, 1 akes, and est uar ies on 
their way to the sea. Metals in stream or sea water may bA 
either dissolved or associated with susPended solids 
(generally by adso rpt ion) . Equi 1 ibr i urn condi t ions e:-:i st 
between the two phases depending on parameters such as pH, 
oxidation reduction potential, salinity, and concentration 
of suspended solids (Williams, et al. 1974, Salomons 1985, 
Santsch: 1984) 

Sediments are by far the largest jepository of metals 
transported by streams and sea water. Santschi, et al. 
(1984) calculated that 50 to 100% 0 f the cadmi urn and lead 
entering Narragansett Bay became incorporated, at least 
temporarily, into the sediments. This retention of metals 
makes sediments an ideal indicator of pollution. 

Of the trace metals associated with sediments, only a 
small fraction is released to the water column (Hunt 1983). 
These metals have been incorporated into the sediments by 
adsorption or complexation and do not form a part of the 
c~emical lattice of the sediment particles (Chester and 
Voutsinou :981, Gupta and Chen 1975). These so-called non
residual metals represent a small fraction of the total 
metal content of the sediments (Salomons 1985). 

TransDort in St. John: Of the factors that could 
potentially affect the transport of the bedrock-bound 
metals through the environment, St. John's cJimate and 
hydrology are most important. St. John rece; ves very 
little rainfall, and drought conditions exist 66% of the 
time (BC&E 1979). The highest rainfall occurs from August 
to November (Cosner 1972), but seasonal cycles of 
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precipitation are hard to establish due to the annual 
variability (Bowden, et al. 1970). 

Although St. John receives an average of 44 inches of 
rain annually, only 1 inch (2.3%) becomes streamflow 
(Cosne::- 1972). The net result is that the island's streams 
are intermittent, with long periods between flows. Bowden, 
et al. (1970) reported that in Char lot te Amal ie, stream 
flow occurred in only 14 occasions in a ten-year period 
(1958 to 1968) These few periods of runoff were generally 
short lived and characterized by high flows. 

The antecedent moisture conditions are very important 
in determining the amount of stream flow produced by a 
storm event. Cosner (1972) est imated that only 0.1% of 
rainfall became runoff when preceded by drought conditions, 
and 15.1% when preceded by heavy rain. 

Several other factors could affect the transport of 
metals through the environment. Soils are clayey and range 
from shallow to moderately steep (Rivera, et al. 1970). 
More than 84% of the island has slopes greater than 30% 
(BC&E 1979). The combination of easily transported clayey 
soils and steep topography tends to accelerate soil loss, 
which also accelerates the loss of soil-bound metals. 
Fortunately, a land-use survey conducted in 1975 concluded 
that nearly 88% of the island was forested (BC&E 197Q ), 

which diminishes soil loss. 

Biotoxicity 

Trace metals are toxic to the marine organism above an 
availability threshold, but many are essential to 
metabolism at lower concentrations. The toxicity of heavy 
metals to marine biota will depend on chemical characteris
tics and on availability (Rainbow 1985, Louma 198~). 

Results from several studies suggest that, for many 
species, there is a direct relationship between exposure to 
heavy meta 1 s and uptake (Bryan 1976). Upt ake from solut ion 
is the major source of meta18 for most organisms since the 
bulk of the metals ingested passed through unassimilated 
(Pentreath 1973, Sick and Baptist 1979). The availability 

.:) f free ions (a very small fract ion 0 f the total dissolved 
concentration) appears to cont::-ol metal uptake from 
solution (Sunda and Guillard 1976, Anderson and Morel 
1982) . However, studies with deposit feeding organisms 
such as clams (Fowler and Unlu 1978) have found significant 
bioaccufTlulat ion from the ingest ion 0 f sediment s. These 
metals are either maintained in a metabolically available 
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form which may have toxic effects, 
detoxified. 

or they may be 

The negative effects of elevated concentrations of 
heavy metals to marine organisms have been well documented 
by the use of "i'l vitro" tests (Louma 1983). However, the 
result of these laboratory toxicity tests may lead to false 
or nisleading conclusions because the conditions of the 
assay do not necessarily reflect the physiochemical 
conditions of the natural ("in vivo") environment. Field 
studies such as the one conducted by Rygg (1986) have shown 
that elevclted metal concentrations can adversely affect 
marine cOffiffiunities. Rygg found a significant negative 
relatior.ship between species diversity in benthic 
communil:. ies alld sediment concentrations of heavy metals, 
especially copper. 

The conseq~ences of gross heavy metal pollution in 
estuarine clnd marine environments have been frequently 
observed, but the detection of subtle or gradual ecological 
effects is difficult. Therefore, the environmental 
consequences of chronic metal contamination have probably 
gone largely unnoticed. 

Objectives 

This study was conducted to provide additional 
information concerning the potential heavy metal 
contamination in St. John by accc.:mplishing the following 
tasks: 

1. Measuring heavy metals in stream wat~~, sea water, and 
marine sediments; 

2. Estimating he2vy metal export to marine ecosystems; and 

3. Measuring heavy metal concentrations in marine organisms 
and estinating bioaccumulation. 

HATERIALS AND METHODS 

Samples ','lere collec~:ed from several loc2tions in St. 
John. Stream water, sea water, and marine sediments were 
taken in Fish Bay, Ree f Bay, Lit t 18 Lameshur Bay, Great 
Lameshur Bay, and Coral Bay. All sampling sites were 
located in watersheds riraining the geochemical anomalies, 
and stream sediments had moderate to high concentrations of 
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trace metals (Tucker, et ale 1985). Most streams were 
located in undisturbed watersheds, but the Fish Bay and 
Coral Bay Guts had significant residentiwl development 
upstream from the sampling sites. 

More intensive sampling was conducted in Fish Bay 
because of strong development pressures in the area. At 
the tj_me the samplings were conducted, several houses and 
roads were being constructed. These activities resulted in 
considerable soil movement to the stream channel. The 
location of the stream channel had rece~tly been altered by 
the developers, thereby changing water movement through the 
mangroves. 

Fish Bay's coastal zone has remained largely unaltered. 
A fringe of red mangrove borders the eastern half of the 
bay, and a rock ou:.crop borders the western half. Until 
recently, Fish Bay Sut drai ned into the bay at a small 
channel cut into the mangrove; the current discharge point 
is difficult to locate because the stream h2d not yet 
formed a well defined channel. The old drainage c~annel 
was used as the reference point for sample collection. 
Bottom sediments were uncompacted and deep. There were few 
rooted algae covering the bay floor, which m3de sediments 
highly susceptible to resuspension. Turbidity in the inner 
!Jay was very high, and visibility ",as ofterl less than 2 
feet. Aside from several sharks, there was low observable 
quantity and diversity of fish in the Bay. 

Analytical 

Trace metal concentrations were determined using an 
atomic absorption spectrophotometer (Perkin Elmer 2380) 
equipped with a deuterium lamp backgl.ound corrector. IrOfl 
and magnesium were determined by direct aspiratinn; total 
chromium, coppEr, manganese, nickel and zinc were 
determined using a Perkin Elmer graphite furnace model HGA 
400. 

Since metA.l concentrations were expectp.d to be 'Jery 
low, extreme care was taken to avoid contaminating the 
samples during sampling and processing. All samples for 
metal analysis were taken in 1 liter polyethylene bottles 
soaked for 24 hours in 50% nitric acid. and rinsec with 
distilled, deionized water. Furthermore, samples wer~ 
processed in CEER laboratories in laminar flow hoods. 
Acids used to digest the sa~ples or to acidify the~ were 
either UltrexR nitric acid or Intra-analyzedR hydrochloric 
acid. Blanks were analyzed for the different digestion 
techniques. 
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A rigorous quality control program in accordance with 
US EPA protocol was run with the samples to ensure the 
reliability of the results (EPA 1979, EPA 1983). This 
program included the use of blanks, duplicate and Leplicate 
analyses, standard additions, and US EPA unknowns. 

Stream Water Samoles 

Samples from the Fish Bay (2 locations), Little 
Lameshur Bay, Great Lameshur Bay, Bordeau;.:, and Coral Bay 
Guts (Figure 3) were analyzed for dissolved and total 
metals. All samples were taken 3 meters upstream from the 
point where the stream intersects a road e;.:cept for Little 
Lameshur Bay Gut, where the sample was taken at the 
intersection with Reef Bay trail. The Great Lameshur Bay 
Gut samples were taken 50 meters upstream from the Virgi~ 
Islands Environmental Research Station field station. 

Samples were stored at 4 °c and processed within 48 
hours. E'or the dissolved metal analysis, an aliquot was 
filtered through a prewashed 0.45 urn membrane U1illipore 
HAWP) and acidified with concentrated nitric acid. Tr.::: 
unfiltered portion of the sareJle was also acidified ;'/ith 
concentrated nitric acid for '.]...18 determination of total 
metals. Samples for total /T.etal.:; were digested using the 
hot concentrated nitric acid technic:ue (EPA E~83). 
Particulate metals were defined as the difference between 
dissolved and total metals. 

Samples for the determination of total suspended solids 
(TSS) were collected at the same time that samples for 
heavy metals were taken. TSS were determined 
gravimetrically using the glass fiber filtration technique 
( AP HA 1 9 8 0) . 

Sea W~ter Samcles 

Sea water samples were collected just off shore and 15 
meters off shore from the gut out lets in Ree f Bay, Li t t le 
Lameshur Bay, Great Lameshur Bay, Jnd Coral Bay (Figure 3). 
More intensive sampli.ng was conducted in E'ish Bay. When 
the samples were taken, there was no stre2r:1 inflow. In 
order to minimize contaminatio:1, samples were coller:ted by 
hand from a slow-mov!ng fiberglass boat or by diving. 
Concentrated nitric acid and storage at 4 °c were used to 
preserve the samples prior to analysis. 

8 



Figure 3. Sampling stations. Letters A to F indicate stream sites. Numbers 1 to 7 
indicate sea water and sediment sites. 



Samples were digested for the determination of total 
metals with the addition of 5 ml of 6N hydrochloric acid 
per 50 ml and heating (Brooks, et al. 1967). Iron, copper, 
manganese, and zin::: were determined by direct aspiration 
(Sturgeon, et al. 1980). 

Marine Sediments 

Surface sediments were collected wherever sea water 
samples were taken (Figure 3), except in Fish Bay (Figure 
6a) . Sediments were obtai -led while diving using acid
washed plastic cores (15.2 cm long x 5.1 cm diameter). 

The sediment samples were digested using the 
hydrochloric acid stripping method described in Wood and 
Acosta Cintr6n (1976). Sediment cores were dried at 120 °c 
for 7 days. The samples were then sieved and weighed in 
dupli~ates. 175 ml of 50% hydrochloric acid was added to 
each sample, which was allowed to stand for 24 hours. The 
supernatant was decanted, and another 125 ml of acid was 
added. After an hour, the supernatant was decanted, and 
the sample was rinsed 3 times with distilled, deionizea 
water. The c.igestate was taken to a final volume of 500 
ml, and an aliquot was centrifuged at 3000 rpm for 5 
min~tes. The digestates were diluted for the determination 
of metals. 

Marine Organisms 

Inv~rtebrates (sea urchins, crabs and snails) were 
caught in Fish Bay by hand and stored frozen. The crabs and 
snails were associated with mangroves, wh~re they live in 
the roots and trunks of the trees. The sea urchins were 
found on a flat at the mouth of the gut. Fish traps using 
lettuce as bait WE're set up within the bay, but no fish 
were captured. 

Soft tissues (e.g. liver, kidneys, and heart) were 
removed by dissection from the crabs and sea urchins; total 
body tissues were used for the snails. The dry ashing 
technique described in AOAC (1980) was used to digest the 
tissues. Tissue samples were oven dried at 120 °c for 24 
hours and placed in a muffle furnace for 6 hours at 500 °C. 
50% hydrochloric acid was added to the cocl, carbon-free 
residue, which was then warmed for 4 hours or until the 
sample dissolved. The solution was later transferred to a 
50 ml volumetric flask and an aliquot was centrifuged and 
filtered through a pre-washed 0.45 urn membrane. 
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RESULTS 

Export from the T~rrestrial Environment 

Heavy Metals in Stream Wa~: Dissolved, particulate, and 
total metal concentrations in stream water appear in Tables 
1a a~d lb. Only iron and magnesium were found in 
concentrations h:gher than 100 ug/l; manganese, copper, 
zinc, nickel, and total chromium content vias low in all 
samples. Concentrations of dissolved and particulate iron 
varied considerably among the sarrples. Particulate iron 
concentrations, which ranged from <120 to 8,200 ug/l! were 
higher than dissolved concentrations, which ranged from 
<120 to 804 ug/l. T'1e highest IT,etal concentrations found in 
this study were d~ssolved magnesium, which ranged from 
3,130 to 11,320 ~g/l. In some cases, all of the magnesium 
was in the dissGlved phase, and particulate concentrations 
were below the detectior, limit of 400 ug/l. None of the 
samrles c)ntaine~ measurable dissolved manganesA, but most 
conta::"ned ri.etectdble particulate manganese, which ranged 
from <5 to 61 l~g/ 1. Dissolved copper concentrations were 
lower than 15 l:g/l, and only one sample exceeded that value 
for partiC"llate copper. Concentrations of zinc, nickel, 
and chromium were generally below the limit of detection 
for this study. 

These values are typical of small, uncontaminated 
streams. They also agree with previous samplings conducted 
by the US Geological Survey in St. John (Robison, et al. 
1973). From 1962 to 1966, the dissolved metal 
concentrations for Guinea Gut were: iron <10-10G ug/l, 
m~nganese <10 ug/l, and magnesium 48,000-85,000 ug/l. The 
large discrepancy in the magnesium values might be due to 
differences ill land use or metal content of the bedrock. 
Most of the metals were below the water quality standards 
set by US EPA for stream water. Tota 1 copper, zinc, and 
chromium concentrations were much lower than the respective 
standards of 40, 50, and 50 ug/l. On the other hand, 17 of 
the 19 samples exceeded the total iron standard of 300 
ug/l. 

Magnesium was the only metal trup.sported primarily in 
the dissolved phase (Figure 4). Iron and manganesQ 
concentrat:i..ons were much higher in the par::iculctte phase 
than in the dissolved phase, suggesting that transpcrt 
occurred primarily associated with suspended particles. In 
the case of manganese, all of the det,=ctable metal was 
exported in the particula-ce phase .:'.opper transport was 
not dominated by one ph2se. 
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Table la. Heavy metals in St. John streams. 
ug/l and are broken down into dissolved (D), 
TSS refers to total suspended solids. 

All concentrations are expressed in 
particulate (P), and totaJ (T) metals. 

1------------------------------------------___________ ------------------------------------------------------______________________ 1 
DATE STREAM I TSS Iron Magnesium Manganese Copper I 

ISITE 1987 DISCHARGEI (mg/L) D P T D P TID P TID P T 1 

1-----------------------------------------------------------------------------------------------------------_______________________ 1 
ICoral Bay Gut 

ICaral Bay Gu~ 

ICoral Bay Gut 

5-8 

5-14 

5-18 

LOW 

LOW 

HIGH 

13.70 

d.54 

12t,.00 

<120 

237 

142 

3,490 3,610 

1,69;l I, )30 

A,219 8,360 

4,~90 580 5,470 

5,410 <400 5,600 

3,450 1,410 4,920 

<5 

<5 

<5 

26 

7 

61 

31 

12 

66 

8 

8 

11 

11 

3 

23 

19 

11 

34 

1-----------------------------------------------------------------------------------------------------------______________________ 1 
IBordeaux Mtn. Gut 5-8 LOW 5.92 124 <120 165 7,380 <400 7,380 <5 <5 <5 4 2 6 

IBordeaux Mtn. Gut 5-14 LOW 5.73 804 516 1,320 7,260 <400 7,260 <5 8 13 5 3 8 

IBordeaux Mtn. Gut 5-18 HIGH 28.86 331 709 1,040 4,910 <400 5,190 <5 16 21 4 3 7 

1-------------------- -------------------------------------------------------------------------------------------------------------1 
~ ILittle Lameshur Bay Gut 5-8 LOW 1.07 208 1,962 2,170 7,750 <400 7,750 <5 <5 8 6 <2 7 I 

ILittle Lameshur Bay Gut 5-14 LOW 3.00 804 7,600 7 1 4 1 

ILittle Lameshur Bay Gut 5-18 HIGH 7.3~ 19H 2,19; ~,390 3,450 1,510 4,960 <5 34 39 I <2 8 10 1 

1--------------- -----------------------------.------------------------------------------------------------------------------______ 1 
IGreater Lameshur Bay Gut 5-19 HIGH 1 124 <120 236 1 8,370 <400 8,370 I <5 48 53 I 5 <2 5 1 

1------·----------------------------------------------------------------------------------------------------_______________________ 1 
Ifish B3Y Bridge 5-7 0.62 37.71 149 1,121 1,270 110,680 440 11,120 <5 24 29 5 3 8 1 
Ifish Bay Bridge 

Ifish Bay Bridge 

Ifish Bay Bridge 

Ifish Bay Bridge 

Ifish Bay Bridge 

Iflsh Bay Pond 

5-7 

5-8 

5-14 

5-16 

5-18 

5-8 

0.64 

0.58 

0.74 

0.62 

2.28 

LOW 

3- 73 

7.44 

37_8(1 

2.40 

124 

503 

<120 

198 

<120 

<120 

6,206 6,330 I 8,540 630 9,170 <5 

<120 552 110,490 <400 10,490 i <5 

1,640 1,760 

606 804 

3,870 3,990 

6,780 2,880 9,660 

6,260 3,020 9,290 

3,130 2,140 5,870 

<:. 
<5 

<5 

262 382111,320 430 11,750 I <5 

44 

<5 

40 

<5 

45 

<5 

4:~ , 

6 

45 

10 

50 

7 

14 

7 

<2 

<2 

<2 

5 

3 

15 

5 

6 

10 

2 

17 

22 

7 

8 

12 

7 

Ifish Bay Pond 5-14 LOW 124 2,786 2,910 1 8,010 5,8jO 13,840 <5 41 46 <2 14 16 

I fish Bay Pond 5-16 LOW 1 6-33 I <120 660 780 I 8,900 <400 9,150 I <5 'j 11 I 5 2 7 1 

1----------------------------------------------------------------------------------------------------------- ______________________ 1 
IDETECTION LIMIT-120 I D.TECTION LIMIT-400 IDETECTION LIMIT-5ICETECTION LIMIT-2 I 

1-----------------------------------------------------------------------------------------------------------______________________ 1 



Table lb. Heavy metals in St. John streams. All concentrations 
are expressed in ug/l and are broken down into dissolved (D), 
pa"t"ticulate (P), and total (T) metals. 

1--------------------------------------------------------------------------------------------------
DATE STREAM 1 Zinc 1 Nickel Chromium 1 

ISITE: 1987 DISCHARGEI D P T D P T D P T 

1--------------------------------------------------------------------------------------------------
ICoral Bay Gut 5-8 LOW <5 <5 9 <5 <5 <5 1 <3 12 15 1 

ICoral Bay Gut 5-14 LOW <5 <5 <5 <5 <5 <5 <3 <3 <3 

ICoral Bay Gut 5-18 HIGH I a 8 16 I <5 6 11 1 <3 <3 6 1 

1--------------------------------------------------------------------------------------------------
IBordeaux Mtn. Gut 5-8 LOW <5 <5 <5 <5 <5 <5 <3 <3 <3 1 

IBordeaux Mtn. Gut 5-14 LOW <5 <5 <5 <5 <5 <5 <3 <3 4 

1 Bordeaux Mtn. Gut 5-18 HIGH 1 <5 <5 <5 1 <5 <5 <5 1 <3 <3 4 1 

1--------------------------------------------------------------------------------------------------
ILittle Lameshur Bay Gut 5-8 LOW <5 <5 <5 <5 <5 <5 <3 <3 6 

ILittle Lameshur Bay Gut 5-14 LOW <5 <5 <3 

ILittle Lameshur Bay Gut 5-18 HIGH 1 6 8 14 <5 <5 6 1 <3 <3 6 

1--------------------------------------------------------------------------------------------------
IGreater Lau.eshur Bay Gut 5-19 HIGH 1 <5 <5 <5 1 <5 <5 <5 1 <3 <3 <3 1 

1--------------------------------------------------------------------------------------------------
Irish Bay Bridge 5-7 0.62 <5 <5 <5 <5 <5 <5 <3 <3 5 1 

IFish Bay Bridge 5-7 0.64 <5 <5 7 <5 <5 <5 <3 7 10 I 

IFish Bay Bridge 

IFish Bay Bridge 

IF~sh Bay B:-ldge 

IFish Bay Bridge 

IFish Bay Pond 

5-8 

5-14 

5-16 

5-18 

5-8 

0.58 

0.74 

0.62 

2.28 

LOW 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

",5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

<5 

6 

<5 

<3 

<3 

<3 

<3 

<3 

<3 

4 

<3 

<3 

<3 

4 

7 

3 

6 

4 

IFish Bay Pond 5-14 LOW <5 <5 <5 <5 <5 8 <3 5 8 

IFish Bay Pond 5-16 LOW 1 <5 <5 <5 1 <5 <5 <5 I <3 <3 6 1 

1--------------------------------------------------------------------------------------------------
IDETECTION LIMIT m 51DETECTION LIMIT-51 DETECTION LIMIT;3 I 

1--------------------------------------------------------------------------------------------------



la 

It 

10 

• 
• 
7 

• 
a 

4 

• 
: 

0 

ol:>- a 

~ 

4 ... 
& 

La 

a 

I .. 

o.a 

0 

z.z 

Mg (rng/I) 20 Cu (uq/I) 1. 
1. 
14 

la 

10 

• 
• 
4 

a 

0 

40 

Fe {rng/I) aa Hn (uq/I) 

ao 

-
.0 

la 

~o 

a 

0 

CBG BMG LLBG F'BB FBP CBG LLBG l?BB 

Figure 4. Heavy metrd roncentrations in St. John streams. Average dissolved ~~ i 
and suspended (m) concentL-dtions were calculated for comrnon sampling dates (5-8, 
5-14, and 5-18). Sampl ing stat i :)11$ were: Coral Bay Gut (CBG) , Bordeaux Mountain 
Gut (BMG) , Little Lameshur Bay Gut (LLBG), and Fish Bay Gut at the bridge (FBB) , 
and at the permanent pond (FBP). 



The small number of samples taken in each gut makes it 
difficult to determine relationships between stream flow, 
suspended solids, and metal transport, but some 
generalizations can be made. Magnesium concentrations 
decreased with increasing discharge, and manganese content 
increased. The other metals showed no marked relationship 
between flow rate and metal concentration. Total suspended 
solids (TSS) were also higher at high flows than at low 
flows. TSS were positively correlated with particulate 
copper, manganese, and, to a lesser extent, iron (r2= 
0.854, 0.713, and 0.678, respectively). Particulate 
mangane~e and copper were also correlated with particulate 
iron (r =0.843 and 0.592, respectively). 

In order to compare the heavy metal content of the 
guts, averages were calculated for the three sampling dates 
on which all guts were sampled (Figure 4). These averages 
showed considerable variation, which could be due to 
differences in metal ~ontent of the bedrock and in land use 
wi thin the watershed. None of the gut s appeared to have 
consistently lower or higher concentrations of magnesium, 
iron, copper, total chromium, or manganese. However, Coral 
Bay Gut had markedly higher copper and iron content than 
the other guts. 

Export Est imate: In order to estimate heavy metal export 
from the Fish Bay watershed, the stream water heavy metal 
results were combined with estimated stream flow values. 
Since the Fish Bay watershed is ungaged, data from Guinea 
Gut were used to test the validity of hydrological models. 
Stream flow data for the Guinea Gut station were obtained 
from Cosner (1972), Curtis, et al. (198:3 and 1984), and US 
Geological Survey preliminary data. Precipitation data 
were obtained from two sources: from 1963 co 1966, from the 
Guinea Gut watershed (Cosner 1972), and from 1983 to 1985, 
from the Coral Bay watershed (NOAA 1983, 1984, and 1985). 

The Guinea Gut watershed data showed that export 
calculations should be based on annual stream runoff rather 
than individual storm events. The relationship between 
precipitation and stream runoff for individual storms was 
very poor (Figure 5). This great variability in the amount 
of runoff produced by storms of similar magnitude was 
probably due to the influence of antecedent weather 
condit.ions in the watershed (Cosner 1972). If a storm was 
preceded by drought conditions, evapotranspiration could 
account for almost 100% of storm waters, and stream flow 
would be nearly O. Therefore, the export estimates were 
based on annual streamflow and precipitation, which ;.::-e 
significantly correlated (Figure 5) . 
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The next step in the calculation was to extrapolate the 
precipitation/runoff relationship from Guinea Gut tu the 
Fish Bay watershed by adjusting the runoff data for the 
drainage area of the two watersheds (0.37 and 1. 77 mi 2 , 
respectively; Cosner 1972). Due to the sparsity of 
hydrological information for St. John, this manipulation 
represents the best estimate of runoff in Fish Bay. 
However, Jordan (1972) hypothesi zed that runoff from the 
major watersheds of St. John was not directly proportional 
to the drainage area. 

The annual runoff data can be subdivided into two 
groups (Table 2). In some years (1964, 1966, 1983, and 
1985), storm events greater than 2.6 cm (approximately 1 
inch) accounted for less than 20% of yearly runoff. Most 
metal export in these years probably occurred over a long 
period of time and during base flow conditions. However, 
in other years (1963, 1965, and 1984), storm events greater 
than 2.6 cm accounted for more than 65% of yearly runoff. 
Most metal export in these years probably occurred at high 
stream flows and over a relatively short pe"dod of time. 
Therefore, the runoff data were divided into "base flow" 
and "storm flow" years, a.nd the estimated annual runoff 
values for Fish Bay were multiplied by the average total 
metal concentrations in Fish Bay Gut during low flow 
conditions (5-7 to 5-16), and high flow conditions (5-18), 
respectively (Table 1a and 1b). Generally, there was 
little difference between the high flow ~nd low flow metal 
concentrations, probably due to the small number 0: stream 
water samples analyzed. 

There was great variability in the annual metal export 
(Table 2). Each year, only iron and magnesium were 
exported in quantities greater than 100 kg and exceeded 
1,000 kg several years. The other metals only rarely 
exceeded 100 kg. Since zinc and nickel concentrations W2re 
generally below the detect ion I imi t, the values presented 
in Table 2 represent the greatest possible export (based on 
the results of this study) These values are comparable to 
export calculations made by Hart, et al. (1982) for an 
Australian stream. 

It is very probable that only a fraction of the metals 
exported by a stream find their way to the near shore 
marine ecosystems. Many of the island's streams do not 
drain directly into the sea. Mangroves and salt ~onds may 
act as heavy metal sinks by accumulating metal-rich 
sediments. 
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Table 2. Heavy metal export estimate for Fish Bay, St. 
John. 

A. Hydrological data for Guinea Gut: 

Nu.ber of Rain • Yoarly Runoff 

Year Rainfall Runoff Storms <2.6 cm Accounted for by 

Ic.) (cm) Per Year stor.s <2.6 cm 

1964 68.1 0.23 1 1 

1966 77.2 0.43 5 17 

1983 134.3 36.40 9 12 

1985 94.6 3.43 3 2 

1963 90.2 1.47 S 66 

1965 96.3 3.56 7 93 

1984 128.4 20.35 6 99 

B. Metal Export Estimates for Fish Bay Gut: 

RUDOff Fe Mq Hn Cu Ni Cr 

Year (L X 10-6) (kq) Ikq) (kq) (kq) (kq) (kq) 

1964 72 154 715 2.00 0.89 <0.36 0.42 

1966 136 291 1,351 3.78 1. 68 <0.68 0.79 

1983 11,456 24,552 113,918 318.91 141.21 <57.28 66.44 

1985 1,079 2,313 10,732 30.04 13.30 <5.40 6.26 

1963 464 1,850 2,722 23.25 5.52 2.78 2.78 

1965 1,119 4,466 6,570 56.11 13.32 6.72 6.72 

1984 6,404 25,550 37,589 321.04 76.20 38.42 38.42 

The quantity and chemical partitioning of the trace 
metals probably varied considerably in the "base flow" and 
"storm flow" years. Bradley (1984) concluded that the mass 
flow of metals is greatest during flood peaks. He also 
concluded that dissolved metal concentrations decrease at 
high flows, and the quantity of metals bound to particles 
increases. Therefore, export probably would be greatest 
during the "storm flow" years, but metals would be 
relatively unavailable to the environment because they 
would be tightly bound to suspended particles. During the 
"base flow" years, there would be less export, bu t the 
metals would be in the more bioavailable dissolved state. 

Heavy Metals in Marine Near-Shore Environments 

Sea Water: Concentrations of total metals in sea water 
followed a pattern similctr to that observed in stream water 
(Table 3). Of the metals analyzed, iron had the highest 
concentration (range: 915 to 71 ug/l), followed by 
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manganese (4 to 387), zinc (10 to 20), and copper (all 
samples <10) These values were considerably higher than 
the values obtained in Bermuda, and lower than those 
obtained in Jobos Bay, Puerto Rico (Table 4). Bermuda, 
like St. John, is a small island relatively free of 
anthropogenic contamination, whereas Jobos Bay receives the 
treated effluents of several industries. The differencE in 
concentrations between Bermuda and St. John is especially 
interesting si~ce it may be an indication that the metal
rich bedrock in St. John is indeed causing an increase in 
trace metals in coastal waters. However, the di fferent 
digestion techniques utilized in the stud~es should be 
taken into ccmsideration. The Bermuda samples were not 
digested, and the samples in this study were digested using 
10% riCl. 

Several of the samples exceeded the EPA water quality 
standards for coastal waters. Seven of the fifteen samples 
had more than 200 ug/l of iron, and four samples had more 
than 100 ug/.l of manganese. All of the zinc and copper 
samples were beiow the 50 ug/l standards. 

There was considerable variability among the sampling 
sites. Fish B-3.Y apparentl~' had hiyher concentrations of 
iron and manganese, and lower concentrations of zinc than 
the other bays. However, this fact is probably due to the 
greater number of samples taken in Fish Bay. 

Table 3 . Heavy metal concentrations in the coastal waters 
of St. John. D':stance refers to the approximate distance 
from shore in the north/south (N/S) and east/west (E/W) 
axis. For 1D codes refer to Figure 3. 

Distance 
1D N/S E/W Fe Mn Zn Cu 

Code Site (m) (m) (ug/ l) (ug / l) (ug / l) (ug/l) 
7 Coral Bay 15 0 276 56 10 <10 
6 Sanders Bay 15 0 190 9 15 <10 
5 Greater Lameshur E 15 0 86 4 17 <10 
4 Greater Lameshur W 15 0 162 9 10 <10 
3 Little Lameshur 15 0 71 4 18 <10 
2 Reef Bay E 15 0 24 12 15 <10 
1 Reef Bay W 15 0 24 9 10 <10 

Fish Bay 0 0 407 387 10 <10 
Fish Bay 20 0 762 340 10 <10 
Fish Bay 40 0 915 368 10 <10 
Fish Bay 60 0 467 104 10 <10 
Fish Bay 80 0 484 73 20 <10 
Fish Bay 100 0 446 65 10 <10 

19 

r . \ 

'1/ I 



Marine S2diments: The same concentration pattern that was 
seen if' the stream and sea water samples could also be 
seen in the marine sediments (Tables 5 and 6). Metals could 
be arranged in order of decreasing concentration: magnesium 
(23,800-2,250 ug/g), iron (25,610-1,230 ug/g), manganese 
(610-4 ug/g), total chromium (388-6 ug/g), copper (33-1 
ug/g), nickel (30-1 ug/g), and zinc «35 ug/g). These 
values were 2 to 90 times lower than concentrations obtained 
for Mayaguez Bay, in Puerto Rico, which receives industrial 
alld domestic pollution (Table 7). 

Nichols and Towle (1977) studied sediment heavy metal 
concentrations in Benner Bay, St. Thomas. They obtained the 
following values: copper 140 to 0.2, and zinc 150 to 0.12 
mg/g. These values are not comparable to values obtained in 
this study because the Benner Bay sediments were digested 
us~ng hot concentrated nitric acid, which liberates matrix
bound metals in addition to the non-matrix metals liberated 
by leaching with hydrochloric acid. 

There was considerable variation in the metal content of 
the sediments, possibly due to differences in factors that 
control adsorption, such as organic matter (Salomons 1985), 
manganese and iron oxides (Williams, et al. 1974), and 
percent non-calcareous residue (Jickells and Knap 1984). 
There was considerable variation in the organic matter 
content, sand and rock content, and vegetation of the 
sampling places, which could affect metal concentrations. 
As was the case in the stream water samples, manganese and 
copper were positively correlated with iron (p<0.05)· 

Table 4. Average heavy metal content of surface coastal 
waters. NA means not available. 

Fe Mn 
(ug/l) (ug/l ) 

Bermuda1 1. 07 0.19 

St. John2 332 111 

Jobos Bay, 541 252 
Puerto Rico 3 

Cu 
(ug/l) 

0.2 

<10 

9.6 

Zn 
(ug/ 1) 

0.3 

13 

103 

Ni 
(ug/l ) 

0.14 

NA 

NA 

1. Total leacnable ~etals (non-filtered samples without 
digestion) (Jickells and Knap 1984). 

2. Total metals (non-filtered samples with BCl digestion). 
This study. 

3. Dissolved metals (Puerto Rico Environmental Quality Board 
data for 1984) . 
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Table 5. Leachable metals in sediment core samples from St. John island. 
Distance refers to the approximate distance from shore. For ID codes 
refer to Fig. 3. 

ID SITE DISTANCE Fe Mg Mn Cu Zn Ni Cr 
CODE (m) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) 

1 REEF BAY W 15 1,230 12,660 4 7 <35 30 12 
2 REEF BAY E 15 1,440 10,630 9 4 <35 15 9 
3 LT LAMESHUR 0 1,450 4,700 25 1 <35 6 58 
3 LT LAMESHUR 15 2,050 7,300 14 1 <35 16 60 
4 GT LAMESHUR W 0 7,440 10,710 131 5 <35 10 49 
4 GT LA1'1ESHUR W 15 4,150 5,030 21 9 <35 1 6 
5 GT LAMESHUR E 0 5,720 7,630 83 6 <35 13 10 

I\J 
5 GT LAMESHUR E 15 6,430 4,470 41 4 <35 1 8 

..... 6 SANDERS BAY 0 3,060 2,930 18 3 <35 5 15 
6 SANDERS BAY 15 7,020 9,430 111 22 <35 10 15 
7 CORAL BAY 0 7,780 7,110 64 9 <35 4 85 
7 CORAL BAY 15 7,220 7,090 46 12 <35 4 13 



Table 6. Leachable metals in sediment core samples from Fish Bay, 
St. John island. Distance refers to the approximate distances from 
the point of discharge of Fish Bay Gut in the north/south (N/ S) and 
and east/west (E/W) axis. NA means non-available data. 

DISTANCE 
N/S E/W Fe Mg Mn Cu Zn Ni Cr 
(m) (m) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug / g) (ug / g) 
10 0 14,590 9,930 480 13 <35 8 NA 
20 0 9,310 8,640 222 5 <35 8 28 
50 0 17,280 10,730 186 28 <35 11 388 
60 0 11,190 23,800 135 15 <35 6 194 
80 0 2,420 2,250 40 4 <35 1 6 
90 0 11,160 6, 660 362 20 <35 2 NP_ 

I\.l 
100 -60 19,490 11,020 185 33 <35 11 33 

I\.l 100 -40 16,620 10,070 510 27 <35 9 32 
100 -20 15,230 7,220 601 21 <35 8 20 
100 20 12,730 8,800 145 14 <35 7 25 
100 40 10,560 9,580 76 13 <35 5 29 
100 60 8,770 10,040 160 15 <35 10 21 
150 0 6,590 10,280 42 7 <35 3 23 
200 -50 6,280 11,490 54 7 <35 2 17 
200 0 5,190 9,740 54 5 <35 2 16 
200 50 9,970 10,180 53 17 <35 5 33 
200 150 7,400 9,900 35 16 <35 3 23 
300 -50 25,610 17,400 248 28 <35 12 365 
300 0 5,430 7,920 37 7 <35 2 18 
300 50 9,680 10,780 67 15 <35 4 3u 
300 100 9,260 10,400 48 12 <35 5 31 
300 200 10,110 12,650 53 16 <35 5 35 



An intensive sampli ~ffort was conducted in Fish Bay 
to determine if supe- sediment-linked metals were 
stratified in relatif \~; th.e gut's discharge point. 
Three of the six metal lied showed a slight horizontal 
zoni f ication. Mangane~~ .dckel, and to a lesser extent, 
iron had markedly iligher •.. oncentrations in the samples taken 
within 100 meters of the gut's discharge area than in more 
distant samples (Figure 6a and b). There were no discernible 
horizontal patterns for magnesium, copper, or chromium 
(Figure 6b ana 6c). The lack of a strong pattern is not 
surprising since the stream runoff events that bear metals 
to the bay occur only 1 to 7 times per year. Post
depositional mixir;q of particles by physical and biological 
mechanisms could then affect the original heavy metal 
imprint on the sediments (Santschi, et al. 1984, Polprasert 
1982). The wa:'er circulat ion pat tern within the bay, which 
is yet unknown, may also affect the deposition pattern of 
the metals. 

Samples taken in other bays had lower concentrations of 
iron, magnesium, manganese, copper, and total chromium than 
samples taken in Fish Bay (Tables 5 and ~). This difference 
is probably due to the unequal sample sL.es at each site. 
The greater number of samples taken in Fish Bay permitted 
samples with higher concentrations to appear in the study. 

Marine Invertebrat8s: Concentrations of manganese, copper, 
magnesium, and iron for several species of snails, crabs, 
and sea urchins are given in Table 8. Metal content varied 
considerably among the different organisms. The 
concentrations found in snail and crab tissues we~e 
generally higher than those found in sea urchins. However, 
this observation was not tested statistically due to the 
small sample size and large standard deviations. 

Table 7. Heavy metal content of surface near-shore 
sediments. 

Site Cr Cu Fe Mn Ni Zn 
(ug /g) (ug/g) (mg/g) (ug/g) (ug/g) (ug/g) 

Mayaguez Bai' 690 31 GO 827 487 70 
Puerto Rico 

Fish BaY2 68 12 9 9 7 <35 
St. John 

1. Adapted from Wood and Acosta Cintr6n (1976) . 
2. This study. 
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Figure 6a. Leachable metals in sediment cores 
from Fish Bay: St. John. 
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Figure 6b. Leachable metals in sediment cores from 
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T~ble 8. Heavy metal content of some marine invertebrates in Fish Bay, St. John. The 
snail wa~ Littorina angulifer3, the sea urc-' ~ n was Tripneustes esculantus, and the 
cr2bs w:re Goniopsis.. ~ruentata, Plagusia dep~cssa, and Aratus pisonni. N represents 
the numbeL of individuals analyz~d. All values are expressed in ter~s of dry tissue 
weight. 

A: AVERAGE + STANDARD DEVIATION 

Fe Mg Mn Cu 
N Wet/Dry Ratic (ug/g) (ug/g) (ug/g) (ug/g) 

Snail 8 6.0 .:t. 1.0 14C1 + 1221 7510 + 1900 236 + 121 88.2 .± 58.8 
Sea Urchin 4 4.8 .± 1.6 158 .± 67 8387 + 5674 4 + 1 3.1 + 1.7 
Crab 2 2.6 .± 0.1 133 + 11 6906 .± 874 131 + 29 97.9 ± 9.4 

B: RANGE 

Snail 8 5.0 - 7.8 125 - 3818 5491 - 10124 147 - 436 2.3 - 196.7 
Sea Urchin 4 3.4 - 7.0 125 - 258 5433 - 16897 2 - 5 1.1 - 5.0 
Crab 2 2.5 - 2.7 125 - 140 6288 - 7524 110 - 151 91. 3 - 104.6 



Mang2.ne::.:;e concen"trat ions ranged from values as high as 
436 ug/g in snails to values as low as <5 ug/g in sea 
urchins. The same pattern was found to be true for copper 
and iron, with maximum concentrations of 197 and 3,818 
ug/g, respectively. The concentrations of nickel and total 
chromium were below the analytical detection limit. The 
large variation in metal content of the species is not 
3urprising since it is well known that some organisms have a 
signi. ficantly hi gher capaci ty to bioaccumulate metals than 
others due to physiological and behavioral differences 
(Louma 1983) . 

The levels of copper in crab tissue found in this study 
(36.4 and 38.9 ug /g WEt weight) were higher than those 
repot"ted by Sanders (1984) for two South Carolina estuaries 
(7.5 to 9.8 ug / 9 wet weight). This di [ference can be 
att~"ibuted to differences in m~thodology since Sanders 
ana. "i.yzed only ecl~_ble tissue. The tissue analyzed in this 
study was soft tissue which usually has higher metal 
concentrations. 

Sn~ils and crabs appear to be good indicator organisms 
since the level of heavy metals present in their tissue is 
well nbove the detection limits of the standard analytical 
techniques. In order to assess their suitability, 
information about seasonal and intra-sample variability must 
be generated and studied, and the implications for 
biomonitoring determined. 

CONCLUSIONS 

The geochemical anomalies identified by Tucker, et al. 
(1985) do not pose a se:dolls threat to the marine ecosystems 
of St. John island. ii.8.:lVY metals are transported by the 
isl :md' s streams to the sea, and can be detected in stream 
water, sea water, and marine sediments. However, these 
levels were typical of uncontaminated environments and, with 
the exception of iron and manganese, were mostly below water 
quality standards set by US EPA. 

The concentrations of trace metals in these three sample 
types followed a 3imil~r concentration pattern: Mg > Fe > Mn 
> Cu > Cr > Ni > Zn. The much higher concentrations found 
in marine sediments make this sample type the easiest 
compartment for heavy metal monitoring. 

Although samples from several watersheds were analv78d, 
no conclusions can be made concerning the relative imp" of 
the geochemical anomalies in these watersheds due to the 
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limited number of samples taken. Samples from Fish Bay had 
higher concentrations of some of the metals, but this fact 
can be attributed to the greater number of samples taken in 
Fish Bay. More intensive sampling, together with a better 
understanding of the role of metal sinks such as salt ponds 
and mangroves, are needed to address this question. 

The export estimates suggest that large quantities of 
some metals are transported by the island's streams. More 
than 100 kg of iron and manganese were consistently exported 
by Fish Bay, and export of the other metals only rarely 
exceeded 100 leg. However, two factors must be taken into 
consideration in order to assess the potential impact of 
these metals. First, not all of these metals reach coastai 
waters because salt ponds and mangroves retard or stop metal 
movement. By slowing down water velocity, these ponds 
facilitate the incorporction of metals into the sediments. 
Second, the chemical partitioning of the metals determines 
the bioavailability to marine organisms. Dissolved ions are 
potentially more toxic than metals adsorbed onto particles. 
Only magnesium was transported primarily in the dissolved 
phase; iron and manganese were exported in the particulate 
phase. 

The levels of trace metals present in the animal tissues 
analyzed were not dangerously high and should not pose a 
threat to the organisms. There was considerable difference 
in the metal content of the different species collected in 
Fish Bay, with those associated with mangroves having the 
highest concentrations. Snails and crabs should be 
considered as indicator organisms because of their abundance 
and the relatively high concentration of trace metals found 
in their tissues. 

Research and Management Recommendations 

1. Monitor iron and manganese concentrations in stream and 
sea water to determine how often the EPA standards are 
exceeded. Since iron is much easier to analyze and is 
highly correlated with manganese and copper, this metal 
might be used as an indicator of metal contamination. 

2. Determine the transport of lead through the ecosystem. 
Tucker, et al. (1985) found very high concentrations of lead 
in the geochemical anomalies. 

3. Determine the fraction of stream-transported metals that 
become incorporated into the sediments of salt ponds and 
mangroves. 
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4. Establish a long-term biomonitoring program. In order 
to assess the suitability of the indicator organi£:ms, the 
intra-species and seasonal variability in metal content need 
to be studied. 

5. Study the effects on the ecosystem of the high 
sedimencation and turbidity in Fish Bay; determine the 
relative importance of natural and anthropogenic f~ctors in 
causing this sediment load. 
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