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Abstract

Sediment chronologies based on radioisotope depth profiles were developed at two sites in the San Francisco Bay estuary
to provide a framework for interpreting historical trends in organic compound and metal contaminant inputs. At Richardson
Bay near the estuary mouth, sediments are highly mixed by biological andror physical processes. Excess 234Th penetration
ranged from 2 to more than 10 cm at eight coring sites, yielding surface sediment mixing coefficients ranging from 12 to 170
cm2ryear. At the site chosen for contaminant analyses, excess 210Pb activity was essentially constant over the upper 25 cm
of the core with an exponential decrease below to the supported activity between 70 and 90 cm. Both 137Cs and 239,240Pu
penetrated to 57-cm depth and have broad subsurface maxima between 33 and 41 cm. The best fit of the excess 210Pb profile

2 Žto a steady state sediment accumulation and mixing model yielded an accumulation rate of 0.825 grcm ryear 0.89
. 2cmryear at sediment surface , surface mixing coefficient of 71 cm ryear, and 33-cm mixed zone with a half-Gaussian

depth dependence parameter of 9 cm. Simulations of 137Cs and 239,240Pu profiles using these parameters successfully
predicted the maximum depth of penetration and the depth of maximum 137Cs and 239,240Pu activity. Profiles of successive
1-year hypothetical contaminant pulses were generated using this parameter set to determine the age distribution of
sediments at any depth horizon. Because of mixing, sediment particles with a wide range of deposition dates occur at each
depth. A sediment chronology was derived from this age distribution to assign the minimum age of deposition and a date of
maximum deposition to a depth horizon. The minimum age of sediments in a given horizon is used to estimate the date of
first appearance of a contaminant from its maximum depth of penetration. The date of maximum deposition is used to
estimate the peak year of input for a contaminant from the depth interval with the highest concentration of that contaminant.
Because of the extensive mixing, sediment-bound constituents are rapidly diluted with older material after deposition. In
addition, contaminants persist in the mixed zone for many years after deposition. More than 75 years are required to bury
90% of a deposited contaminant below the mixed zone. Reconstructing contaminant inputs is limited to changes occurring
on a 20-year time scale. In contrast, mixing is much lower relative to accumulation at a site in San Pablo Bay. Instead,
periods of rapid deposition andror erosion occurred as indicated by frequent sand-silt laminae in the X-radiograph. 137Cs,
239,240Pu, and excess 210Pb activity all penetrated to about 120 cm. The distinct maxima in the fallout radionuclides at
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105–110 cm yielded overall linear sedimentation rates of 3.9 to 4.1 cmryear, which are comparable to a rate of 4.5"1.5
cmryear derived from the excess 210Pb profile. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Profiles of sediment-bound constituents such as
metals and manmade organic compounds have been
widely used to provide a record of contaminant

Žinputs to lakes Christensen and Goetz, 1987; Eisen-
. Žreich et al., 1989 , reservoirs Callender and Rob-

.bins, 1994; van Metre et al., 1997 and estuarine and
Žcoastal environments Santschi et al., 1984; Valette-

Silver, 1993; Bopp et al., 1993; Krom et al., 1994;
.Ravichandran et al., 1995a . Such chronologies of

contaminant inputs are dependent on the ability to
establish the depositional history of the sediment
column. For this purpose, sedimentation rates are
commonly determined from profiles of radioisotopes

210 Ž .such as Pb Appleby and Oldfield, 1992 . How-
ever, physical and biological mixing processes can
alter sediment radioisotope profiles. Quantifying sed-
iment accumulation rates and the distribution of par-
ticle ages or deposition dates as a function of depth
requires models that consider modification of pro-

Žfiles by mixing processes Christensen and Bhunia,
.1986; Robbins, 1987; Huh and Kadko, 1992 . The

time resolution for distinguishing changes in contam-
inant inputs is limited by the depth and rate of

Ž .mixing Robbins, 1987 .
This paper presents sediment radionuclide profiles

at two coring sites in the San Francisco Bay estuary:
Richardson Bay near the estuary mouth and San
Pablo Bay, about midpoint between the river delta

Ž .and the ocean Fig. 1 . Chronologies for recent sedi-
Ž .ments -100 years were derived from radionuclide

profiles for evaluation of metal and organic contami-
nant profiles presented in subsequent papers in this
series. At Richardson Bay, mixing coefficients for
surface sediment were estimated from 234 Thr238 U

Ž . 234 Ždisequilibria Aller and Cochran, 1976 . Th half-
.life 24.1 days is produced by decay of dissolved

238 U in the water column and is strongly sorbed onto
suspended sediment particles. The distribution of
unsupported, or excess, 234 Th activity in sediments is
indicative of sedimentation and mixing occurring

within four months. Sediment accumulation rates
210 Žwere estimated from excess Pb profiles Appleby

.and Oldfield, 1992 . Because of its 22.3 year half-life,
210 Pb provides indication of sedimentation occurring
over the past 100 years. Sediment mixing and accu-
mulation parameters were optimized by numerical
simulation of 210 Pb profiles with a mixingradvec-
tion model. Profiles of atomic weapons testing fall-
out nuclides, 137Cs and 239,240 Pu, were used for test-
ing accumulationrmixing parameters at Richardson
Bay and as time markers in San Pablo Bay because

Žof their well-defined input history Olsen et al.,
1981; Callender and Robbins, 1994; Ravichandran et

.al., 1995b . These radionuclides first entered the
environment about 1952. Maximum input occurred
in 1963–1964 with 90% of fallout delivery between

Fig. 1. Site map of coring sites. Inset for Richardson Bay shows
bathymetry and location of box cores used for 234 Th.
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Ž1959 and 1964, and less than 3% after 1974 Cal-
.lender and Robbins, 1994 .

1.1. Site description

Richardson Bay is a small embayment located 4.6
km northeast of the mouth of San Francisco Bay
Ž .Fig. 1 . Tidal currents near the coring sites vary
from 0.1 to 0.5 knots. Currents of up to 2.5 knots are
observed in the main channel of the estuary outside
the mouth of Richardson Bay. Cores were collected
between 6 and 16 m of water near the top of a slope
that drops to over 30 m in the main tidal channel

Ž .outside the mouth of Richardson Bay Fig. 1 . The
coring site in San Pablo Bay was located approxi-
mately 1.5 km from the axis of the main tidal

Ž .channel in 4.5 m of water depth Fig. 1 . Currents at
the location range from 0.5 to 2.9 knots. Seismic and
bathymetry records indicate a slope of about 0.2%
toward the main channel with the bottom being
relatively flat.

2. Methods

2.1. Sample collection and processing

Eight stations at the mouth of Richardson Bay
were occupied in August 1992. At each station one

Ž .box core 20=30=50 cm deep , two 2-m gravity
Ž .cores 9-cm inner diameter , and one 2-m rectangular

Ž .freeze core Crusius and Anderson, 1991 were col-
lected within 9 m of each other. Stations were lo-
cated along two transects parallel to the longitudinal
axis of the bay along the depth gradient of the

Žembayment mouth and at two additional sites Fig.
.1 . The location of each core was determined by

microwave navigation using shore based microwave
transmitters.

Two 9-cm-diameter subcores were collected from
each box core for radioisotope analysis. Subcores
were sectioned by upward extrusion. Intervals from
each pair of subcores were combined and homoge-
nized. A subsample of each interval was dried to
determine bulk density.

Gravity cores were kept vertical after recovery
until sealed on ends. Gravity cores were stored at

48C prior to X-radiography, density analysis
by Gamma Ray Attenuating Porosity Evaluator
Ž . ŽGRAPE and magnetic susceptibility Pereira et al.,

.1999 . Cores were then split in half lengthwise,
sealed and stored horizontally at 48C. Sediment for

Ž210 137 239,240 .radioisotope analyses Pb, Cs, Pu were
subsampled at 2 to 3-cm depth intervals from the

Ž .gravity core from site RB92-3 Fig. 1 which was
selected for contaminant analyses. Radioisotope sub-
samples were freeze dried. Samples of 1-cm width
were subsampled at 10-cm intervals for grain-size
analysis. Freeze cores were not used for analysis
because irregular core tops indicated disturbance of
the sediment surface.

Ž .A 2.3-m gravity core from San Pablo Bay Fig. 1
was collected in 1990 using the same methods of
collection and processing except that GRAPE mea-
surements were not conducted. This site, SP90-8,
was chosen because a weak acid extraction screening
test suggested the core extended below apparent

Ž .anthropogenic Zn inputs Hornberger et al., 1999 .

2.2. Radioisotope analyses

Total 234 Th activity was measured on intervals
from the upper 10 cm of each box core from
Richardson Bay by counting the 63 keV gamma
emission with a high-resolution planar germanium
detector spectrometer. Detector efficiency was deter-
mined by counting San Francisco Bay sediments
previously analyzed for 238 U by isotope dilution
alpha spectrometry following total decomposition and

Ž .chemical separation Fuller, 1982 . The background
corrected 234 Th count rate was corrected for self-ab-
sorption by measuring attenuation of a 234 Th source
Ž Ž . .1.4 g UO NO P6H O powder placed on top of2 3 2 2

each sample container relative to an empty container
Ž .Cutshall et al., 1983 . The supported activity of
each core was defined by reanalyzing the deepest
interval after five 234 Th half-lives had elapsed. Ex-
cess 234 Th activity, the difference between the initial
count and the supported activity, was decay cor-
rected for time elapsed between sample collection
and counting. The reported uncertainty in the mea-
sured activities at the one standard deviation level
was calculated from the random counting error of the

Žpeak and background regions Friedlander et al.,
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.1981 . Reported uncertainties do not include uncer-
tainty in the detector efficiency.

Total 210 Pb activities were determined using iso-
tope dilution of the 210 Po granddaughter and alpha
spectrometry. About 2 g of freeze-dried sediment
were digested in concentrated HCl, HF, and HNO3

after the addition of a known activity of 208 Po or
209 Po as a yield monitor. Polonium from the solution

Ž .was electroplated onto silver planchets Flynn, 1968
and the isotopic ratio of 210 Po to the yield tracer
planchet was assayed. The 208Po and 209 Po yield
tracers were calibrated with NIST traceable stan-
dards.

The supported 210 Pb activity, defined by 226Ra,
was determined on 5–10 g of freeze-dried sediment
by gamma spectrometry at the 352 keV 214 Pb emis-

Ž .sion line Baskaran and Naidu, 1995 . Samples were
counted on a high-purity Ge well detector that was
calibrated with fly ash standards provided by the
Environmental Measurements Laboratory.

Sediment 137Cs activities were measured with the
high-resolution intrinsic germanium, planar detector
gamma spectrometer. The detector efficiency for
137Cs was calibrated with two NBS Standard Refer-

Ž .ence materials SRM 4350, 4350b . Gamma spectra
were corrected for background and sample geometry
Ž .Hill et al., 1997 . The reported uncertainty in the
measured activity was calculated from the random
counting error at the one standard deviation level.
137Cs activities were corrected for radioactive decay
between collection and counting.

239,240 Pu was determined by alpha spectrometry
using the isotope dilution method. About 10 g of
freeze-dried sediment was leached with hot 6 M HCl
three times. The leachates were combined and a
242 Pu yield monitor was added. Pu was then sepa-
rated from the leachate and purified using standard

Žion exchange techniques Kressin, 1977; Ravichan-
.dran et al., 1995b . The purified Pu was electroplated

onto stainless steel planchets and the 239,240 Pu activ-
ity was determined from the ratio of its alpha count
rate to the 242 Pu tracer. The 242 Pu yield tracer was
calibrated with NIST traceable standards.

Radioisotope inventories were calculated by inte-
grating from the surface to deepest detectable mea-
sured activity with missing intervals linearly interpo-
lated from adjacent measured intervals. Activities per
gram were converted to activity per cm2 by multi-

plying by the sediment bulk density for the mid-de-
pth of each interval and by the interval thickness,
then summed.

3. Results

3.1. Physical characteristics

The X-radiograph of core RB92-3 had few faint
laminations. Either sediment mixing or deposition of
a consistent sediment type has occurred throughout

Ž .most of the 1.4-m length Fig. 2 . The core contains
scattered shells below 50 cm and has relatively

Ž .constant grain size in upper 60 cm 60% -63 mm
Ž .with higher sand content below 60 cm 50% . The

box cores from all eight sites all had abundant
Ž .narrow 2–4 mm , cemented polychaete worm bur-

rows at a density of about 5 to 10 burrowsr9-cm
diameter. Worm burrows extended to 12–15 cm
where live organisms were present. Live burrowing

Ž .shrimp Callianassa sp. were observed in gravity
and freeze cores to depths of 30 cm or deeper at
most Richardson Bay core sites. Shrimp burrows on
order of 1–1.5 cm in diameter were visible in
freeze-core slabs. The depth dependence of bulk

Ž 3 .density, r , g dry sedimentrcm wet sediment wasz
Ž .calculated for core RB92-3 from a linear fit rs0.8

Žof the total density determined by GRAPE, Pereira
.et al., 1999 vs. depth, z, to 120 cm, where r sz

0.00302 zq0.926. A water density of 1.03 and parti-
cle dry density of 2.7 grcm3 were assumed.

In San Pablo Bay, distinct laminations were evi-
dent in the X-radiograph over the entire length of the
core. Laminae of sandy sediment interbedded with

Žsilt layers were observed throughout the core Fig.
.2 . Zones with high sand content ranged from a few

mm to 5-cm thick. The numerous sand layers suggest
that episodes of rapid deposition andror scour have
occurred. Sand layers occur most frequently between
110 to 170 cm. Few shell fragments were present.
The absence of burrow structures and the presence of
sand layers suggest that bioturbation probably is
limited to silt layers prior to deposition of sand

Ž .layers on top. The -63 mm fraction silt and clay
varies from 60 to 97% and is typically greater than
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Ž . Ž .Fig. 2. Core descriptions from X-radiographs and visual observations and grain-size % -63 mm vs. depth: A Richardson Bay gravity
Ž .site RB92-3; and B San Pablo Bay site SP90-8. Grain-size measurements made on 1-cm-thick depth intervals, data points located on

mid-depth of interval.

90% except at depths where sand layers and sandrsilt
Ž .laminae are present Fig. 2 . Sediments for radioiso-

tope analyses were subsampled to avoid obvious
sand laminae.

3.2. Radioisotope profiles

Excess 234 Th activity penetrated from 2 to )10
cm and averaged 7 cm among the eight coring sites
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Ž . 234in Richardson Bay Table 1, Fig. 3 . Excess Th
was observed to 5-cm depth at the core site chosen

Ž .for contaminant measurement, RB92-3 Fig. 3C . No
trend was apparent between depth of excess 234 Th
penetration and water depth of coring site.

At site RB92-3, total 210 Pb activity was nearly
Ž .constant in the upper 25 cm Fig. 4A below which

activity decreased to the supported activity repre-
226 Žsented by Ra between 70 and 90 cm Fig. 4A;

.Table 2 . The activity and depth trends were compa-
rable within the uncertainty of measured activity for
the 35-cm box core and upper 35 cm of the gravity
core. Little downcore variability was observed in
226Ra, which averaged 1.06"0.13 dpmrg. Excess
210 Ž .Pb Fig. 4B was calculated from the difference
between the total 210 Pb and measured 226Ra or the
average 226Ra for intervals not measured. The natu-

210 Ž .ral log of excess Pb Fig. 4C decreased linearly
from 20 to 30 cm to the bottom of the core.

Like 210 Pb, the box core and gravity core 137Cs
profiles are comparable. The activity profiles of 137Cs

239,240 Ž .and Pu Fig. 5A,B; Table 2 have broad sub-
surface maxima with highest activities between 33
and 41 cm. Both 137Cs and 239,240 Pu activities de-
creased slightly towards the surface in the upper 30
cm of the sediment column. Both 137Cs and 239,240 Pu
were detected down to the 53 to 57-cm interval,
below which measured activities were at or below
the detection limit. The equivalent depth of maxi-
mum penetration of 137Cs compared to strongly bound
239,240 Pu suggests little or no preferential, post-de-
positional mobility of 137Cs.

ŽTwo zones of relatively uniform activity Fig. 6A;
. 226Table 3 characterize the Ra profile in San Pablo

Bay. The upper 100 cm of sediment averaged 1.11"

0.21 dpmrg with significantly higher average activ-
ity of 1.53"0.13 dpmrg measured between 120
and 170 cm. Below 170 cm, 226Ra activity decreased

Žbut remained higher than the surface zone 1.37"
.0.27 dpmrg . No significant correlation was found

between 226Ra and percent -63 mm particles. The
226Ra activity in the upper 100 cm is similar to the
average from Richardson Bay.

Excess 210 Pb activity decreased about 30% be-
tween the surface and 100 cm, below which activity
decreased rapidly to the supported activity by 120

Ž . 210cm Fig. 6B . Excess Pb activities in surface

Table 1
Richardson Bay box core 234 Th data: total activity represents
decay corrected excess activity plus supported activity

234 234Ž . Ž .Interval cm Th "s 1 Th dpmrg "s 1
Ž .dpmrg secondTop Bottom
total count

Site RB92-3 box core
0 2 3.85 1.26
2 5 3.19 0.93
5 10 1.88 0.24 1.88 0.15

Site RB18-3 box core
0 2 9.98 1.06
2 4 5.84 0.83
4 6 4.11 0.49
6 8 2.36 0.41
8 10 1.94 0.25 1.73 0.12

Site RB19-1 box core
0 2 5.07 0.96
2 4 2.39 0.30
4 6 2.27 0.34
6 8 2.35 0.27
8 10 2.64 0.28 2.29 0.18

Site RB19-2 box core
0 2 7.52 0.84
2 4 3.54 0.63
4 6 1.75 0.60
6 8 2.68 0.56
8 10 1.71 0.25 1.72 0.11

Site RB19-3 box core
0 2 3.18 0.69
2 4 2.01 0.47
4 6 2.64 0.94
6 8 2.85 0.45 2.01 0.24

Site RB21-1 box core
0 2 6.26 1.33
2 5 4.03 1.21
5 10 1.79 0.13 2.08 0.17

Site RB21-2 box core
0 2 2.57 0.25
2 5 4.02 0.42
5 10 4.05 0.44 2.29 0.18

Site RB21-3 box core
0 2 6.33 1.07
2 5 6.26 1.17
5 10 4.55 0.72 2.09 0.18

Second count is activity measured five or more half-lives after
sample collection and equals the supported activity.
"s represents uncertainty of measured activity at one standard1

deviation level based on counting statistics.
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234 Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Fig. 3. Th activity dpmrg vs. depth profiles from box cores from site A 19-3, B 19-1, C RB92-3, D 21-2, E 19-2, F 21-3, G
Ž . 23421-1, and H 18-3. Solid symbols represent total Th with excess decay corrected to sampling date; open symbols represent supported

activity determined from second count after five half-lives. Dashed line also represents supported activity. Vertical error bars indicate depth
of sampling interval; horizontal error bars are the 1s uncertainty in activity.

sediments were lower than observed in Richardson
Bay. Below 113 cm, total 210 Pb activities were not
significantly different than the activity supported by

226Ra. A detection limit for measurable excess 210 Pb
was estimated at 0.32 dpmrg for this core from two
times the average s uncertainty in the difference1

Ž . 210 226 Ž . Ž .Fig. 4. Richardson Bay site RB92-3 radioisotope depth profiles: A total Pb, Ra activity dpmrg for box and gravity cores; B
210 Ž . 210 Ž . 210excess Pb dpmrg with best-fit simulation of excess Pb activity and mixing coefficient as function of depth; C ln excess Pb vs.

depth and cumulative solid mass with linear regression fits. Horizontal error bars in B represent the propagated 1s uncertainty in excess
210 Pb from uncertainty in total 210 Pb and 226Ra activities.
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Table 2
210 226 137 239,240 Ž . Ž .Richardson Bay site RB92-3 Pb, Ra, Cs, Pu data: A box core; B gravity core

210 226 137 239,240Ž .Interval cm Pb "s 1 Ra "s 1 Cs "s 1 Pu "s 1
Ž . Ž . Ž . Ž .dpmrg dpmrg dpmrg dpmrgTop Bottom

A. Box core
0 2 2.61 0.15 0.182 0.018
2 5 2.84 0.13 0.233 0.022
5 10 3.00 0.14 0.291 0.016

10 15 3.03 0.11 0.309 0.024
15 20 2.71 0.11 0.251 0.018
20 25 2.56 0.16 0.271 0.018
25 30 2.76 0.10 0.269 0.018
30 35 2.35 0.15 0.302 0.020

B. GraÕity core
3 7 2.94 0.11 1.08 0.11 0.300 0.047 12.4 1.9
8 12 2.81 0.10 0.206 0.027

13 17 2.81 0.11 1.03 0.11 0.329 0.031 18.9 2.9
18 22 2.38 0.06 0.266 0.029
23 27 2.41 0.12 1.13 0.11 0.253 0.033 18.7 2.3
28 32 2.64 0.09 0.309 0.033
33 37 2.21 0.09 0.326 0.040 29.6 3.9
38 41 1.94 0.05 1.27 0.10 0.393 0.051 21.2 5.6
43 47 1.86 0.07 1.20 0.08 0.260 0.031 19.1 1.9
48 51 0.180 0.044 13.2 1.5
48 52 1.67 0.06 1.05 0.10
53 57 1.46 0.06 1.05 0.12 0.124 0.064 5.3 0.9
58 61 1.58 0.07 1.19 0.11 0.007 0.047 1.4 0.3
63 67 1.44 0.07 0.029 0.027 1.2 0.7
68 70 1.00 0.03 1.03 0.11 0.024 0.036 0.9 0.6
72 76 0.95 0.07 0.84 0.10 0.009 0.018
80 84 1.21 0.08 1.04 0.26
84 87 0.002 0.029
90 94 1.11 0.06 0.98 0.04
94 97 0.000 0.027

"s represents uncertainty of measured activity at one standard deviation level based on counting statistics. 210 Pb activity is decay1

corrected excess activity plus supported activity.

between measured 210 Pb and 226Ra activities. The
detection limit excess activity corresponds to an age
of 60 years if the depositing sediment particles have
an excess activity equal to the average excess 210 Pb

Žactivity of suspended sediments 2.0"0.5 dpmrg,
. Ž .ns8 measured in San Pablo Bay by Fuller 1982 .

All intervals below 115 cm in this core do not have
measurable excess 210 Pb using this detection limit.

Both 137Cs and 239,240 Pu activities increase by a
factor of two from the surface to 90 cm and then
increase rapidly to distinct maxima at 105 and 112

137 239,240 Žcm for Cs and Pu, respectively Fig. 7;
.Table 3 . The activity of both isotopes then decreases

to below detection at the 120 to 123-cm interval. The

near coincidence in activity maxima and in depths of
maximum penetration argues against significant
post-depositional mobility of 137Cs.

4. Discussion

4.1. Surface mixing rates at Richardson Bay

234 Ž .Because of the Th half-life 24.3 days , the
presence of excess 234 Th at depth in sediment cores
Ž .Fig. 3 must result from rapid deposition or from
post-depositional mixing of the sediment. Assuming
the excess 234 Th profiles result from deposition alone,
an apparent sediment accumulation rate can be calcu-
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Ž . 137 Ž . Ž . 239,240 Ž .Fig. 5. Richardson Bay site RB92-3 radioisotope depth profiles: A Cs dpmrg ; B Pu dpmrkg for gravity and box cores.
Vertical error bars indicate depth of sampling interval; horizontal error bars are the 1s uncertainty in activity. Model simulated profiles
were generated using the mixing and accumulation parameters optimized for 210 Pb and an incoming particle activity from the direct fallout
record normalized to yield the observed 137Cs or 239,240 Pu inventory.

lated by mass balance between the integrated excess
234 Th and the incoming particle activity as follows:

z
r S C sl C r d zsl f , 1Ž .H0 a o Th s z Th Th

0

Žwhere, r ssediment bulk density at surface, g dry0
3 .sedimentrcm of wet sediment ; r ssediment bulkz

density at depth z; S sapparent linear sedimenta-a
Ž .tion rate cmryear ; C sdepositing particle excesso

234 Ž . 234Th activity dpmrg ; l s Th decay constantTh

Ž . 226 Ž . 210 Ž . 210Fig. 6. San Pablo Bay site SP90-8 radioisotope depth profiles: A Ra dpmrg vs. depth; B excess Pb dpmrg ; ln excess Pb with
linear regression fit. Horizontal error bars in B represent propagated 1s uncertainty in excess 210 Pb from uncertainty in total 210 Pb and
226Ra activities.
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Table 3
San Pablo Bay site SP90-8 210 Pb, 226Ra, 137Cs, 239,240 Pu gravity core data

210 226 137 239,240Ž .Interval cm Pb "s 1 Ra "s 1 Cs "s 1 Pu "s 1
Ž . Ž . Ž . Ž .dpmrg dpmrg dpmrg dpmrgTop Bottom

2 5 0.349 0.047
6 9 1.98 0.05 0.93 0.09 6.3 1.2
10 13 0.369 0.033
20 23 2.17 0.11 0.88 0.10 0.519 0.047
30 33 0.471 0.036 2.9 0.5
41 43 1.89 0.06 1.19 0.17 0.426 0.058 9.2 1.2
46 48 0.528 0.038
48 50 1.99 0.08 0.95 0.13 0.693 0.071
61 63 1.59 0.06 0.97 0.16 0.340 0.044
61 63 0.357 0.044 15.7 1.5
66 68 2.02 0.11 0.85 0.10 0.604 0.069
70 73 0.382 0.033
77 80 0.078 0.064
81 83 1.47 0.06 1.55 0.23 0.602 0.047 10.5 1.6
87 89 0.639 0.044
88 90 1.85 0.11 1.16 0.11 0.981 0.075
96 99 1.90 0.09 0.97 0.15 0.755 0.060 19.9 1.4
99 103 1.192 0.075
103 106 1.97 0.09 1.39 0.22 1.649 0.080
106 109 1.61 0.12 1.18 0.14 1.057 0.067
110 113 1.15 0.14 0.852 0.071 33.8 4.4
114 116 0.695 0.060 19.1 3.3
114 117 1.74 0.12 1.54 0.28
117 119 0.289 0.051
120 123 1.59 0.14 1.51 0.12 0.007 0.022 1.0 0.5
123 126 1.17 0.05 1.49 0.13 y0.062 0.038 0.3 0.1
126 129 1.71 0.08 1.67 0.19 0.013 0.038 0.1 0.1
133 136 1.47 0.11 1.47 0.09
135 138 y0.016 0.038
141 143 1.69 0.06 1.59 0.13 0.142 0.138
150 153 1.75 0.10 1.34 0.10
150 153 1.65 0.07 1.38 0.13 0.011 0.029 0.1 0.1
159 161 1.88 0.12 1.82 0.14
160 163 1.50 0.07 1.52 0.14
168 170 1.44 0.07 1.51 0.13
190 193 1.42 0.08 1.15 0.1
200 203 1.18 0.05 1.31 0.11
210 213 1.85 0.12 1.84 0.15
217 220 1.33 0.06 1.31 0.13
234 237 1.26 0.07 1.26 0.13

"s represents uncertainty of measured activity at one standard deviation level based on counting statistics. 210 Pb activity is decay1

corrected excess activity plus supported activity.

Ž . 234per year ; C ssediment excess Th concentrations
Ž . Ž .dpmrg ; zsdepth cm ; and f s integrated ex-Th

234 Ž 2 .cess Th dpmrcm .
The average suspended sediment excess 234 Th

Ž .activity, 27"4 dpmrg ns4 , measured near
Ž .Richardson Bay Fuller, 1982 was used for C , ando

agrees well with the average for nine sites through-
out San Francisco Bay sampled in different seasons
Ž . Ž .24"11 dpmrg, ns28 . S calculated from Eq. 1a

ranges from 2"0.4 to )32"5 cmryear, averag-
ing 12"10 cmryear for the eight Richardson Bay
sites, and 5"1 cmryear at site RB92-3. Uncertainty
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Ž . 137 Ž . Ž . 239,240 Ž .Fig. 7. San Pablo Bay site SP90-8 radioisotope depth profiles: A Cs dpmrg ; B Pu dpmrkg . 1963 horizon fixed by maxima
in fallout radionuclide activity; later dates assigned using constant linear sedimentation rate.

in S was propagated from the uncertainties in 234 Tha

count rates of sediment samples and from the uncer-
tainty in the averaged value used for C . These rateso

are significantly higher than rates estimated from the
other isotopes, to be shown later.

Assuming that the 234 Th profiles resulted instead
from mixing, a one-dimensional sediment mixing
coefficient, D , was calculated based on the modelb

Ž .of Guinasso and Schink 1975 in which mixing was
treated as a diffusional process:

D sS z , 2Ž .b a

where S equals the rate sediment particles are re-a

moved from the sediment water interface calculated
Ž .using Eq. 1 and z is the maximum depth of excess

234 Th penetration. Mixing rate coefficients range
from 12"3 to 170"35 cm2ryear and average
82"54 cm2ryear for the eight sites. D of 25"6b

cm2ryear was calculated at site RB92-3.
Reworking of the sediments best explains the

depth of 234 Th penetration in Richardson Bay. Bio-
logical and physical mixing of sediment column are
the most likely causes, consistent with the presence
of worm burrows penetrating to 12–15 cm in all

cores and the presence of ghost shrimp at these sites.
Because the measured 234 Th profiles reflect only
conditions over the past 100 days at most, the vari-
ability of mixing depths and rates is unknown over
the time scale of anthropogenic contaminant inputs
Ž .100qyears . However, the range of D estimatedb

from the 234 Th profiles at all 8 sites provides an
estimate of the possible long-term variability of mix-
ing at Richardson Bay. The range of D is tested inb

numerical simulations of the 210 Pb profile for deter-
mining the long term mixing rate and depth at site
RB92-3.

The calculated mixing coefficients are large com-
pared to many other environments. For example,
surface mixing coefficients have been reported rang-
ing from 0.25 to 1 cm2ryear in the Hudson estuary
Ž . 2Olsen et al., 1981 , 4 to 32 cm ryear in New York

Ž . 2Bight Santschi et al., 1980 , and up to 23 cm ryear
Ž .in Panama Basin Aller and DeMaster, 1984 . The

surface D values calculated for Richardson Bay areb

comparable to other parts of San Francisco Bay and
Ž .other estuaries. For example, Fuller 1982 observed

234 Th activity to depths of up to 15 cm with calcu-
lated D that ranged from 3 to 600 cm2ryear. In theb

Yangtze river estuary, mixing rate coefficients rang-
ing from 20 to 260 cm2ryear were calculated from
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234 Žexcess Th profiles that penetrated to 12 cm Mc-
.Kee et al., 1984 .

4.2. Sedimentation rates

Steady state sediment accumulation rates were
estimated from the slope of the linear regression of
the ln 210 Pb excess activity vs. depth using the

Žconstant flux-constant sedimentation rate model Ap-
.pleby and Oldfield, 1992 . This model assumes a

steady state accumulation of sediments and that the
excess 210 Pb activity of depositing sediment particles
is constant. To account for compaction at site RB92-

210 Ž3, linear regression of the ln excess Pb dpmrg
. Ž 2 .dry sediment vs. the cumulative dry mass grcm

calculated from the bulk density vs. depth was used
to estimate the sediment accumulation rate, v, in
units of grcm2ryear. The regressions were trun-
cated below the 63 to 67-cm interval because of the
large relative uncertainty of the excess 210 Pb activi-
ties below this depth. Varying the shallowest depth
used in the regression from 25 to 12 cm resulted in
sediment accumulation rate that increased from 0.78
" 0.08 to 0.95 " 0.08 grcm2ryear. The 0.78

2 Ž .grcm ryear rate 25–67 cm had the highest regres-
Ž .sion correlation coefficient rs0.96 and is shown

in Fig. 4C along with the second best fit of 0.95
2 Ž .grcm ryear 12–67 cm, rs0.94 for comparison.

These rates are equivalent to surface linear sedimen-
tation rates of 0.84 and 1.0 cmryear, respectively,
and average rates for the upper 100 cm of 0.72 and
0.88 cmryear using the average density over that
depth range.

Sediment accumulation rate, v, also was esti-
mated independently of sediment mixing by mass
balance between the integrated excess 210 Pb activity
with the incoming particle activity, where v equals

Ž .S r in Eq. 1 . This method is independent ofa 0

profile shape or depth of excess 210 Pb penetration.
At Richardson Bay, v of 0.49"0.25, 0.61"0.02,
and 0.83"0.06 grcm2ryear are calculated using

Ž .suspended sediment activities Fuller, 1982 equal to
Žthe average for the Golden Gate 4.6"2.3 dpmrg,

. Žns4 , the riverine endmember 3.7"0.1 dpmrg,

. Žns4 , and the bay wide annual average 2.7"0.2
.dpmrg, ns39 , respectively, for C . Although theo

mass balance derived rates are dependent on C ,o

which is not well constrained at this site, these rates
are similar to or lower than the best fit rate from the
ln excess 210 Pb vs. cumulative mass of 0.78"0.08
grcm2ryear. The range of sediment accumulation
rates from both methods was tested later in numeri-
cal model simulations of 210 Pb profiles to optimize
the accumulation rate and mixing rate.

The broad subsurface maxima and the persistence
of 137Cs and 239,240 Pu in the upper 20 cm could be
caused by post-depositional mixing of the sediment
column, by continued input from erosion in the

Ždrainage basin Olsen et al., 1981; Callender and
.Robbins, 1994 , andror by redistribution of sedi-

ments within the estuary through cycles of resuspen-
sion, transport and deposition. Assigning a date of
1952 to 57 cm, the maximum depth of penetration,
an overall sedimentation rate of 1.4 cmryear was
inferred, that is significantly greater than estimates
from 210 Pb. This contrast indicates either a higher
sedimentation rate during part or all of the last 40
years, or that the sediment mixing has increased the
depth of penetration. The latter is consistent with the
presence of burrowing organisms and with the ex-
cess 210 Pb and 234 Th profiles. Assuming the upper
25 cm is rapidly mixed, based on the nearly constant
excess 210 Pb, a sedimentation rate of about 0.8
cmryear is estimated from the maximum depth of
fallout nuclide penetration.

In San Pablo Bay, an overall linear sedimentation
rate of 4.5"1.5 cmryear is calculated from the
slope of linear regression between of ln excess 210 Pb

Ž .and depth to 109 cm rs0.7, Fig. 6C . This overall
rate includes sand layers, which probably result from
episodic events of rapid deposition andror scour.
The mass balance method to estimate accumulation
rate can not be applied to the San Pablo Bay core

Ž .because the profile is not complete see below .
Overall sedimentation rates of 3.9 and 4.1 cmryear
are calculated by assigning a date of 1963 to the
137Cs and 239,240 Pu activity maxima at 105 and 112
cm. These rates are within the uncertainty of the
210 Pb derived rate. These rates also are significantly
higher than determined from 210 Pb and 137Cs in
earlier studies in this part of the estuary, 1.3 cmryear
Ž . 137Fuller, 1982 . The distinct maxima in both Cs and
239,240 Pu and the frequent sand laminae are consistent
with significantly less mixing compared to Richard-
son Bay. Because of less mixing, the presence of
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137Cs and 239,240 Pu in surface sediments suggests
continued input both from redistribution of sediment
within the estuary and from erosion in the drainage
basin.

4.3. Sediment focusing

Sediment focusing or trapping efficiency for a site
can be estimated from the focusing factor, FF, which
is the ratio of the measured radioisotope inventory,
f, to the inventory expected due to direct input
Ž .Aller et al., 1980; Wong et al., 1995 . FF includes
focusing of radioisotopes both from the drainage
basin and from within the estuary. An FF of one or
more is indicative of net accumulation of sediment.
The direct input of excess 210 Pb is defined as the
activity supported by direct 210 Pb atmospheric fallout

Žto the San Francisco Bay area Fuller and Hammond,
. 137 239,2401983 . Direct inputs of Cs and Pu were

calculated from the monthly atmospheric flux of 90Sr
measured from 1952 to 1976 at Richmond, CA
Ž .Health and Safety Laboratory, 1976 , about 10 km
from Richardson Bay, times fission production yields
of 1.65 and 0.017 for 137Cs and 239,240 Pu relative to
90 ŽSr Simpson et al., 1980; Callender and Robbins,

. 1371994 . Monthly Cs fallout was decay corrected to
the coring date. The direct input source of excess
234 Th was defined as the decay of dissolved 238 U
integrated over the water depth at each coring loca-
tion. A constant 238 U concentration of 2.2 dpmrl
Ž .Fuller, 1982 was used based on the average salinity
of 31"1‰ for the four months prior to core collec-

Ž .tion Schwartz, 1998 .
At Richardson Bay, 210 Pb, 137Cs, and 239,240 Pu

focusing factors of 15, 3.5 and 12 at site RB92-3
were calculated from f of 72.5 dpmrcm2, f , ofPb Cs

16.0 dpmrcm2, and f of 1.02 dpmrcm2, respec-Pu

tively. The FF for all radioisotopes indicated a high
degree of sediment focusing and, therefore, net accu-
mulation. The much lower FF for 37Cs compared to
210 Pb or 239,240 Pu could be due to either loss of 137Cs
by desorption from sediments prior to deposition at

Ž .this site Olsen et al., 1993 or to its lower affinity to
particle surfaces. FF estimated from 234 Th ranged
from 2 to )13, averaged 7"5 for the eight coring
sites, with a value of 5 at site RB92-3. The 234 Th
input term does not account for the range of water
depths and variations in salinity and suspended sedi-

ment concentration particles encounter before depo-
sition. The 234 Th focusing factors, therefore, have a
greater uncertainty than the FF derived from 210 Pb
and 239,240 Pu, which may account for the lower
values. In addition, 234 Th focusing factors are indica-
tive of conditions during the last 100 days. Nonethe-
less, the greater than one 234 Th focusing factors are
consistent with net accumulation at this site.

At San Pablo Bay, integrated 137Cs and 239,240 Pu
activities of 73 dpmrcm2 and 1.6 dpmrcm2 were
estimated assuming a constant bulk density of 1.1
grcm2, the r at 60 cm in core RB92-3. Thesez

values of f and f yield focusing factors of 15Cs Pu

and 19, respectively. The closer agreement between
the 137Cs and 239,240 Pu derived focusing factors at
San Pablo Bay compared to Richardson Bay sug-
gests that significant 137Cs was lost from sediments
prior to deposition at Richardson Bay. Sediment
focusing factor was not calculated from 210 Pb be-
cause the profile may not be complete as a result of

Ž .an inferred erosional period discussed below .

4.4. Numerical simulation of radioisotope profiles

The lack of laminated sediments, the presence of
burrowing organisms, the depth of excess 234 Th ac-
tivity, the constant excess 210 Pb activity in the upper
25 cm, and the depth of penetration and shape of the
bomb fallout nuclide profiles all are consistent with
rapid and deep mixing of the sediments at site
RB92-3 in Richardson Bay. Sediment accumulation
rates in mixed sediments are typically estimated by
fitting measured radioisotope profiles to an advec-

Žtionrdiffusion model Robbins and Edgington, 1976;
.Turekian and Cochran, 1978; Huh and Kadko, 1992 .

For Richardson Bay, numerical simulation was used
to determine the sedimentation and mixing parame-
ters that best fit the observed 210 Pb profile. Then
137Cs, 239,240 Pu and hypothetical contaminant profiles
were simulated using the accumulation and mixing
parameter sets that produced the best fit to the 210 Pb
profile. A sediment chronology was developed from
profiles of simulated hypothetical contaminant in-
puts. The San Pablo Bay profiles were not simulated
because the frequent sand laminae indicate mixing
was limited to silt layers prior to sand deposition and
was therefore not a continuous process.
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4.5. Numerical sedimentation-mixing model

Profiles were simulated by solving by finite dif-
ference the diagenetic equation for radionuclide con-

Ž .centration Appleby and Oldfield, 1992 :

d rC E ErC ESrC
s D y ylrC , 3Ž .bž /d t E z E z E z

Ž .where Csconcentration at any depth z atomsrg ;
Žr s sediment density at depth z g dry

3.sedimentrcm ; S s linear sedimentation rate
Ž . Ž .cmryear ; lsdecay constant per year ; and D sb

Ž 2 .mixing coefficient at depth z cm ryear .
Sediment mixing was treated as a diffusive pro-

cess based on the model of Goldberg and Koide
Ž .1962 in which the sediment column consists of a
mixed zone underlain by a zone with no mixing.
Exponential and half-Gaussian functions were used
for the depth dependence of D . An exponentialb

decrease in D from the sediment surface, EXPb
Ž .Olsen et al., 1981 or from below a zone of constant

Ž .mixing, MZrEXP Peng et al., 1979 was defined
as:

0.693Z
y ž /D z sD o e , 4Ž . Ž . Ž .Hb b

Ž .where H equals depth at which D z equals 0.5b
Ž .times D o of the surface or constant mixed zone.b

The half-Gaussian depth dependence of D also wasb

tested of the form:

z 2

y ž /D z sD o e , 5Ž . Ž . Ž .2g 2b b

where g is the mixing depth parameter. Christensen
Ž .and Bhunia 1986 found that the half-Gaussian depth

dependence of D yielded better fits to 210 Pb andb
137Cs profiles than the exponential depth dependence

Ž .of D . Eq. 5 was used to calculate D both fromb b

the sediment surface, HG, and from below a zone of
constant mixing rate, MZrHG. The MZrEXP and
MZrHG submodels have four parameters: sedimen-

Ž .tation rate, S, surface mixing coefficient, D o ,b
Ž .constant mixed zone depth, MZ, and the D zb

parameter, H or g . The EXP and HG submodels
Ž .have three variable parameters, S, D o , and H orb

g .
Ž .Eq. 3 was solved by iterating over finite time
Ž .intervals Peng et al., 1979 and Olsen et al., 1981 .

The simulations assumed steady state conditions for

sedimentation, mixing, and incoming particle 210 Pb
activity. The model operates as outlined by Olsen et

Ž .al. 1981 modified to account for compaction by
initially dividing the sediment column into layers of
equal mass based on the depth dependence of bulk
density starting with a 1-cm surface layer. When the
total mass of the surface layer has increased by a
factor of two from accumulation, sediment is ad-
vected downward by dividing the surface layer into
two parts of equal activity. The thickness of each
layer is determined by r for its new depth. The
initial concentration was set to the supported activity
for 210 Pb, or zero for fallout radionuclides and hypo-
thetical contaminants. The sediment mass accumula-
tion rate, v, is used in the model to calculate the
linear sedimentation rate for each layer by dividing
by r. To minimize numerical dispersion and over-
flow, the model layer thickness and time step dura-
tion were set so that the mean particle diffusion
distance over one time step was less than 10% of the

Ž . Žlayer thickness for the highest D o used 170b
2 .cm ryear .
A goodness of fit parameter, x 2, was determined

for each simulation, as follows:

2C yCŽ .m f2x sÝ , 6Ž .
Cm

where C is fit concentration and C is the measuredf m

concentration. The smaller the x 2 value, the better
the fit overall to the data set. The x 2 values are

Žunique to the specific constituent simulated e.g.,
210 137 .Pb, Cs .

4.6. 210 Pb simulations

210 Pb simulations were run for two hundred years
to obtain steady state activity profiles. Instead of
optimizing all parameters simultaneously, the param-
eters were varied systematically starting with the
range of sediment accumulation and surface mixing
coefficients estimated from core data for 210 Pb at
RB92-3 and from 234 Th at the eight box core sites.
The four submodels of depth dependence of mixing
rate were tested over a range of mixing depths. The
depositing particle excess 210 Pb activity, C , used ino

Ž Ž ..each simulation was fixed by mass balance Eq. 1
between the measured integrated excess 210 Pb, f ,Pb
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and the specific sediment accumulation rate used in
that simulation. The f of model generated profilesPb

were within 1% of the measured f .Pb

x 2 values ranged from 0.390 for the best fit to
4.48 for a simulation with no mixing. For compari-
son, a x 2 of 0.470 was calculated for the measured
excess 210 Pb and 1 sigma, s , measurement uncer-1

tainty for each subsample, where C sC qs inf m 1
Ž . 210Eq. 6 . Pb fits that were within the uncertainty of

Ž 2 .measured data x -0.470 were obtained only with
Ž 2 .the HG and EXP submodels. The best fit x 0.390

was found for sediment accumulation rate of 0.825
grcm2ryear, surface mixing coefficient of 71
cm2ryear, and a half-Gaussian mixing rate depth
dependence of 9. The base of the mixed zone is

Ž .defined as 33 cm where D z is less than 0.1% ofb
Ž .surface D Fig. 4B . This accumulation rate isb

within the uncertainty of v derived from linear
regression of the ln excess 210 Pb, 0.78 " 0.08
grcm2ryear. The value of D averaged over theb

upper 10 cm, 63 cm2ryear, agrees well with the
average D , 82 cm2ryear, determined from eightb
234 Th profiles but is about 2.5 times D determinedb

from the 234 Th profile at site RB92-3. D derivedb

from numerical simulation represents the average
mixing rate for the last 100 years, while D esti-b

mated from the 234 Th profile only represents condi-
tions over about 100 days prior to coring. This
difference in mixing rate may result from temporal
changes in population density and activity of burrow-
ing organisms andror variability in processes caus-
ing physical mixing.

4.7. 137Cs and 239 ,240 Pu simulations

137Cs and 239,240 Pu profiles were simulated with
the parameter values that yield the best fit to the
210 Pb profile. The measured annual fallout between

Ž .1952 and 1976 Health and Safety Laboratory, 1976
scaled to yield the measured integrated activity was
used for the input function. Additional fallout inputs
that result from soil erosion in the watershed and
from redistribution of sediments within estuary,
which likely lag behind direct atmospheric deposi-

Žtion flux Olsen et al., 1981; Callender and Robbins,
.1994 are not known. Because the time dependence

of these inputs is not known, the 137Cs and 239,240 Pu
profiles simulated from the scaled direct fallout input

function only can be used to compare the maximum
depth of penetration and the peak in measured pro-
files.

137 Ž . 2The Cs simulation Fig. 5A had a x of
0.163, compared to a x 2 of 0.099 calculated from
the measured 137Cs and 1 sigma, s , measurement1

uncertainty for each subsample, where C sC qsf m 1
Ž . 239,240 Ž .in Eq. 6 . The Pu simulation Fig. 5B yielded

a x 2 of 4.91 compared to x 2 of 3.89 calculated
from the measured 239,240 Pu and its s . The model1

accurately predicted the maximum depth of penetra-
tion but underestimated the activity of the deepest
interval. The depth of the simulated profile maxi-
mum at 39 cm agrees well with the observed 137Cs
peak at 39–41 cm, but is slightly deeper than the
239,240 Pu peak at 33–37 cm. The 239,240 Pu peak is not
as well defined as the 137Cs peak. The peak activity
is over estimated for both isotopes and the activity
between the peak and the sediment surface is under
predicted for 137Cs. These differences are likely due
to not including the time dependence of watershed
and internal redistribution components in the model
input function. The agreement between simulated
and observed 137Cs and 239,240 Pu profiles suggest that
the steady state accumulation and mixing parameters
derived from 210 Pb profile provide an adequate de-
scription of conditions at this site.

Because 137Cs sediment profiles also are affected
by post-depositional desorption and diffusional trans-
port, the ability of a mixing-accumulation model to
simulate a 137Cs profile is not evidence itself for the
dominance of mixing on controlling profile shape
Ž .Smith and Comans, 1996 . However, because Pu is

Žsignificantly less mobile in porewaters Crusius and
.Anderson, 1995 , the similar maximum penetration

depth for 239,240 Pu and 137Cs combined with the
model predictions argues for the dominance of mix-
ing over remobilization in development of the 137Cs
profile observed at this site.

4.8. Apparent sediment chronology at Richardson
Bay

4.8.1. Effect of mixing on contaminant profiles
The sediment accumulation and mixing parame-

210 Žters optimized by fitting the Pb profile v, 0.825
2 Ž . 2 .grcm ryear; D o , 71 cm ryear; g , 9 cm wereb

used to simulate successive 1-year duration pulse
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inputs of a hypothetical nonreactive contaminant of
100 unitsrcm2. The profiles were allowed to evolve
in 1-year increments to 140 years after deposition of
the pulse. Fig. 8 shows profiles for each of five
depositional years illustrating the effect of the high
degree of mixing. The age distribution of particles at
each depth and a chronology for interpreting contam-
inant profiles are determined from these simulations.

Because the pulse input was set to yield a total
integrated concentration of 100 unitsrcm2, the con-
centration per cm2 at any depth horizon equals the
percent of that year’s total input. After deposition,
each 1-year pulse is diluted over time by mixing
with both older sediments and subsequently de-
posited material. A peak in concentration develops as

Fig. 8. Simulated depth profiles in 1992 for five deposition
periods of 1-year inputs of a hypothetical nonreactive contami-
nant. Profiles were simulated using the mixing and accumulation
parameters were derived from 210 Pb. Year of deposition is shown
for each profile. Relative concentration is plotted as the percent of
1-year pulse vs. depth. The date scales on the right correspond to
Ž .1 the most recent date of deposition for sediment particles

Ž .comprising a depth horizon, denoted as minimum age, and 2 the
year of input for the sediment particles that have the greatest mass
abundance at that depth, denoted as peak. These dates were
determined from the age distribution of sediments as a function of

Ž .depth see text .

the pulse is advected downward; the peak decreases
in concentration over the first 20 years after deposi-
tion. The peak is eventually buried below the mixed
zone where its concentration remains constant and is
retained in the sedimentary record. Even after the
contaminant peak has been advected through the
mixed zone, a fraction of the contaminant remains in
the mixed zone and undergoes continued dilution by

Žmixing with subsequently deposited sediments Fig.
.8 . Comparison of the integrated contaminant con-

centration in the mixed zone to the total amount
deposited indicates that more than 95% of a contami-
nant remains within the mixed zone 12 years after
deposition of a 1-year pulse input. After 20 years,
about 82% remains, 50% after 33 years, and 25%
after 50 years. Over 75 years are required to bury
90% of contaminant below the mixed zone. The
fraction of a contaminant remaining in the mixed
zone from a single year’s input decreases exponen-
tially after the peak concentration has been advected

Ž .through the mixed zone 20 years . A first-order fit
indicates that the fraction of contaminant remaining
in the mixed zone decreases with a half-life of 18
years after the peak has been buried below the mixed
zone.

The fractional mass contribution of sediment from
a year to a depth interval was determined by dividing
the concentration per cm2 for that year by the sum of
contaminant concentration for all years. Plotting the
mass contribution of each year at representative
depths illustrates the wide age distribution of parti-

Ž .cles in each horizon Fig. 9 . For example, the 50-cm
horizon is composed of sediments deposited as re-
cently as 1965 to before 1850, with 1950 having the
greatest mass abundance.

4.8.2. Age model for interpreting contaminant pro-
files

A unique date or age cannot be assigned to any
depth horizon because sediment particles with a wide
range of deposition dates occur at each depth. How-
ever, a chronology can be developed by assigning
the minimum age of deposition and a date of peak
deposition to each depth. The minimum age, shown
at 10-year increments in Fig. 8, is defined as the
most recent date of deposition of sediment particles

Ž .in a depth horizon Fig. 9 . At the deepest depth a
contaminant is detected, the minimum age corre-
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Fig. 9. Age distribution of sediment particles at five depths plotted
as the percent of sediment mass in each horizon vs. year of
deposition. Age distribution was derived from profiles of 1-year
pulse contaminant input simulated for 1 to 140 years after contam-
inant deposition.

sponds to the date that contaminant was first de-
posited. Because of the high degree of mixing, sedi-
ments deposited within the last year are distributed
over the upper 25 cm. Therefore the most recent date
of deposition for upper 25 cm is within the last year.
The date of peak concentration is defined as the year
of deposition with the greatest mass abundance for

Ž . Ž .that depth Fig. 9 . The peak year of input Fig. 8
for a contaminant corresponds to the depth interval
with the highest concentration of that contaminant.

Interpreting contaminant profiles at this site is
thus limited to estimating the date of first appearance
of particle bound contaminants from its maximum
depth of penetration and to estimating the peak year
of input if a concentration maximum occurs in the
profile. For example, the chronology model suggests
that the age of first appearance at 59 cm is 40 years

Ž .or a date of 1952 Fig. 8 . This date corresponds to
the onset of significant fallout of radionuclides from
nuclear weapons testing and agrees well with the
observed maximum depth of penetration of de-

tectable 137Cs and 239,240 Pu, 57 cm. Contaminant
inputs are unlikely to be deposited in uniform 1-year
pulses. Inputs of longer duration would result in
broader peaks with the concentration maximum cor-
responding to the midpoint in time of input provided
that the input function is either uniform or symmetri-
cal, or is dominated by a specific period. For exam-
ple, the maximum fallout radionuclide input in 1963
corresponds to a depth of 39 cm, which agrees well
with maximum 137Cs activity observed in the 39 to
41-cm interval.

The chronology for site RB92-3 described above
assumed that the net sedimentation rate and mixing
regime are relatively constant over the past 140
years. However, a relatively rapid transition appears
to occur around the turn of the century. A sedimenta-
tion rate of 0.07 cmryear was inferred from 14C ages
of individual shell fragments found at 110 and 140

Ž . 10cm van Geen et al., 1999 . An increase in Be
between 77 and 85 cm and the presence of fossil fuel

Ž .biomarkers at 80 cm Pereira et al., 1999 are the
earliest evidence of human activity recorded in this
core. The 10 Be increase is presumed to result from
accelerated erosion during development of the water-

Ž .shed van Geen et al., 1999 . Because no other data
are available to better constrain the onset of this
apparent change in accumulation rate or to determine

Žthe rate of change, the chronology below 80 cm Fig.
.8 is an extrapolation into this uncertain transition

period.
Some important implications stem from the rapid

and deep reworking of sediments by biological
andror physical processes at RB92-3. A contami-
nant is diluted rapidly to 10% of the depositing
particle concentration in the surface 1-cm after 1
year. As a result, the sediment concentration at the
time of deposition could have been significantly
higher than observed in buried horizons, especially if
deposition occurred over a short period of time.
Contaminants will persist in the mixed zone sedi-
ments for many years after deposition. After 33
years, 50% of a contaminant still remains in the
mixed zone with the concentration diluted to 1% of
the initial concentration.

4.8.3. Reconstructing contaminant fluxes
Reconstructing historical changes in contaminant

inputs is valuable in understanding the fate of con-
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taminants in the estuary, but the ability to discern
changes in a contaminant input or flux is limited by
the rate and depth of mixing. Intrinsic resolution is
defined as the minimum time required between two
pulse event inputs to result in two discernible max-

Ž .ima in a contaminant profile Robbins, 1987 . Reso-
lution is quantified as the number of years between
pulses required to yield a concentration minimum
between peaks equal to 50% of the average peak

Ž .concentration Robbins, 1987 . A 32-year separation
between two simulated pulse inputs was required to
meet this criterion at Richardson Bay. Pulses occur-
ring at intervals of less than 15 years would result in
a single maximum. At 20-year separation, a second,
deeper peak appears as a shoulder to the shallower
peak.

Ž .Christensen and Goetz 1987 proposed a method
to deconvolute sediment profiles for reconstructing
contaminant fluxes to the sediment surface as a
function of time. Briefly, the flux of a contaminant is
determined from the concentration profile as follows:

n

C s F J zs1,2,3, . . . ,n , 7Ž .Ýz z j nq1yj
js1

where z and j are depth and time intervals, C is thez

concentration depth profile, F is a matrix of frac-
tional contribution of particles to each depth interval
for a given time interval, and J is the flux of
contaminant to the sediment. Matrix F is generated
by summing the fractional contribution to each depth

Ž Ž .interval by year from the simulation Eqs. 3 and
Ž . .5 , Fig. 9 of 1-year pulses. F is inverted and
multiplied by the measured concentration profile to
determine J. The time and depth intervals over
which fluxes can be successfully calculated are de-
pendent on the degree of mixing.

The deconvolution model was tested for site
RB92-3 with hypothetical contaminant profiles gen-
erated from multiple pulse and stepped inputs using
the forward simulation model. Time intervals of less
than 20 years or depth intervals smaller than 15 cm
for F did not successfully reconstruct these known
inputs. However, fluxes were reproduced to within
10% for each 20-year interval with best results ob-
tained for a 33-cm surface zone underlain by 15-cm
intervals. The results of this exercise suggest that
changes in the input function of a contaminant of
less than 20 years can not be extracted from the
sedimentary record at this site. The 20-year interval
for reconstructing contaminant fluxes is significantly
better than the calculated 32-year intrinsic resolution,
but is restricted to five time intervals because the
chronology was limited to the last 100 years.

DDT, Ag, and Hg fluxes to site RB92-3 were
reconstructed using the 20-year by 15-cm model grid
with a 33-cm surface interval. Concentrations above

Žbackground Venkatesan et al., 1999; Hornberger et
. 2al., 1999 were converted to mass per cm with

missing intervals assigned by linear interpolation.
Profiles were truncated at the deepest interval with
detectable concentration above background. Concen-
trations were summed over model grid intervals and
multiplied by the inverted matrix F to yield J. The

Ž .reconstructed flux of DDT Table 4 was greatest for
the period of 1952–1971, with about 20% of the
total DDT input occurring in the last 20 years.
Because DDT usage was banned in 1972, the ongo-
ing input may reflect the lag time in transport from
the drainage basin andror redistribution and trans-
port within the estuary. Silver input also was greatest
20 to 40 years ago with a subsequent decrease of
about 70%. Although 70% of the Ag input occurred
within the last 40 years, a large input between 60 and

Table 4
Deconvolution model reconstructed contaminant fluxes to Richardson Bay site RB92-3

Years before 1992 Calendar years Total DDT flux Ag flux Hg flux
2 2 2Ž . Ž . Ž .ngrcm mgrcm mgrcm

0–20 1972–1992 140 3.0 2.6
21–40 1952–1971 410 9.7 5.9
41–60 1932–1951 90 1.0 4.0
61–80 1912–1931 0 4.0 3.0
81–100 1892–1911 0 0 0

Fluxes are calculated total input to site RB92-3 during each 20-year time interval.



( )C.C. Fuller et al.rMarine Chemistry 64 1999 7–27 25

80 years ago was also calculated. Hg input was
greatest 20 to 40 years ago, then decreased by a
factor of two.

4.9. Apparent sediment chronology at San Pablo Bay

The radionuclide profiles indicate that the upper
120 cm of sediment column at SP90-8 was deposited
within the last 30 to 40 years. An average sedimenta-
tion rate of 4 cmryear was calculated from the 137Cs
and 239,240 Pu maxima and dates were assigned to the
upper 100 cm assuming negligible mixing or com-
paction. These assigned dates assume a constant and
continuous sedimentation rate. No attempt was made
to correct the dates shown in Fig. 7 for the thickness
of sand layers andror episodic deposition events.

The fallout radioisotopes were absent below 122
cm. Dates of 1958 and 1960 were calculated for the
122-cm horizon using the sedimentation rates from
the 137Cs and 239,240 Pu peaks, respectively. The max-
imum depth of 137Cs and 239,240 Pu penetration should
have been at 148 and 156 cm based on these rates,
which is significantly deeper than measured maxi-
mum depth of penetration. The absence of measur-
able excess 210 Pb below 120 cm indicates that these
sediments are at least 60 years old based on the
excess 210 Pb detection limit. No additional constraint
on sediment ages can be made from the radioisotope
data.

Ž .Jaffe et al. 1998 estimated rates of sedimenta-
tion and erosion for San Pablo Bay using five de-
tailed historical bathymetric surveys. Bathymetry data
were corrected for tidal stage and averaged over 150
m2 encompassing the location of site SP90-8, which
is known to about 100 m. Changes in bathymetry at
this site indicate that 220 cm of sediment were
deposited between 1856 and 1897 and 20 cm be-
tween 1897 and 1921. Subsequently, net erosion of
70 cm occurred between 1921 and 1951, followed by
net accumulation of 100 cm between 1951 and 1983.
Assuming sediment accumulated at the 1951–1983

Ž .rate 3.1 cmryear until 1990, about 22 cm more
sediment accumulated for a total of 122 cm since
1951. A 63-year gap in the sedimentary record below
122 cm is suggested encompassing the period be-
tween 1888 and 1951. This assumes the 70-cm of
erosion removed all 20-cm of sediment deposited
between 1897 and 1922 and 50 cm deposited at the
inferred 1856–1897 rate.

The average sedimentation rate from 137Cs and
239,240 Pu is in reasonable agreement with the rate
since 1951 estimated from bathymetry. The 60-year
hiatus in the sedimentary record before this period is
consistent with the common maximum depth of pen-
etration of excess 210 Pb, 137Cs and 239,240 Pu. The
presence of sand layers throughout the sediment
column, the inferred large-scale erosion, and the high
sedimentation rates are indicative of a highly dy-
namic, non steady-state sedimentary environment at
this site.

If the inferred age of over 100 years for sediment
below 120 cm is correct, deeper sediments should
contain material resulting from hydraulic gold min-
ing between 1852 and 1884. This change in sediment
source might explain the higher average 226Ra activ-
ity below 120 cm. However, the 226Ra activity of
hydraulic mining debris has not been determined.
Elevated Hg also was observed below this depth and
was presumed to be related to gold mining during

Ž .the last half of the 1800’s Hornberger et al., 1999 .

5. Summary

At a site in Richardson Bay a sediment accumula-
tion rate of 0.825 grcm2ryear, surface mixing coef-
ficient of 71 cm2ryear, and mixed depth of 33 cm
were determined from the best fit simulation of the
210 Pb profile. A chronology for the date of first
appearance of particle bound contaminants and for
the date of maximum input over the last 100 years
was developed from these best fit sediment accumu-
lation and mixing rates. The rapid and deep sediment
reworking of the upper 33 cm of the sediment col-
umn by biological andror physical processes causes
rapid dilution of sediment-bound contaminants upon
deposition. The extensive mixing also results in the
persistence of contaminants within the surface sedi-
ments for many years after deposition. It is estimated
that about 50% of a contaminant deposited 35 years
ago would remain in the mixed zone. Contaminant
fluxes can be reconstructed from sediment profiles
but are limited to 20-year time intervals because of
extensive mixing.

In contrast, much lower sediment mixing relative
to accumulation was evident at the San Pablo Bay
site. Overall sedimentation rates on the order of 4
cmryear were estimated over the last 40 years from
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210 Pb, 137Cs and 239,240 Pu profiles. A hiatus in the
sedimentary record prior to this period of about 60
years inferred from historic bathymetric records is
consistent with the common maximum depth of pen-
etration of all three radiotracers. The very high sedi-
mentation rates and the apparent hiatus indicate that
steady state sedimentation is unlikely at this site.
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