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Abstract 

Sediment cores of known chronology from Richardson and San Pablo Bays in San Francisco Bay. CA, were analyzed for 
a suite of chlorinated hydrocarbon pesticides and polychlorinated biphenyls to reconstruct a historic record of inputs. Total 
DDTs (DDT = 2,4'- and 4,4'-dichlorodiphenylmchloroethane and the metabolites, 2.4'- and 4,4'-DDE, -DDD) range in 
concentration from 4-21 ng/g and constitute a major fraction (> 84%) of the total pesticides in the top 70 cm of 
Richardson Bay sediment. A subsurface maximum corresponds to a peak deposition date of 1969-1974. The first 
measurable DDT levels are found in sediment deposited in the late 1930's. The higher DDT inventory in the San Pablo 
relative to the Richardson Bay core probably reflects the greater proximity of San Pablo Bay to agricultural activities in the 
watershed of the Sacramento and San Joaquin rivers. Total polychlorinated biphenyls (PCBs) occur at comparable levels in 
the two Bays (< 1-34 ng/g). PCBs are first detected in sediment deposited during the 1930's in Richardson Bay. about a 
decade earlier than the onset of detectable levels of DDTs. PCB inventories in San Pablo Bay are about a factor of four 
higher in the last four decades than in Richardson Bay, suggesting a dismbution of inputs not as strongly weighed towards 
the upper reaches of the estuary as DDTs. The shallower subsurface maximum in PCBs compared to DDT in the San Pablo 
Bay core is consistent with the imposition of drastic source control measures for these constituents in 1970 and 1977 
respectively. The observed decline in DDT and PCB levels towards the surface of both cores is consistent with a dramatic 
drop in the input of these pollutants once the effect of sediment resuspension and mixing is taken into account. 0 1999 
Elsevier Science B.V. All rights reserved. 
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of sources, including sewage and industrial outfalls 
(Hoffman and Meighan, 1984, Chapman et al., 19861, 
urban runoff (Law and Goerlitz, 19741, agricultural 
discharges (Bailey et al., 1967; Risebrough et al., 
1968a). atmospheric fallout, harbor and shipping 
traffic and other anthropogenic inputs (Nichols et al., 
1986). For example, Bailey et al. (1967) estimated 
that about 2 tomes of DDT and its metabolites 
entered San Francisco Bay in 1967 from the drainage 
of agricultural lands in the region. Pereira et al. 
(1996) described a contamination gradient of DDTs 
in the Lauritzen Canal and Richmond Harbor in 
Central Bay that originated from a large DDT ship 
ping facility active in the 1970's. G i o m  and Clifton 
(1990) found some of the highest bed sediment 
concentrations of DDTs amongst major rivers in the 
USA in the San Joaquin River, a major tributary to 
the Bay. 

The massive usage of chlorinated hydrocarbons in 
the - 1950-- 1975 period had significant ecosys- 
tem implications in the Bay Are.  as it did else- 
where. Chlorinated hydrocarbon contamination 
spread to coastal waters butside the Bay, and DDTs 
and PCBs were detected in fish, collected along the 
lower continental slope down to water depths of 
1000 m near the Farallon Islands (Melzian et al., 
1987). Most notably the contamination threatened 
the survival of important piscivorous Pacific sea 
birds on the Pacific coast (Risebrough et al., 1967, 
1968b. 1978; Long et al., 1990). 

The widespread presence of chlorinated hydrocar- 
bons and particularly PCBs in the Bay and Delta, as 
a result of the inputs described above, have been 
documented by determinations of chlorinated hydro- 
carbons in Bay sediments by various programs since 
the 1980's (Chapman et al., 1986: Spies et al., 1987; 
NOAA. 1987, 1988; Phillips and Spies, 1988; RMP, 
1995. 1996). These studies provide a comparative 
data base against which modem concentrations of 
chlorinated hydrocarbons can be assessed. The his- 
tory of chlorinated hydrocarbon contamination can 
also be followed using contaminant profiles from 
dated sediment cores, since sediments integrate and 
retain records of the influx of recalcitrant organic 
contaminants. Past studies of historical trends of 
pollutants levels have resulted in stringent laws as 
well as improved technologies in curtailing waste 
disposal into the ocean waters. especially since the 

late 1970s. A comparison of the recent status of 
chlorinated hydmcahon contamination with past 
contaminant concentrations has not been conducted 
in San Francisco Bay. Profiles of chlorinated hydro- 
carbon pesticides and polychlorinated biphenyls from 
dated sediment cores from the Richardson and San 
Pablo Bays, San Francisco are reported here. The 
data show distinct differences for the two classes of 
organic contaminant that can be attributed to differ- 
ent input histories and distributions in the watershed. 

2. Methods 

2.1. Sampling and chronology 

A box core and a p v i t y  core from Richardson 
Bay and a gravity core from San Pablo Bay were 
investigated (Fig. 1). The Richardson Bay core was 
frozen soon after collection in 1992 and processed 
shortly thereafter, the San Pablo core was collected 

Fig. 1. Locations of sediment corn in San Francisco Bay. 
Richardson Bay: Box core-RB 92-3 (org)B, 35 cm; Gravity 
core-RB 92-3 (org), 148 cm.San Pablo Bay: Gravity core-SP 90-8 
(org), 239 cm. Chronologies derived from -92-3 (Fuller et al.. 
1999)afta depth adjumnent 



in 1990 and stored at 4°C in a cold room until 
analysis in 1992. The box core was sectioned at 5 cm 
and the gravity cores at 10 cm intervals. The core 
sections were air-dried in clean-baked aluminum pans 
covered with baked foil and dried in a hood away 
from the chemistry laboratory to avoid contamina- 
tion. Dry samples were stored in organically-clean 
glass 'an .  Box and gravity cores were dated by " O P ~  

and "Th activities (Fuller et al.. 1999) "C in 
mollusc shells and sediment ' O B ~  (van Geen et al., 
1999). Fallout isotope profiles (13'cs and 239'240Pu) 
were determined for comparison to the ' ' O P ~  

chronology. A gravity core, -92-3, from Richard- 
son Bay was used for age-dating while another core, 
-92-3(org) collected within a circle of diameter 
5 10 m, was used for the analysis of organic con- 
stituents. Visual correlation of high-resolution den- 
sity and magnetic susceptibility profiles in the two 
cores were used to transfer the chronology of -92-3 
to RB92-3org (Pereira et al., 1999). Strong vertical 
mixing of the sediments is indicated by the nearly 
constant excess 2 ' 0 ~ b  in the upper 25 cm,the depth 
of excess 234 Th activity and the profiles of bomb 
fallout nuclides (Fuller et al., 1999). A chronology 
has. therefore, been developed by assigning the mini- 
mum age of deposition and a date of peak concenua- 
tion to each depth. The minimum age of sediments at 
a given depth corresponds to the earliest date a 
contaminant could have been deposited. The depth 
interval with the highest concentration of the specific 
contaminant represents the peak year of input for 
that contaminant (Fuller et al., 1999). 

profiles of "OP~, I3'cs and 239.240 Pu in the Pablo 
Bay core indicate considerably higher, albeit spo- 
radic. sedimentation than in Richardson Bay over the 
past several decades (Fuller et al., 1999). A hiatus in 
the core suggested by the radionuclides and other 
properties is consistent with historical bathymeuy 
data indicating a prolonged period of erosion in the 
area at the turn of the century. The San Pablo Bay 
core does not extend to sediment deposited before 
erosional disturbance of the watershed (van Geen et e 

al., 1999). 

2.2. Analpica1 procedures 

The sediment sections were analyzed for chlori- 
nated hydrocarbon pesticides and selected poly-
chlorinated biphenyl congeners listed by NOAA NS 

&T Program (Table 1). The analytical procedure is 
described by Venkatesan (1998) and Venkatesan et 
al. (1998). In the present study, the air-dried sedi- 
ment samples were extracted with methylene chlo- 
ride and processed; in the earlier work, on southern 
California sediments, the pore water was removed by 
methanol extraction of the wet sediments. All other 
steps arc the same in both the studies. 
Dry sediment (20-30 g) was sonicated for 15 min 

with 50 ml of methylene chloride and surrogates and 
then extracted by homogenization with 100 ml of 
methylene chloride three times. The concentrated 
extract was exchanged into hexane to precipitate 
asphaltene, treated with activated copper for elemen- 
tal sulfur removal and then subjected to column 
chromatography on activated silica gel over alumina. 
The aromatic fraction (f2) containing target com- 
pounds eluted from the column was analyzed on a 
Varian 3500 gas chromatograph with electron cap- 
ture detector (ECD) using a DB-5 (30 m) and a 
conhnation (DB-1701) column. Quantitation of all 
the target compounds listed in Table 1 was carried 
out. 

GC/ECD operating conditions were optimized to 
yield the best possible resolution of all the compo- 

Table 1 
List of target analytes 

Pesticides PCBs 

Aldrin BZ8 
Alpha-chlordane BZ18 
Dieldrin BZ28 
Endrin BZ44 
Heptachlor BZ52 
Heptachlor epoxi& BZ66 
Hexachlombcnzene BZ77 
Lindane (gamma-BHC) BZlOl 
Mix BZ105 
Tms-Nonachlor BZ118 
2.4'-DDE BZ126 
4.4'-DDE BZ128 
2.4'-DDD BZ138 
4.4'-DDD BZ153 
2.4'-DDT BZ170 
4.4'-DDT BZ180 

BZ187 
BZ195 
B Z 0 6  
BZ209 



nents in both the columns. The conditions used are 
as follows: injection temperature 260°C; split open 
after 0.75 min; detector temperature 330°C; tempera- 
ture program 10 min at 60°C: lS°C/min to 150°C. 
hold 0.1 min; 2"C/min to 200°C. hold 10 min; 
S°C/min to 280°C. hold 40 min. Hydrogen at 40 
cm/s was used as carrier gas. Nitrogen at 30 ml/min 
was used as make-up gas. A four-point response 
factor calibration was established to quantitate the 
target analytes. Selected samples were run by 
GC/MS for c o n f i g  compound identification and 
molecular weight of the biphenyls. 

QA/QC procedures of the NOAA/NS&T Pro-
gram were strictly adhered to throughout the projen 
A surrogate solution at a concentration of - 10 X 
MDL [dibromooctafluorobiphenyl(DBOFB) and BZ 
#155] were added to the sediment before extraction. 
Internal standard BZ #I03 and mention time mark- 
ers tetrachloro-m-xylene (TCMX) and BZ #I98 of 
appropriate concentration were used for accurate 
quantitation. With the analysis of every batch of field 
samples, a laboratory procedure blank, a matrix spike 
(sediment spiked with , h o &  amount of all the 
target analytes) and a reference sediment (SRM 1941, 
NIST, USA) were also processed. UCLA also took 
part in the interlaboratory calibration exercises con- 
ducted by NIST/NOAA. 

All the box core sections were extracted, pro- 
cessed and analyzed in duplicate. Duplicate analysis 
was performed with selected sections from the grav- 
ity cores as well. Replicate instrumental analysis was 
also canied out for several fractions. The average 
recovery of the analytes from three matrix spike 
analyses ranged from 54-110% which was used to 
correct the data. Method detection limits were deter- 
mined processing standard compounds at low levels 
(10 p g / ~ l ) ,  close to the estimated MDL (Federal 
Register, 1984). Limit of quantitation (LOQ) was 
calculated after Clesceri et al. (1989). LOQ was 2.5 
times that of MDL. 

A piece of the butyrate core liner material, the 
same as that used for sediment subsampling was also 
analyzed for the target compounds. This sample did 
not contain detectable levels of any of the target 
analytes. However, small amounts of some phtha- 
lates were detected. Most of the target analytes were 
not detected in any of the procedure blanks either. A 
few PCBs (BZ #138, 153, 105, and 180) were 

occasionally detected at the level of 1-2 picogram/ 
11 of the blank sample injected. These analytes were 
present well above this limit in the field samples in 
which they could be quantitated. The possibility of 
extraneous contaminants being introduced during 
sample handling and processing is, therefore, mini-
mal. A low level of contaminants was sporadically 
found very close to detection or quantitation limits in 
the pre-industrial horizons. For example, section 
110-120 cm in RB92-3 contained no quantifiable 
pesticides but section 120-138 cm contained a mea- 
surable quantity of only hexachlorobenzene. These 
anomalous detections are probably the result of 
smearing of contaminated surface sediment along the 
walls of the liner during coring, and should probably 
be treated as field blanks. However, no attempt was 
made to correct for this effect. 

3. Results 

3.1. Chlorinated hydrocarbon pesticides 

3.1.1. Richardson Bay 
The total pesticides listed in Table 1 range in 

concentration from - 0.2(near detection limit)-22 
ng/g dry weight and most of the box and gravity 
core sections exhibited nearly concordant values (Fig. 
2). All concentrations are reported in ng/g dry 
weight and will be referred to as only ng/g from 
hereon. Horizons deposited before 1938 (deeper than 
70 cm) contain very few pesticides (see field blanks 
discussed above). Pesticides begin to appear consis- 
tently from 60 cm upwards. In the sections above 60 
cm (minimum age in the post-1940s) 80-93% of the 
total pesticides are DDTs. There is a subsurface 
maximum in total pesticide concentrations around 
30-35 cm in the box core. corresponding to peak 
years of contaminant input from 1969-1974. Simi-
larly, a subsurface maximum occurs at 20-30 cm in 
the gravity core with the 30-40 cm also containing 
near maximum value. 

Total DDTs (sum of 2.4'- and 4.4'-DDE, DDD 
and DDT) range in concentration from < 0.2 to 21 
ng/g. They were detected in 3 sections between 80 
and 110 cm in the pre-industrial horizon at the level 
of 30 to 70 times less than surface strata and the 
other sections contained none. DDTs are consistently 
detected in sediments deposited after 1938. Fig. 3 
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1965). above which there is a decrease in the pesti- Total DDTs content spans from 0.1 (close to 
cides content. detection limits) to 57 ng/g and the core profile of 

I 

Table 2 
Selected Darametcn from the disaibution of chlorinated ~csucidcs in the sediment cores 

Core section (cm) Non-DDT pcsucides (%) DDTs in [oral DDTs (9%) DDDs/DDEs 

Richardson Buy 
RB 92-3(org) 
0-10 13 14 1.9 
10-20 13 39 2.1 
20-30 11 40 2.0 
3 0 4 0  8 34 2.9 
40-50' 12 26 4.6 
50-60' 15 20 3.1 
60-70' 15 62 1.7 

Sun Pablo Buy 
SP 90-8(0rg) 
0-10 
10-20 
20-30 
30-40 
50-60 
60-70 
70-80 
90-100 
110-12OC 

aCorresponds to 1940s-1960s (Peak years of deposition). 
b~orrespondsto 1930s-1940s (Peak years of deposition). 
'Start of pre-1952. 





recently (in - 1975) than maximum deposition of 
DDTs. Non- and mono-ortho coplanar PCBs are 
almost at detection limits below 120 cm and consti- 
tute 4 to 36% of the total PCBs in the post-1952 
intervals following a depth distribution similar to the 
total PCBs. 

4. Discussion 

4.1. Chlorinated hydrocarbon pesticides 

As a consequence of major source control ef- 
fected by the Clean Water Act of 1970-1971, the 
sale and use of DDT were banned by the US Envi- 
ronmental Protection Agency in 1972. California had 
already curbed the sale and use of DDT two years 
earlier in 1970. The use of DDT in the USA peaked 
in the late 50s and early 60s (Mearns et al., 1991). In 
addition to the large urban/industrial area surround-
ing the Bay, which historically included an active 
DDTs shipping facility, the majority of the catch- 
ment of the San ~rancisco'Estuary consists of the 
au~culturallyproductive Central Valley which drains 
into the Sacramento and San Joaquin Rivers. So 
significant agricultural and industrial development in 
the watershed provide potentially important sources 
of the chlorinated hydrocarbons in this aquatic 
ecosystem (Phillips and Spies, 1988). 

4.1.1. DDTs in Richardson Bay 
The historic trends in the DDTs profile in the well 

constrained RE392-3 core document the history of 
DDTs use described above. DDTs are present in only 
trace amounts in sediments deposited before the 
1930s. They are first detected in sediments deposited 
in late 1930s and early 40s. Concentrations increase 
slightly in sediments deposited around 1950-1955, 
with a subsequent rapid increase to a maximum. in 
the sediment horizon at 30-35 cm, between 1969 to 
1974. The latter observations are consistent with the 
time when DDTs were in common agricultural use 
as a major pesticide (Fig. 3). The maximum concen- 
trations of DDTs and the metabolites found in RE392- 
3 are lower by several orders of magnitude than 
found in sediments from Palos Verdes Shelf and 
Santa Monica/San Pedro basins off southern Cali- 
fornia coast (Word and Meams. 1979; Venkatesan. 

1998). But the concentrations in Richardson Bay arc 
comparable to the levels detected in the San Fran- 
cisco region by the NS&T P r o w  and from other 
coastal areas such as Puget Sound (Washington coast) 
and Boston Harbor (Massachusetts) (Phillips and 
Spies. 1988; N O W  1991). The gradual decline in 
DDTs observed in recent years reflects the ban of the 
compound. 

The detection of chronic levels of DDTs around 
6-9 ng/g in the surface sediments of Richardson 
and San Pablo Bays, despite the.ban, could be due to 
continuing agricultural inputs or to resuspension and 
redistribution. The mixing/accumulation model of 
Fuller et al. (1999) for Richardson Bay indicates that 
even if all new inputs of these contaminants had 
abruptly ended in 1970, surface sediment would still 
contain about 50% of the maximum levels of input. 
On the other hand, agricultud soils could also pro- 
vide a reservoir of DDT which is released to the 
aquatic environments through soil erosion and storm 
runoff. In 1983 DDT was detected at levels exceed- 
ing National Academy of Sciences guidelines for 
predator protection in fish from seven rivers and 
streams in the agricultural watershed of the Bay. 
including the San Joaquin River at Vernalis. Anton 
et al. (1986) suggest that a combination of the mix-
ing of DDT into the soil column and soil erosion 
rates will result in continued release of DDT well 
into the 21st century in the Central valley. 

The sum of 2.4'- and 4,4'-DDT in RE392-3 consti- 
tutes about 5-62% of the total DDTs from 1930-
present; in the last two decades, these average about 
20% of the total DDTs. The enhanced levels of 
parent DDTs and DDDs compared to DDEs in the 
Richardson Bay core is in contrast to observations in 
deeper waters off the southern California Basins. 
While parent DDTs are the dominant isomers in 
some isolated sites from the Santa Monica/San Pe- 
dro basins, most likely originating from chemical 
dumpsites located nearby (Venkatesan et al.. 19961, 
most sites were characterized by relatively more 
DDEs than the other compounds (MacGregor. 1974, 
1976; Venkatesan. 1998). 

The dominance of DDDs over DDEs in sediments 
(Table 2) mizht imply reductive dechlorination of 
DDTs to DDDs under anaerobic conditions 
(Wedemeyer, 1967; Baxtor, 1990). However, it is 
unlikely that significant DDDs could have been 



formed from DDTs in the well-aerated sediments 
typical of San Francisco Bay. DDTs arc metabolized 

I to DDEs by dehydrochlorination under aerobic con- 
ditions (Aguliar, 1984). This suggests the possibility 
of an additional source for DDDs. Technical DDD 
was, indeed, used as a commercial insecticide in 
agriculture and its runoff could have contributed to 
the enrichment of DDDs in the sediments. More 
likely, however, is a contribution from the DDTs 
shipping facility in Lauritzen Canal, within the Rich- 
mond Harbor of Central San Francisco Bay. In an 
intensive study of the sediments of the Canal and 
Richmond Harbor, Pereira et al. (1996) concluded 
that both p,p'-DDT and p,pl-DDD were processed 
at the site, and that both degradation of p.p'-DDT 
and direct input of p,pl-DDD were responsible for 
the contamination. They found DDD concentrations 
in Bay sediments, adjacent to Richmond Harbor, that 
were more than double the concentrations deter- 
mined at all other sites in the Bay. They concluded 
that DDD from Lauritzen Canal had entered the Bay 
via resuspension and gradual mixing or transport of 
fine gained suspendeg material. Physical re-entrain- 
ment of surface sediments across substantial dis- 
tances. by strong currents and storm events, was 
responsible for the dispersal of DDTs in Palos Verdes 
shelf, southern California (Young et a]., 1977; 
Niedoroda et al.. 1996). It is conceivable that similar 
processes could have moved DDDs into Richardson 
Bay from Richmond Harbor, especially given the 
complex nature of long term sediment transport in 
the Bay (Conomos, 1979). The ratio of DDDs/DDEs 
down to 70 cm in the Richardson Bay core arc close 
to 2 or above (Table 2). This ratio is highest (3.1-4.6) 
in the 40-60 cm horizon which corresponds to the 
peak years of deposition during 1940-1960, but also 
coincides with the activities of the DDDs packaging 
site The much lower ratios (0.4-1.7) below 60 cm 
might reflect aerobic degradation of DDTs into DDEs 

n 
(Aguliar, 1984). The lack of anaerobic conditions as 
well as the absence of data on DDMU preclude 

m further interpretation of degradation processes (e.g., 
Quensen et al., 1998). 

4.1.2. DDTs in Sun Pablo Bay 
The post-1952 profile of DDTs in SP90-8 reflects 

what we would expect to be the history of riverine 
inputs from agricultural runoff during the period of 

intensive DDT usage, as well as declining concentra- 
tions during the period of source control (Phillips 
and Spies, 1988). DDT, DDD and DDE concentra- 
tions arc substantially higher in the San Pablo Bay 
core than in Richardson Bay. at their maximum. 
Surface sediment concentrations are similar in the 
two cores (i.e., the decline of DDTs concentrations 
from their maximum, since the ban of the compound. 
is larger in the San Pablo core than in the Richardson 
Bay). The higher maximum concentrations could 
reflect closer proximity of San Pablo Bay to agricul- 
tural inputs of DDTs. The strong influence of river 
inflows at this site is verified by a higher content of 
terrigenous alkanes (biornarkers of terrigenous plant 
input) in SP90-8 than in RB92-3 (Hostenler et al., 
1999). An enhanced influx of agricultural DDTs 
might also explain the higher ratio of DDE/DDD in 
SP90-8 cornparcd to RB92-3 at the time of maxi- 
mum input The TOC concentrations in post-1952 
sediments of San Pablo Bay (1.4-1.7%) are slightly 
greater than in Richardson Bay (0.74-1.28%) (Per- 
eira et al., 1999) and grain size is finer in bulk 
sediments. Both could enhance organic contaminant 
concentrations in SP90-8 compared to RB92-3. 
However, it is unlikely that this influence dominated, 
otherwise it would have affected surface sediments 
similar to the buried horizons. 

Percentage of DDTs in total DDTs as well as the 
ratio of DDDs to DDEs are nearly constant throuph- 
out the post-1952 horizons (Table 2). It is not sur- 
prising that the industrial DDD signature was not 
evident in SP90-8, given the greater distance from 
Lauritzen Canal. and more landward location of this 
site compared to RB92-3. The high concentrations of 
DDTs, at their maximum. in San Pablo Bay, suggest 
that agricultural inputs had a greater regional influ- 
ence on sediment contamination than did the indus- 
trial site. 

4.1.3. Non-DDT pesticides in Richardson and Sun 
Pablo Bays 

Chlordane, dieldrin and aldrin are among the 
chlorinated polycyclic hydrocarbons (Table 1 ) for- 
merly used as pesticides primarily in the control of - 
soil pests (Meams et al.. 1991). In Richardson Bay, 
these components vary from 8 to 21% of the total 
pesticides, stabilizing in the last two decades around 
11-15%. Similarly in San Pablo Bay, the post-1952 
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horizons contain these compounds at the level of 
2-2296 of the total with the last two decades contain- 
ing around 20% of the total. They were at the lowest 
level of 2 4 %  during the 1950s and 1960s when 
DDTs probably were used the most. Alpha-chlordane 
is the dominant compound of the non-DDT pesti- 
cides in the post-1940 horizon in both sites. The 
depth profiles of the non-DDT pesticides roughly 
correspond to those of the DDTs in terms of onset as 
well as decline from the peak levels (figure not 
shown here). 

4.2. Polychlorinated biphenyls (PCBs) 

The historic trends in the usage of PCBs are 
widely documented (it., Bopp et al., 1982; Olsen et 
al., 1984). Studies from the Hudson River and estu- 
ary, New York show that PCBs first appeared in 
sediments deposited in the late 1930s and their con- 
centrations exhibit subsurface maxima h m  the late 
1960s through the early 1970s with declining trends 
in the recent years. Hom et al. (1974) observed a 
steady increase in PCB? content from 1945 through 
1967 in a dated core from the anoxic sediments of 
Santa Barbara Basin collected in 1970. but no data 
exists from this site to document recent trends. 

PCBs are first detected in sediment deposited 
during the 1930's in Richardson Bay. The subsurface 
maximum suggests the peak years of deposition were 
between 1969 and 1974 in RB92-3; the subsurface 
maximum in SP90-8 is approximately 1975. Maxi- 
mum concentrations in both cores correspond to the 
period when PCB usage was at a maximum. How- 
ever. the upper level of PCBs detected in the two 
sites from San Francisco Bay is at least an order of 
magnitude less than that reported for southern Cali- 
fornia sediments (Young et al.. 1977; NOAA. 1991: 
Venkatesan. 1998). Concentrations are comparable 
to other data from the general region of San Fran- 
cisco Bay and coastal areas of Florida and Oregon 
(Phillips and Spies. 1988; NOAA. 1991). The com- 
parability of PCBs concentrations between SP90-8 
and RB92-3 indicate that inputs were diffusely asso- 
ciated with development (perhaps atmospheric 
and/or from a large number of discharges into a 
well mixed Bay). in contrast to the distinct differ- 
ences in DDTs concentrations between the cores 
during the period of maximum usage. 

The decrease in PCBs content in recent years are 
consistent with the ban on production in 1977 
(Meams et al., 1991; Valette-Silver, 1993). Waste- 
water treatment technology also improved to reduce 
solids and toxic wastes emissions beginning in the 
1970s due to the Clean Water Act of 1970-1971. 
The depth profile in FtB92-3 is similar for both total 
and selected toxic PCBs and is analogous to profiles 
observed previously for Santa Monica/San Pedro 
Basin cores (Venkatesan, 1998) and other regions. 
The elevated level of PCBs in the topmost section 
from box core and the post-1970s excursions in the 
PCBs signal cannot be fully justified by sediment 
mixing. 

The onset of DDTs contamination in FtB92-3 
lagged by almost a decade that of PCBs. This differ- 
ence coincides with the earlier start of the usage of 
PCBs. The subsurface maximum concentrations of 
DDTs and subsequent decline precedes the maxi- 
mum and decline in PCB concentrations in both 
cores. This lag also coincides with the relative timing 
in source control measures which became effective 
in 1970 and 1977 respectively for DDTs and PCBs. 
The extent of the decline in PCBs content in recent 
years (post 1980s) in both cores attests to the effec- 
tiveness of the source control measures. 

Because the histories of DDTs and PCBs input 
are better known than for most contaminants, their 
profiles may also be informative with regard to 
sedimentation processes in the cores. Because the 
chlorinated hydrocarbon profiles in the post-in-
dusmal horizon in the Richardson Bay core follow 
usage so closely, they also provide an independent 
constraint on the age of the core horizons, and help 
validate the age model based on radiochronology 
(Fuller et al.. 1999). The decline in the DDTs from 
their maximum is larger in the surface horizon of the 
SP90-8 relative to Richardson Bay. This is consistent 
with more rapid sediment deposition at SP90-8, es- 
pecially if there was less vertical mixing (Fuller et 
al.. 1999). 

4.3. Non- and mono-orrho PCBs 

The ratios of the total PCBs to non- and mono-or- 
tho PCBs fall within a narrow range of values. from 
5-8 and 3-8 in the post-indusmal sediments from 
both the sites. Ratios from pre-industrial horizons are 
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Table 3 
Inventories of chlorinated hydrocarbon wntaminanu in San Francisco Bay (ng/fm2)' 

I C m  intmal in ycan Total DDTs Total DDDs NOD-DDT pesticides Total PCBs 

Richardson Bay 
RB 92-3(org) 
1950s-1992 557 286 
1930s-1992 618 320 

San Pablo Bay 
S P  90-8(org) 
1952-1990 

'Mass/area Measured concentrarjon (ng/g) X Bulk density (g/cm')I 

sporadic covering a range from 3- a where all PCBs 
except three congeners (BZ 8,18 and 28) are close to 
LOQ or MDL.In a recent study of historical trends 
of these highly toxic PCBs in cod liver oils, the 
concentration of congener BZ 77 was found to de- 
cline in concurrence with total PCB levels in cod and 
thus appears to be metabolized and/or excreted in 
cod compared to the other congeners, BZ 126 and169 
(Falandysz et al., 1994). In view of this finding, our 
data was examined to infer trends in the degradation 
of the toxic PCBs in the sediment cores. Although 
we did not detect BZ 126 and measure 169, the other 
toxic PCBs including BZ 77, BZ 105 and 1 18 appar- 
ently covary with the total PCBs down to 60 cm in 
the core and, therefore, are at least as stable as all 
other PCBs (assuming their ratio of output has re- 
mained historically the same as that measured in the 
sediments). 

4.4. Inventories of contaminants in Sun Francisco 
Bay 

Integrated concentration (mass/area) of selected 
contaminants deposited at the core sites after 1950 
were calculated using the bulk density derived from 
total density profile (FuIler et al., 1999). Values were 
assigned to 'missing' intervals from interpolation of 
the two adjacent horizons. For core RB92-3(org), 
depth intervals were first adjusted based on density 
analysis by Gamma Ray Attenuating Porosity Evalu- 
ator (GRAPE) to account for apparent difference in 
sedimentation rate between cores. Since sediment 
density was not measured in SP90-8, a value of 1.1 1 
g/cm3 was used for calculating mass/area over the 
upper 120 cm. The total DDTs and DDDs burden 

76 1154 
90 1391 

X Thickness of the k m a l  (cm). See Fuller et al. (1999). 

from the 1950s onward in SP90-8 is about 6 times 
greater than in RB92-3(org) (Table 3). The inte- 
grated mass/arca of non-DDT pesticides and total 
PCBs are also high, 5 and 4 times larger respec- 
tively, in San Pablo Bay than in the other site. The 
difference in the PCB content is about the equivalent 
of the difference in sedimentation rates between the 
two sites (0.9 vs. 4.0 cm/year). Thus, like concen- 
trations, the inventories suggest a sourcds) (i.e., 
atmospheric inputs, discharges into a well mixed 
Bay) that is distributed relatively uniformly across 
the Bay Area. as has been reported elsewhere (Atlas 
et al., 1986; Erickson, 1992). The difference in the 
inventory of total DDD and DDTs exceeds the dif- 
ference in sedimentation rates and appears to verify 
the imponance of riverine inputs containing agricul- 
tural runoff. 

5. Conclusion 

The sediment downcore profiles of chlorinated 
pesticides and PCBs from the Richardson and San 
Pablo Bays clearly mimic the trends in the anthro- 
pogenic activities of the 1900s. The subsurface max- 
ima in the 1960-1970s. and the subsequent decline 
of the contaminant levels in the surface strata, coin- 
cide with the period of maximum urban, industrial 
and agricultural use of these chemicals and the effec- 
tiveness of recent source control of contaminants and 
improved water management practices. Whereas both 
the Bays are impacted by human activities, the core 
from San Pablo Bay, apparently, has preserved the 
historic imprints of contamination best because of 
the higher resolution in its chronology than that from 
Richardson Bay. The lag in the subsurface maximum 
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between the core profile of DDTs and PCBs coin- 
cides well with the relative timing in source control 
measures adopted for these compound classes. The 
onset of organic contamination evident at the begin- 
ning of the indusmal horizon in the Richardson Bay 
core, despite the lack of very fine resolution. p r ~  
vides a constraint on the age of the sedimen~ espe- 
cially in the upper 50 cm, independent of the age 
model based on radiochronology. 

The larger mass of total DDDs and DDTs accu- 
mulated in San Pablo than in Richardson Bay can be 
accounted for by closer proximity of the former to 
the freshwater inflows from Sacramento and San 
Joaquin Rivers draining agricultural lands. Subtle 
differences in the relative distribution of DDTs and 
the metabolites between the sediments h m  the two 
Bays indicate some industrial input of DDD to 
Richardson Bay. PCBs are more uniform in concen-
tration and follow sediment deposition more closely 
than do the DDTs, suggesting sources more uni-
formly associated with the urbanization/indusmali- 

Ization of the Bay area 
I

J 
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