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Abstract

We compared the speciation of Hg in two estuaries, Lavaca Bay (Texas) and the Venice Lagoon (Italy). Both are
large, shallow embayments that are contaminated by direct discharges from mercury-cell chlor-alkali plants and
dominated by rapid tidal flushing. Although contaminated by discharges into Lavaca Bay from 1966 to 1979 and
into the Venice Lagoon from 1951 to 1989, Hg concentrations have dwindled to similar moderate levelsin sediments
(200-2,000 ng g~ *) and water (1-3 ng L* dissolved) since the advent of pollution abatement. The Venice Lagoon
contains lower levels of CH,Hg than Lavaca Bay, which is surprising, given the much larger degree of wetlands
coverage in the lagoon. A narrow temporal peak in methylation was seen in early spring at both sites, athough it
was much stronger in Lavaca Bay. Data indicated that sediment CH,Hg is more strongly correlated with variables
such as habitat and seasonality than with total Hg. In Lavaca Bay, because of high sedimentation rates and low
remixing, the highest levels of Hg are buried 10-30 cm below the surface. Combined with previous observations
of strong Hg methylation after dredging activities, this argues for leaving Hg-contaminated sediment in place, to
be buried by the deposition of cleaner sediments. In Venice Lagoon, decisions may be complicated by continuous
remixing of the upper sediment layers, moving the highest levels of Hg toward the surface and distributing it over

a far larger area than has been seen in Lavaca Bay.

Unlike deep lakes and the oceans, the Hg cycle of estu-
arine systems is dominated by direct coupling between the
sediments and the food chain (Locarnini and Presley 1996).
This occurs particularly in shallow estuaries, which provide
a large ratio of sediment surface to water volume, frequent
wind-driven and anthropogenic resuspension events, and
more proximity to intertidal wetlands. Here we compare the
occurrence and speciation of Hg in two contaminated estu-
aries, Lavaca Bay (Texas, sampled in 1996-1997) and Ven-
ice Lagoon (Italy, sampled in 2001-2003). Both systems
were similarly contaminated from the 1950s to 1980s by
agueous discharges of Hg from mercury-cell chlor-alkali
plants (Locarnini and Presey 1996; Provincia Venezia
2002). The sites differ in that Venice Lagoon is located in a
highly urbanized industrial/agricultural region with substan-
tial discharges of sewage, agricultural runoff, and industrial
wastes (Pavoni et al. 1990), whereas Lavaca Bay is located
in a sparsely populated rural agricultural area. Of signifi-
cance, from the standpoint of mercury methylation, ~30%
of the area of Venice Lagoon consists of various intertidal
wetlands such as salt marshes, mud flats, and diked fish
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farms (Pellizzato 1996), whereas we estimate that <5% of
Lavaca Bay contains these features.

Mercury biogeochemistry in Lavaca Bay has been exten-
sively studied over the past 30 yr. Aninitial dramatic decline
in the Hg content of fish and shellfish was observed after
the institution of wastewater controls at the chlor-alkali plant
in 1970, followed by a rebound in concentrations during the
1980s and 1990s (Locarnini and Presley 1996). This stim-
ulated an intensive investigation during the mid-1990s, the
results of which showed a dramatic early-spring peak in sed-
iment methylation (Bloom et al. 1999) that was strongly cor-
related with concentrations in organisms at the bottom of the
food chain. Investigators also found that the bulk of the Hg
discharged to the bay between 1965 and 1970 was buried in
a sharply defined layer ~15-40 cm below the more mod-
erately contaminated surficial sediments (Santchi et al.
1999). This deeper layer of Hg appeared to be completely
isolated and did not interact with the methylation and bio-
accumulation cycles, which only occurred in the upper sev-
eral centimeters of the sediments. Decisions were thus made
to remediate the site by reducing ongoing small discharges
of new Hg(ll) to the water column and to dredge only a
small quantity of highly contaminated sediments near the
historic discharge point (TGLO et al. 2001).

By contrast, although researchers have known for some
time, as aresult of sediment surveys, that Hg was the major
metal contaminant of concern in Venice Lagoon (Critto and
Marcomini 2001), to date there has not been a comprehen-
sive study of biogeochemical cycling or strategy to reduce
Hg contamination. Until recently, only a few scattered mea-
surements of total Hg that have used methods with suffi-
ciently low limits of detection have been attempted for aque-
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ous samples from Venice Lagoon (Ugo et a. 2001). The
concentrations observed were alarmingly high (70 ng L-*
dissolved Hg to 1,500 ng L-* unfiltered Hg), although the
use of standard water sampling methods could have resulted
in contamination at the levels observed (Bloom 1995). Pre-
liminary results obtained using ultraclean sampling and an-
alytical methods (Moretto et. al 2003) verified this suspicion,
showing that Venice Lagoon more typically contains Hg
concentrations in the range of 0.5 ng L~* dissolved to 50 ng
L-* unfiltered. Here, we provide the first comprehensive re-
sults for Hg speciation collected under ultraclean conditions.

Materials and methods

Ste descriptions—Samples were collected from Lavaca
Bay as part of the Alcoa sponsored ‘‘recon study’ between
March 1996 and July 1997 (Bloom et al. 1999); samples
were collected from Venice Lagoon between November
2001 and June 2003. Sampling locations and historic chlor-
akali outfall positions are as indicated in Fig. 1. Physical
parameters comparing the two systems are shown in Table
1. The purposes of the two studies were somewhat different,
so that the Lavaca Bay sampling emphasized a synoptic
study during spring 1996, whereas the samples from Venice
Lagoon were collected more evenly but less frequently
throughout the study in five seasonal sampling events. Be-
cause the present article focuses on a comparison of seasonal
changes in CH,Hg, which is caused by microbial methyla-
tion (Gilmour et al. 1992) and is likely temperature depen-
dent, we have compiled (Institute for Marine Biology 2002;
Texas A&M University 2002) annual water temperature pro-
files at representative locations in each estuary (Fig. 2).

Lavaca Bay is a large (155 km?) secondary embayment
off of Matagorda Bay on the Gulf of Mexico. The northern
part of the bay is separated by a natura constriction and is
significantly less contaminated than the southern portion,
which received ~75,000 kg of Hg as direct discharges from
the chlor-alkali plant between 1965 and 1970. More diffuse
inputs followed until 1979, when the plant was closed
(TGLO et al. 2001). The Lavaca River enters the bay at the
north and supplies, on average, ~5% of the total water ex-
change in the system, although between-year variations in
rainfal and irrigation usage result in dramatic variability.
There was a period of drought during the synoptic Lavaca
Bay study (1996-1997), so the freshwater inputs were only
43% of the average flow (State of Texas 2003). The Lavaca
River watershed is very sparsely populated, with only
~41,000 inhabitants, most of whom are employed in agri-
culture or live in the town of Port Lavaca and work at one
of several large chemical manufacturers located in the area.
Lavaca Bay consists primarily of shallow, open-water hab-
itats (average depth 1.5 m), with small coverage by intertidal
marshlands and mudflats that emerge at low tide. Marshlands
are concentrated in Cox Cove, just south of the most con-
taminated areas. A dominant feature of the bay is ‘' Dredge
Idand,” alarge artificial island made of dredge spoils. It is
Hg contaminated in some places, because its surface served
as the receiving area for discharges from the chlor-alkali
plant between 1970 and 1979. At the time of the recon study,
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Fig. 1. Sampling locations in Venice Lagoon (Italy) and Lavaca
Bay (Texas).

the island was rapidly eroding into the bay, a process that
has since been halted by reinforcing the island’s shores and
capping its surface. Salient to its future prospects for recov-
ery, much of Lavaca Bay experiences high sedimentation
rates of 0.5-1 cm yr—* (Santchi et al. 1999).

Venice lagoon is about three times the size of Lavaca Bay
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Table 1. Comparison of Lavaca Bay and the Venice Lagoon. The Hg and TSS averages were determined from a preponderance of sites
close to the discharge point (0—10 km), because the studies tended to emphasize the affected areas. Values in italics were based on
calculations or estimates.

Parameter Units Lavaca Venice References
Total surface area km? 155 540 1,2
Wetlands area km?2 <5 71 2
Mean depth m 1.2 1.1 2,3
Mean volume m? 1.9x108 5.5x108 6
Mean residence time d NA 2.0-10 11
Mean rainfall cmyr-t 106 83 1,7
Average river inflow mé yr-t 4.13X10° 1.12x10° 8, 12
Drainage basin area km? 2,435 1,850 1,9
Mean wind speed mst 4-8 1-4 4,10
Mean sedimentation rate cm yrt +1.1 -0.2 35
Watershed population no. 41,000 1,550,000 1
Total suspended solids mg Lt 53 15 Present work
0-3 cm sediment [Hg] ng gt 419 1,350 Present work
Unfiltered aqueous [HQ] mg Lt 49 22 Present work

1: TLGO et a. 2001, 2: Pellizzato 1996, 3: Day et a. 1995, 4: Texas A&M. 2002, 5: Santchi et al. 1999, 6: Mazzacurati 1995, 7: Zaggia et al. 2001, 8:

Zuliani et a. 2001, 9: Zonta 2001, 10: Institute of Marine Biology 2002, 11: Frignani et al. 1997, 12: State of Texas 2003. NA: not available.

and covers an area of ~540 km?, of which 62% (335 km?)
is open water, 13% (71 km?) is salt marsh, 17% is diked fish
farms (92 km?), and 8% is islands (43 km?) (Pellizzato
1996). It is as yet unknown what the effect of such extensive
coverage by fish farming may have on the CH;Hg cycling
in the lagoon. Shallow and nutrient rich, fish farms are prob-
ably significant areas for methylation, but their limited ex-
change with lagoon waters may expose their sediments to
lower levels of bioavailable Hg(ll) and limit the release of
produced CH,Hg to the lagoon as a whole. Because access
was restricted, the effect of fish farms was not included in
the present study.

Historically amost al river inputs around the lagoon have

been diverted at one time or another. Tidal flow has become
exaggerated because channels have been deepened for large
ship traffic. These factors, combined with anthropogenic re-
suspension, mean that Venice Lagoon is now a net exporter
of sediments to the Adriatic sea, losing, on average, ~1.1
million m3 or 0.2 cm yr—* (Day et al. 1995). The circulation
patterns introduced by tidal cycling through the three open-
ings in the barrier islands (the Lido, Maamocco, and Chiog-
gia inlets) creates regions in the lagoon that are hydrologi-
cally isolated from one another, confining the majority of the
pollution to the northern basin, which makes up ~270 km?
in surface area (Marcomini et al. 1995).

The watershed of Venice lagoon is heavily populated, sup-
porting ~1.5 million inhabitants who primarily work in ag-
riculture, tourism, or industry. Because there are many

40 chemical and petrochemical companies located in Marghera
—_ on the western shore of Venice Lagoon, it islikely that there
9 Lavaca are multiple contributors to the Hg input to the lagoon. How-
;’ 304 ever, the largest single source is almost certainly the mercury
5 cell chlor-alkali complex, which operated largely without
< pollution control equipment from 1951 until 1988 (Provincia
= Venezia 2002). Two independent plants were in operation at
2. 204 the complex. The first ran from 1951 to 1994, and the second
QE) opened in 1971 and is still in operation. No clear records
- are available as to the amount of Hg discharged to the lagoon
§ 10<¢ by these plants, but, if scaled to the period of production in
< Venice Lavaca Bay, it would not be unreasonable to assume that
= Lagoon ~200,000 kg was discharged.
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Fig. 2. Monthly water temperatures at Port Lavaca, Lavaca Bay
(1996-1997), and Palude della Rosa, Venice Lagoon (2001-2002).
For Lavaca Bay, values were averaged from internet-accessible
hourly data over a 2-d period at the start of each month. For Venice
Lagoon, they were single-point daytime measurements at 30 cm
depth.

Sample collection—Samples were collected using ultra-
clean sample handling protocols (Bloom 1995) into acid-
cleaned Teflon or borosilicate glass containers. Because the
waters at both sites are very shallow and vertically well
mixed, samples were collected by grab sampling at a depth
of ~25 cm off the bow of a small plastic boat facing into
the flow direction of the water or, in some cases, by wading
from shore. At each site, three independent samples were
collected: one 250-ml Teflon bottle was directly preserved
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with 0.2% (vol/val) 9 M H,SO, or 0.4% (vol/val) 12 M HCI
for the unfiltered fraction, whereas another was vacuum fil-
tered within 6 h through a disposable 0.4-um nitrocellulose
filtration unit and then similarly preserved for the dissolved
fraction. A 500-ml polyethylene bottle of unfiltered water
was also collected and kept unpreserved (in the dark at 0—
4°C) for the determination of total suspended solids (TSS),
total dissolved solids, and pH. These ancillary parameters
were determined within 1 week of collection.

Sediments were collected by hand from shallow areas us-
ing 8-10-cm diameter acrylic corers. For the Lavaca Bay
study, cores were taken, intact and with undisturbed over-
lying water, to a nearby clean room, where they were sub-
sampled in an N-purged glove box for solids and pore-water
extraction by centrifugation and 0.4-um filtration (Bloom et
al. 1999). After processing, solids were immediately pre-
served by freezing, and pore waters were preserved by the
addition of 0.4% (vol/vol) 12 M HCI. In the Venice Lagoon
study, sediments were similarly collected, but pore water
was generally not extracted. Instead, the sediments from
each layer were extruded in the field, rapidly homogenized,
and a 10-g aliquot was placed into a glass vial. The vials
were immediately (within 15 min of collection) placed into
acooler held at —5°C until transport to the lab freezer, where
they were kept at —20°C until analysis. In one case, pore
water was obtained from the Venice Lagoon sediments using
a semipermanently installed diffusion sampler (*‘peeper’’)
with in situ pumpable sample chambers having ~10 cm
depth resolution (Ugo et al. 1999).

Analysis and quality assurance—Samples were extracted
or digested as described below in a Hg-clean laboratory and
analyzed using cold-vapor atomic fluorescence spectrometric
(CVAFS) detection (Bloom and Fitzgerald 1988). The ab-
solute detection limit for this instrument is ~0.1 pg Hg, but
all reported detection limits are determined by the variability
of the measured blanks, which vary according to the differ-
ent extraction procedures. All reported data were corrected
for the mean method blank of a given extraction batch and
for changes in instrumental drift on each analytica day.
Aqueous CH,Hg concentrations were also corrected for the
empirically derived distillation efficiency (Bloom and von
der Geest 1995). Solids were analyzed on a wet basis, to
avoid artifacts and losses associated with drying. A separate
aliquot was also analyzed for the percentage of moisture,
and this value was used to correct the wet-basis measure-
ments to a dry basis. Every analytical batch was accompa-
nied by at least three identically processed method blanks,
a sample extracted in duplicate or triplicate, a matrix spike
and matrix spike duplicate, and certified reference material
in as similar a matrix as possible.

Before the determination of CH;Hg, acidified waters were
distilled to separate CH,HQCI into a pure deionized water
matrix. Distillates were analyzed by aqueous-phase ethyla-
tion, purging onto Carbotrap, and isothermal gas chromato-
graph separation followed by CVAFS detection (Bloom and
Von der Geest 1995). Sediment aliquots of 1 g were extract-
ed into CH,CI, from a mixture of H,SO,, KBr, and CuSO,
and then back-extracted into deionized water before the eth-
ylation step, to avoid positive artifacts associated with the

digtillation of sediments (Bloom et al. 1997). Detection lim-
its for CH;Hg were ~0.01 ng L-* for waters, 0.1 ng L -* for
pore waters, and 0.004 ng g-* for sediments. For samples
with concentrations >10 times the detection limits, the rel-
ative difference of duplicate analyses was typically 5-15%,
whereas matrix spike and certified reference material (CRM)
recoveries ranged 85-120%.

Aqueous samples to be analyzed for total Hg were first
oxidized by the addition of 1% (vol/vol) of 0.2 M BrCl in
12 M HCI directly to the origina sample bottle and allowed
to digest overnight at room temperature (Bloom and Cre-
celius 1983). Sediment aliquots of 1 g were digested over-
night at room temperature with agua regia (1:3 HNO,; +
HCI) and then diluted to 40 ml with deionized water before
analysis. Aliquots of water and sediment digests ranging
0.005-100 ml, depending on concentration, were analyzed
using SnCl, reduction, purge and trap on gold-coated sand,
and CVAFS quantification. Detection limits for Hg were
~0.2 ng L~* for waters and 0.4 ng g-* for sediments. For
samples with concentrations >10 times the detection limits,
the relative difference of duplicate analyses was typically 4—
8%, and matrix spike and CRM recoveries ranged 90-110%.

TSS were measured for each water sample by filtering
100-500 ml of water through a preweighed 0.4-um pore
size, 47-mm diameter polycarbonate membrane filter, rinsing
out the salts with deionized water, and drying at 65°C for
severa hours before reweighing. The limit of detection for
TSS in a 500-ml sample was typically ~0.5 mg L. Sus-
pended matter Hg and CH;Hg concentrations (ng g-*) were
calculated as the unfiltered minus the dissolved concentra-
tions (ng L-%), divided by the TSS (g L ).

Results and discussion

Water-column Hg speciation—The examination of the un-
filtered water concentrations in areas affected by industrial
discharges showed that for both Hg and CH;Hg Venice La
goon and Lavaca Bay appear to be similarly and highly con-
taminated in comparison to other shallow estuarine systems
(Table 2). Although the urban canal system of Veniceislike-
ly to be a small source on a mass basis, owing to limited
flushing into the lagoon, higher mean Hg concentrations
were found here than at the discharges of the Marghera in-
dustrial zone. This is likely caused by the direct discharge
of primary sewage effluent to the canals via urban septic
tanks. Both study systems are quite contaminated with Hg,
but comparison of unfiltered waters exaggerates this because
of the unusually high levels of total suspended solids. Sur-
face sediments, which are continually resuspended by both
human activities and wind driven mixing contribute 80—-95%
of the observed Hg and 30—-80% of the CH,Hg in the water
column at any given time. By contrast, although Lavaca Bay
and Elliott Bay (Table 2) have similar average surface sed-
iment Hg concentrations (~400 ng g-1), TSS in the water
column of Lavaca Bay average ~50 mg L~ and so contrib-
ute upward of 30 ng L-* of the total Hg burden. In Elliott
Bay, on the other hand, with a mean depth of >20 m, there
is virtually no sediment resuspension. This is reflected in
both the typical TSS values in the range of 1 mg L%, and
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Table 2. Comparison of average unfiltered aqueous Hg concentrations in the Venice Lagoon and Lavaca Bay with other estuarine systems

(+ SE [=SD/Vn)).

Mean [Hg], ng L-*

Location Total Methyl Reference
Venice urban canals (n = 12) 6014 0.22+0.04 Present study
Lavaca contaminated areas (n = 15) 47+14 0.30%0.07 Bloom unpubl. data 1997
Venice north shallow (n = 19) 40+10 0.21+0.04 Present study
Venice north deep (n = 20) 13+2 0.07£0.02 Present study
Tropical Brazil lagoons (n = 8) 12+6 0.10+0.04 Bloom unpubl. data 1996
Gulf of Trieste 59 0.04 Horvat et al. 2001
Hong Kong harbor (n = 6) 1.6+0.3 <0.02 Bloom unpubl. data 2002
Venice south deep (n = 4) 24+04 0.03+0.01 Present study
Elliott Bay, Seattle (n = 2) 0.6x0.1 0.03+0.01 Bloom unpubl. data 2001
Puget Sound rura background 0.2x0.2 NA Bloom and Crecelius 1983
Adriatic Sea 0.2 0.03 Horvat et al. 2001

NA: not applicable.

in the observed total Hg concentration of only 0.6 ng L-* In
this sense, the northern half of Venice Lagoon can be con-
sidered to be about three times as contaminated as Lavaca
Bay, because resuspension of the surface sediment concen-
trations averaging 1,400 ng g—* results in similar unfiltered
water column concentrations, despite a mean TSS of only
~15 mg L-*. Although not studied in detail, the southern
portion of Venice Lagoon, which is hydrostatically isolated
and independently flushed with cleaner water from the Adri-
atic Sea (Marcomini et al. 1995), appears to be about fivefold
less affected by Hg than the northern portion.

Figure 3 details some of the mercury chemistry in Lavaca
Bay and Venice Lagoon. The comparison is made only for
the mean of spring and early summer values in the shallow-
water areas (tide flats and salt marshes), because these are
the only time periods and regions for which we have sub-
stantial data for Lavaca Bay. These productive habitats were
emphasized, because they represent the regions of highest
expected methylation and the greatest risk for the entry of
Hg to the base of the estuarine food chain. Taken as awhole,
both systems are remarkably similar in concentrations for
both Hg and CH,;Hg, with the higher suspended Hg concen-
trations of Venice Lagoon being offset by lower TSS levels,
resulting in similar unfiltered and dissolved Hg levelsin the
water column. For CH,Hg, Lavaca Bay has a higher water
column concentration, which is a result of its similar sus-
pended CH,Hg concentrations, but higher TSS. Both systems
showed a similar degree of methylation (1.2% of total Hg).
Significant with respect to bioaccumulation, the dissolved
CH.Hg levels in Lavaca Bay averaged about three times
those seen in Venice Lagoon, despite higher TSS levels in
LavacaBay. Aswill be emphasized later, this may be aresult
of different profiles for CH,Hg in sediment pore water be-
tween the two sites.

Because CH,Hg production in sediments is a microbial
process that is likely to be strongly dependent on tempera-
ture, and given the strong seasonal gradients in water tem-
perature at both sites (Fig. 2), we expected, and in fact ob-
served, a summertime maximum in the percentage of Hg in
the methylated form at both sites (Table 3). This was illus-
trated using the suspended Hg concentrations rather than wa-

ter concentrations, because this normalizes the much larger
effects of day-to-day variability in TSS loadings. The overall
trends in the two systems were the same, both temporally
and in magnitude, with a summertime maximum in sus-
pended CH,Hg approximately three times as high as the win-
tertime minimum. Of significance, these trends were ob-
served most strongly in the shallow (near wetlands)
contaminated areas of each site. Although the concentrations
were similar, Venice Lagoon contains a much higher per-
centage of contaminated wetland habitat than does Lavaca
Bay, which can thus generate a proportionally greater total
flux to the food chain. Despite the very close linkage be-
tween the surface sediment and the shallow water column,
the absolute concentrations and percentage of CH;Hg in the
suspended matter is generally 3—10 times higher than in the
surface sediments. We speculate that this is caused by the
readsorption of dissolved CH,Hg diffusing from surface sed-
iments and wetlands, athough no direct evidence was col-
lected to verify this.

Hg speciation in sediments—Although most of the data
collection in these systems focused on the water column,
given the proximity of the shallow waters to the sediments
it is critical to understand the dynamics of methylation and
transport at the sediment-water interface. The distribution of
Hg in the surficial sediments of Lavaca Bay and Venice La-
goon provide a striking contrast (Fig. 4). As expected, in
Lavaca Bay, concentrations were highest near the historic
chlor-alkali discharge point and then tended to diminish ex-
ponentially with distance. Within 10 km of the discharge
area, surface sedimentsin Lavaca Bay dropped 30-50 times,
to near-background levels (<20 ng g-* Hg). By contrast, in
the northern part of Venice Lagoon, which, at 225 km? is
considerably larger than the entirety of Lavaca Bay, Hg con-
centrations show an approximately twofold decrease with
distance. If the southern lagoon (10—40 km from the dis-
charge point) is also considered, Hg concentrations in the
surficial sediments do eventually drop by four—five times, to
<250 ng g~*. This, however, is still well above the expected
regional background of <100 ng g—* (Pavoni et a. 1987,
Critto and Marcomini 2000).
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Fig. 3. Mean spring/summer agueous Hg speciation within 10
km of the Hg discharge point in Lavaca Bay (LB) and Venice La-
goon (VL). Shalow areas (S) are tidaly inundated mudflats and
salt marshes, and open areas (O) are deeper (1-3 m) that are always
under water, even during low tide.

The surface sediments of Venice Lagoon were higher in
Hg, and that Hg was more widely distributed than in Lavaca
Bay. The most likely reason for this is found in the much
more dynamic sediment mixing and resuspension in Venice
Lagoon. The northern part of the lagoon is characterized by
extreme and near-continuous anthropogenic disturbances to
the sediments that result from the combination of dredging,
rebuilding salt marshes, and a characteristically regional type
of clam harvesting (*‘la rasca soffiante’’), in which high-
powered boats are driven with their propellers submersed in
the sediment layer, kicking out the clams into a net towed
behind the fast-moving boat. This type of clamming, al-
though illegal, is very lucrative and is widely practiced at

Bloom et al.

Table 3. Seasonal changes in the speciation of Hg of the sus-
pended matter in the shallow intertidal zones (<0.5 m). Because of
high levels of suspended solids (490 mg L-1%), ~96% of the Hg
and 72% of the CH,Hg at these sites was found in the suspended
matter.

[Hg] (ng g™*) (dry basis)

Location
and season n Total Methyl % Methyl
Lavaca Bay
Winter 2 550+164 3.0+0.5 0.63+0.28
Spring 17 1,301+150 11.5+3.1 1.03+0.21
Summer 6 1,116+347 14.9+3.8 1.58+0.25
Venice Lagoon
Winter 2 967+6 4.7+2.3 0.49+0.23
Spring 7  1,741+886 6.0+1.4 0.61+0.14
Summer 6  1,145x472 29.1+14.4 1.77+0.15
Autumn 6  1,332+1,120 6.4+7.6 0.62+0.72

night in the less-monitored areas of the lagoon (Atti Parli-
mentari 2002). These disturbances, in combination with sed-
iment scouring caused by reduction of fresh suspended mat-
ter (because of the historic diversion of most rivers) and
increased tidal flow from the deepening of the ship channels,
result in both an overall net loss of sediment from the lagoon
and a dramatic degree of resuspension and relocation of sed-
iments throughout the lagoon (Mazzacurati 1995).

The overall effect is one of homogenization, such that,
instead of the Hg maximum from the past being buried by
20-30 cm of quiescent sediments as in Lavaca Bay, the en-
tire upper 20-50 cm of sediments in the lagoon is contam-
inated (Fig. 5; Lavaca Bay data plotted from a table in
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Fig. 5. Sediment core profiles of Hg and CH,Hg at stations
close to the discharge points in the two estuaries. Ai Pili in Venice
Lagoon and GF-1 in Lavaca Bay.

Bloom et al. 1999). The sharp peak near the surface of this
core from Ai Pili is not typical of other cores collected from
Venice Lagoon (Donazzolo et a. 1984; Pavoni et al. 1987).
It probably represents a recent, short-term Hg discharge to
this enclosed and shallow arm of the lagoon adjacent to the
Marghera industrial zone. The minimal degree of sediment
reworking in Lavaca Bay is even more evident in cores col-
lected later (Santchi et al. 1999), where the deeper sediments
were sectioned at 1-cm intervals, compared with the 10-cm
sections in the lower part of the core (Fig. 5). In these high-
resolution profiles, the highly contaminated Hg layer was
confined to a very sharp band, only 5-10 cm thick, that

decreased exponentially to the current surface concentra-
tions.

Of greater significance for the bioavailability of Hg in
these systems, the CH,Hg depth profile was dramatically dif-
ferent between Lavaca Bay and Venice Lagoon. In Lavaca
Bay (Fig. 5, as well as all other coresin Bloom et al. 1999),
CH,Hg concentrations were very high within the upper few
cm of the core and then diminished rapidly to near zero
concentrations by 10 cm depth. In these cores, the redoxcline
was located within a few millimeters of the surface, perhaps
even reaching the sediment/water interface during the mi-
crobial net respiration period at night (Bloom et al. 1999).
These two factors resulted in the highest concentrations of
pore-water CH,Hg residing virtually in contact with the sed-
iment-water interface, where they could easily diffuse to
overlying water and affect surface sediment—dwelling organ-
isms near the bottom of the food chain (such as polycheates,
amphipods, and clams). By contrast, cores from Venice La
goon, although containing perhaps a greater vertical inven-
tory of CH,Hg, did not show avery high peak at the surface.
Instead, the peak appeared to be ~5-10 cm below the sed-
iment-water interface, and, rather than being sharp, had a
low, broad peak, with the CH,Hg inventory spread over 10—
30 cm of depth. Although we did not make redox or dis-
solved oxygen measurements in the sediments of the Venice
Lagoon, it was apparent from visual inspection that the re-
doxcline in these cores was ~3-5 cm below the surface,
providing a wide barrier against the transport of dissolved
CH,Hg to the surface. It is, as yet, unclear why the sediments
a the two sites differed so much in redox characteristics,
athough it may have been due to a greater degree of ex-
posure to the air at low tide in Venice Lagoon. Venice lagoon
sediments are often left 10-50 cm above the water level at
low tide, which allows more-thorough water drainage and
air inclusion in the upper sediment layers. In addition, the
lagoon sediments experience significant oxygen injection as
a result of anthropogenically induced mixing and bioturba-
tion by burrowing organisms such as polycheates and clams
(Frignani et al. 1997).

Another characteristic difference between the sites may be
seen on the pore-water Hg speciation: in Lavaca Bay, pore-
water Hg concentrations typically peaked at 0—4 cm depth,
with concentrations of 10-200 ng L%, (8200 ng L-* as
CH,Hg). Methylated Hg in these cores decreased rapidly, to
<1 ng L-* by the time 10 cm depth was reached, whereas
inorganic Hg was seen to increase to 30 ng L-* over the
same interval (Bloom et al. 1999). By contrast, in Venice
Lagoon (only one core profile so far examined), the Hg in
pore water was typically in the same range (10-123 ng L1,
excluding one anomalous point at 65 cm depth of 155,000
ng L-1), whereas CH,Hg concentrations were much lower,
increasing gradually from 6 ng L~* at the surface to ~15 ng
L-* at 80 cm depth.

Because of differences in both the timescale of sampling
and in the depth of the methylation maxima, it is difficult to
directly compare the seasonality of sediment Hg methylation
at the two sites. However, some intuition can be gained from
Fig. 6, which shows the mean percent Hg methylated in the
upper 2—3 cm of cores taken in similar environments, adja-
cent to shallow salt marshes within several kilometers of the



374 Bloom et al.

1.50
Lavaca
ep 1.00-
m('l
==
@]
=]
S 0.50
Venice
0.00 . , ,
0 90 180 270 360

Consecutive days from 01 January 2001

Fig. 6. Seasonal change in the percentage of CH,Hg in the upper
0-3 cm interval of sediments from site GF-2 in Lavaca Bay and
the Lago dei Teneri salt marsh in Venice Lagoon.

historic discharge point in both systems (**GF-1" in Lavaca
Bay and ‘‘Lago dei Teneri’’ in Venice Lagoon).

The major difference in the sampling timescale is readily
apparent, where, in the case of Lavaca Bay, samples were
collected weekly throughout the spring, which resulted in
the capture of a big peak in methylation as the water tem-
peratures began to increase rapidly (Bloom et al. 1999). In
the case of Venice Lagoon, initial quarterly sampling pre-
vented witnessing such an event. However, in the following
spring (2003), an additional three biweekly samplings were
made of the Lago del Teneri sediments (the three points just
after day 90 in Fig. 6), which resulted in what appeared to
be a similar early-spring peak in methylation rates of Venice
Lagoon. It remains apparent that, during all equivalent sam-
pling periods, surface CH,Hg concentrations were consid-
erably lower in Venice Lagoon than in Lavaca Bay. From
the limited data we currently have available (Figs. 4, 5), we
believe that this is not because less methylation is occurring
but because it is occurring deeper and more diffusely than
in Lavaca Bay.

It is curious that the maximum in sediment Hg methyla-
tion was found in both systems during early spring—not
when the temperatures are warmest but just as they are start-
ing to warm up. Even more perplexing, given the very close
interplay between sediments and water in these two systems,
was that the CH;Hg maximum in the water column occurred
not during spring, as might be expected, but several months
after the peak in the sediments had aready diminished. Un-
fortunately, not all of the data were collected at appropriate
time scales to answer this question. A reasonable hypothesis
is that there is in fact greater methylation during the sum-
mertime but that it occurs at the sediment-water interface,
which allows the rapid diffusion of the produced CH,Hg to
the overlying water, where it is quickly adsorbed by the high
suspended loads. This could be resolved by collecting de-
tailled sediment and pore-water cores, as well flux chamber

measurements from both systems during the summer rather
than in the spring (Lavaca) and autumn (Venice).

Venice Lagoon and Lavaca Bay are significantly more
contaminated by Hg than other urban and industrially con-
taminated sites. Because of heavy nutrient inputs, shallow,
seasonally warm water, and extensive wetlands, Venice La-
goon in particular can be viewed as a ‘' methyl Hg incuba-
tor,”” where even small inputs of inorganic Hg could result
in high levels of CH,Hg production. Given this, we were
surprised to find that the contaminated areas of Lavaca Bay
appeared to receive considerably more CH,Hg per unit area
than Venice Lagoon. Although supporting data were sparse,
this appeared to be because the locus of Hg methylation in
Venice Lagoon sediments is much deeper and more diffuse
(5-20 cm) than that in Lavaca Bay, which occurs within 0—
2 cm of the sediment/water interface. Although the per unit
area methylation at the sediment surface in Lavaca Bay ap-
pears to be higher, Venice Lagoon contains about an order
of magnitude larger surface area of highly contaminated sed-
iments, thus potentially releasing much more CH,Hg to the
food chain. Both humans and sea birds consume fish and
shellfish from Venice Lagoon in large quantities, raising the
prospect of unacceptable exposure levels.

Water concentrations in the vicinity of the Marghera in-
dustrial zone, although elevated, were surprisingly low in
Hg, whereas those in the canals of the city of Venice were
found to have the highest average levels of any of the areas
studied. These findings suggest that recent pollution-control
efforts on direct industrial dischargesin Venice Lagoon have
been successful at reducing new Hg to the lagoon. With the
advent of reduced direct discharges, however, future reduc-
tions in Hg to the food chain will have to rely more on
diffuse sources such as urban sewage releases and sediment
and wetland management issues. In Lavaca Bay, high sedi-
mentation rates are rapidly burying the historic Hg peak,
leading to the conclusion that the best remedial option, after
stopping al residual new Hg inputs, is to allow natural at-
tenuation to take place.

Quite the opposite may be the case in Venice Lagoon,
where continual sediment reworking and a net negative sed-
imentation rate result in ongoing high Hg levels at the sed-
iment/water interface and transport of high Hg sediments to
biologically active wetland areas. The results of arecent in-
vestigation on the effect of dredging and sediment mobili-
zation on methylation rates (Bloom and Lasorsa 1999) sug-
gested that overall CH;Hg production in Venice Lagoon may
be dramatically increased by such activities. Given the large
and diffusely affected areain Venice Lagoon, it islikely that
a direct remedial effort would never be a cost-effective op-
tion. However, a better understanding of the seasonal effects
of sediment remobilization, dredge spoiling, wetlands recon-
struction, and alterations to circulation patterns may enable
subtle changes in lagoon management that could have major
effects on overall methylation rates. Examples include con-
ducting dredging and wetland construction activities only
during winter, enforcing a ban on the practice of *‘la rasca
soffiante,”” reducing sediment loss from the lagoon by in-
creasing riverine inputs and/or reducing the size and depth
of shipping channels, diverting all Venice urban sewage to
a wastewater treatment plant, and reconsidering the effect of
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the proposed MOSE flood control gates (Bernstein and Cec-
coni 1995) on flushing rates (and so on CH,Hg concentra-
tions). All of these factors could have significant effects in
reducing Hg methylation without requiring the costly re-
moval of large quantities of contaminated sediments.
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