of impact features, such as shatter cones
in the surrounding country rocks and
shock lamellae within quartz and feld-
spar fragments of the Onaping Forma-
tion. Furthermore, the model Nd-ages of
all the rocks analyzed in this study define
a narrow range of 2.56 * (.13 billion
years, similar in age to the early Protero-
zoic metavolcanic and metasedimentary
rocks of the Huronian Supergroup and of
the Archean Superior Province-style
basement that underlies the Sudbury
structure. We propose that this package
of metavolcanic, metasedimentary, and
plutonic rocks was melted by an impact
event some 1840 million years ago to
produce the Sudbury Complex.
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A Decline in Lead Transport by the Mississippi River

Abstract. Inputs of pollutant lead to the Gulf of Mexico from the Mississippi River
have declined by about 40 percent within the past decade. This decrease has been
determined from annual lead loads of the Mississippi River and from the lead record
in Mississippi Delta sediments. The observed trend is consistent with reduced
consumption of lead in gasoline in the United States. More than 90 percent of the
riverborne lead is associated with suspended sediments. Most of this particle-bound
lead is deposited within 50 kilometers of the river mouth and is not easily leached at

pH values above 3.
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A decade has passed since regulations
limiting lead additives in gasoline were
put into effect in the United States (7).
Already, several instances of decreased
lead concentrations in the atmosphere,
roadside soil, and human blood have
been reported (2). To assess more com-
pletely the effectiveness of this costly
regulation (/), we must identify and
study systems that, by their size and
importance, are useful indicators of con-
taminant transport. The Mississippi Riv-
er system provides one such frame of
reference because it drains more than 40
percent of the contiguous United States
and carries more than half of the total
sediment and water borne by U.S. rivers
(3). Most of the Mississippi River burden
of sediments and associated contami-
nants is deposited on the river’s expan-
sive delta. At present, the waters of this
river and the sediments on its delta show
a trend of declining lead inputs to the
Gulf of Mexico.

Water, suspended particles, and bot-

Fig. 1. Map of lower Missis-
sippi River and Delta. (@) Sta-
tion locations with numbers
for sites referenced in text;
(—) depth contours (in me-
ters); (----—) contours for verti-
cally integrated sediment pol-
lutant lead burdens (in micro-
grams of pollutant lead per
square centimeter of sedi-
ment). Shaded portions indi-
cate areas where integrated
values for sediment pollutant
lead are either greater than
1000 or 100 to 200 pg/cm?.
Gulf of Mexico map (inset)
shows the study area (small
rectangle). .

29°F

tom sediments were collected from the
Mississippi River and Delta (Fig. 1) dur-
ing May and September 1982 and April
and November 1983. These efforts com-
plement our work from 1974 and 1975
(4). To optimize conditions for trace met-
al collection and analysis, we used a
clean laboratory and clean sampling
techniques at sea and ashore during both
the 1974-75 and 1982-83 studies. Metal
analyses of water, suspended matter,
and sediment were by flame or flameless
atomic absorption spectrophotometry (4,
5). Extreme care and attention to detail
were practiced throughout the study (6).

In the Mississippi River, suspended
particles play a primary role in lead
transport because they typically carry
more than 95 percent of the total river
lead load. An exception to this trend
occurs during the fall when levels of
suspended matter often decrease from
more than 200 mg/liter to less than 20
mg/liter, and then 80 percent or less of
the total lead is particle-bound.

Lead concentrations for all suspend-
ed-matter samples (n = 29) collected at
Head of Passes (Fig. 1) during 1982-83
were consistent at 32 = 3 ug/g (mean
+ standard deviation) despite a range of
values for total suspended matter (TSM)
of 200 mg/liter during spring runoff to 20
mg/liter during late fall (7). This trend of
spatial and seasonal uniformity in partic-
ulate lead concentrations is comparable
to our previously reported Mississippi
River data (4) and is primarily due to the

8g°

Head of o
Passes

Gulf of Mexico
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homogeneous composition of the abun-
dant suspended matter in the river.
Particle dominance of lead transport
by the Mississippi River is reflected in
low dissolved lead concentrations of
110 *= 50 ng/liter for all samples collect-
ed at Head of Passes during 1982 and
1983. Values for dissolved lead reached a
peak of 190 ng/liter during November
1983, when dilution and scavenging pro-
cesses were inhibited by low water flow
and low sediment loading (7). These con-
centrations are high relative to estimates
of less than 20 ngfliter for natural river
water and 6 to 50 ng/liter for remote
streams in the United States (8). Never-
theless, values for dissolved lead in the
Mississippi River are much lower than
previously reported for most rivers (8).
To describe the relation between dis-
solved and particulate lead in the Missis-
sippi River, we calculated distribution
coefficients (Kg) (9). Ideally, K, values
provide an approximation of element
partitioning between dissolved and par-
ticulate phases. Relatively constant ionic
strength and pH, uniform particle com-
position, and good mixing combine to
favor this approach in the Mississippi
River. Samples from Head of Passes for
1982-83 had log K, values for lead of
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Fig. 2. Profiles of concentrations of sediment
total iron (M) and total aluminum (A) and of
total (O) and pollutant (@) lead concentra-
tions plotted against depth for station 13 at a
water depth of 107 m (a) and station 3 at a
water depth of 69 m (b). Dates shown for
selected sediment depths were calculated
from 2!%Pb geochronologies (I2). Pollutant
lead concentrations are calculated from Eq. 1
and are based on estimates of natural, pre-
1850 sediment lead concentrations.
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5.49 = 0.18 (n = 15). This K, value indi-
cates a strong affinity between dissolved
lead and river particles.

To test field K4 values, we treated
samples of unfiltered river water, col-
lected from Head of Passes in November
1983, with dissolved lead at concentra-
tions two, three, and ten times higher
than average values. Triplicate aliquots
of each of the three treated waters plus
an unaltered sample were equilibrated
for 0.5, 1, 2, 8, and 24 hours at constant
river pH (8.0) to measure uptake of dis-
solved lead by particles. The 24-hour
laboratory values of log Ky for lead
(5.61 = 0.13; n = 15 for treated and un-
treated samples) compared well with
field observations. The results of this
experiment suggest that, if dissolved
lead is added at ten times normal levels
when TSM is at 100 mg/liter and log K, is
5.6, then 98 percent of the additional lead
will adsorb on particles and only 2 per-
cent will remain dissolved (9). Such par-
titioning in the Mississippi River lessens
the chance for large increases of the
more biologically available dissolved
phase.

Estimates of lead transport from the
Mississippi River to the Gulf of Mexico
show that 1982 and 1983 average annual
burdens of pollutant lead (2100 metric
tons per year) are about 40 percent lower
than the average of 3600 metric tons
carried per year for 1974 and 1975 (10).
Values for total lead in river suspended
matter for 1982-83 (32 = 3 pg/g, n = 29)
were also lower than those for 1974-75
(44 = 5 pg/g, n = 43) but were still high-
er than prepollution (circa 1850) levels in
delta sediments (~20 pg/g). Pollutant
lead concentrations were calculated
from Eq. 1.

(Mpp)p = (Mpp); —
[(Mpo/MaD1sso X (Mapi] 1

where (Mpy), is the level of pollutant
lead, (Mpy), is the total level of lead in
the sample, (Mpy/M4)) 1850 is the ratio of
lead to aluminum in pre-1850 sediments,
and (My)), is the total level of aluminum
in the sample. We have estimated that
(Mpb/Mm)]gsg is 2.5 £0.2) x 1074 (n=
42) from data for many subsurface sam-
ples from the delta and open Gulf of
Mexico (/1). Equation 1 is based on the
assumption that remobilization of sedi-
ment lead and aluminum is negligible.
Total concentrations of iron and alumi-
num in sediment were generally constant
with depth throughout the delta and av-
eraged 4.2 and 8.4 percent, respectively
(Fig. 2). This uniformity implies that
river particles have been similar in basic
composition over at least the past centu-

ry.

Data for Mississippi Delta sediments
also indicate recent decreases in lead
inputs to the Gulf of Mexico. At offshore
delta sites such as station 13 (Fig. 1),
sedimentation rates determined by 2'°Pb
geochronometry are about 0.2 cm/year
(12). Here, the lead record (Fig. 2a)
shows an increase in the concentration
of bottom sediment lead during the late
1800’s, which is consistent with com-
mencement of lead mining in the Missou-
ri valley and the industrial revolution in
the United States. Lead inputs increased
steadily, probably augmented by the in-
troduction of lead additives to gasoline
during the 1920’s. Sediment mixing in
the top 2 to 3 cm and a low sedimentation
rate at station 13 have obscured details in
the lead profile for the past few decades.

Nearer the river mouth, where sedi-
mentation rates exceed 1 cm/year, the
lead record is better defined for the past
30 years. The record for station 3 (Fig.
2b) (12) shows that concentrations of
pollutant lead in bottom sediment, which
peaked at more than 20 pg/g, have de-
creased to less than 13 pg/g in the most
recent deposits. The observed trend is

1980
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1945

1 i 1
0.1 0.2 0.3
Gasoline Pb consumption
(metric tons x 10€)

Fig. 3. Annual consumption of lead in gaso-
line additives in the United States from 1942
to 1983 (14).
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independent of annual variations in river
sediment load (10) and is consistent with
a decrease in concentrations of lead in
suspended matter in the Mississippi Riv-
er. Mixing of surficial sediment at station
3 (12) has probably distorted and dimin-
ished the thickness of the layer of maxi-
mum pollutant lead (Fig. 2b). This obser-
vation is based on the 2'°Pb distribution
at this site and sediment lead profiles
from the same area taken during 1974-
75. The 1974-75 profiles show total lead
concentrations of more than 40 pg/g over
the top 10 cm of sediment (4).

Comparison of the sediment lead pro-
file for station 3 (Fig. 2b) with the annual
consumption of lead in gasoline in the
United States (Fig. 3) shows a general
decreasing trend for both in recent years.
Use of lead in gasoline exceeded 200,000
metric tons per year from 1964 to 1977,
with a decrease since peak values during
1969-74 (Fig. 3). Our 1974-75 sampling
was carried out during the high-use peri-
od. The next sampling period (1982-83)
was well after the trend of decreased
consumption began. Although no direct
year-by-year correlation of gasoline lead
use and sediment or suspended-matter
lead distributions can be made because
of difficulties in estimating lag times for
lead on the continent and the limitations
of sediment 2!°Pb data, a trend of declin-
ing lead inputs is observed.

Much of the particle-bound lead is
deposited close to the river mouth,
where sedimentation rates may exceed
S cm/year and particle-bound contami-
nants are rapidly buried. When pollutant
lead concentrations in nearshore sedi-
ments are integrated throughout the sedi-
ment column, values can exceed 1000
pg/cm? (Fig. 1). These values decrease
to less than 100 pg/cm? by 30 to 40 km
offshore. Beyond the area shown in Fig.
1, pollutant lead values of less than 50
pg/cm? were found to depths of less than
10 cm.

Selective leaching of sediments at en-
vironmentally or biochemically realistic
pH values may provide one means for
assessing the reactivity and biological
availability of sediment metals. When
Mississippi Delta sediment from station
9 was treated with buffers of various pH
(13), less than 1 percent of the total lead
content (31.7 £ 0.5 pg/g) was leached
over 48 hrs at pH 5.1 and 6.3 (Fig. 4). At
pH values below 3, lead release in-
creased greatly (Fig. 4). Within the pH
boundaries (4 to 8) of digestive systems
in most benthic organisms and sediment
interstitial water (13), relatively little
lead would be expected to be released
from delta sediment on the basis of pH
factors alone. Reasonably good compari-
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Fig. 4. Results of pH leaching experiments for
lead from station 9 sediment. Numbers above
the bars give the amount of metal leached (in
micrograms of lead per gram of sediment at
each pH). Total lead was 31.7 = 0.5 pg/g
(n=3).

son of lead concentrations in river sus-
pended matter and delta sediment con-
centrations for 1982 and 1983 versus
1974 and 1975 (4) support the perma-
nence of lead burial. The Mississippi
River and Delta thus combine to serve as
an efficient filter and sink, respectively,
for lead.

An observed trend of decreasing pol-
lutant lead transport by the Mississippi
River within a decade after partial regu-
lation of lead additives in gasoline is
striking. When considering the various
options available to reduce lead inputs to
the environment, regulation of gasoline
lead additives in the United States seems
to have been effective.
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