
ABSTRACT

A large-scale survey on the area and depth
stratified distribution of dichlorodiphenyl-
trichloroethane (DDT, mainly p,p’- and o,p’-
dichlorodiphenyldichloroethylene (DDE)) contami-
nation in the water column of the Southern
California Bight (SCB) was conducted in 2003-2004
using a solid-phase microextraction-based sampling
technique.  Dissolved phase DDEs were clearly
widespread, with the central SCB containing the
highest levels, and the Palos Verdes Shelf sediments
have remained the dominant source of DDT com-
pounds to the SCB.  The p,p’- and o,p’-DDE concen-
trations ranged from <0.073 to 2.6 ng/L and from
<0.043 to 0.26 ng/L, respectively, clearly exhibiting
elevated with respect to measured values from across
the globe.  DDEs were hypothesized to have been
transported from the historically contaminated zone
on the Palos Verdes Shelf to other areas via a repeat-
ed process of contaminated sediment
resuspension/deposition and short-range advection.
Total mass inventories were estimated at 14 and 
0.86 kg for p,p’- and o,p’-DDE, respectively, for the
sampled area, resulting in p,p’- and o,p’-DDE mass
inventories for the entire SCB of 230 and 
14 kg, respectively.  Furthermore, total fluxes of
p,p’-DDE were estimated to be in the range of 0.8 to
2.3 metric tons per year.  These results suggest that
the SCB has been and continues to be a significant
source of DDT contamination to the global oceans.

INTRODUCTION

The coastal ocean adjacent to the greater Los
Angeles, California, area known as the Southern
California Bight (SCB) has been subject to intensive

anthropogenic impacts stemming from steady popu-
lation growth and increasing urbanization.  As a
result, more than $10 million is spent annually on
monitoring coastal water quality in the SCB.
However, prior and existing monitoring programs
have focused on the points of discharge, mainly the
outfalls of the four largest wastewater treatment
facilities in this densely populated region.
Although these monitoring programs have collected
copious amounts of high-quality data, they are
inadequate in addressing changes on a regional
scale (SCCWRP 1998).

To complement these spatially limited monitor-
ing efforts, three regional monitoring programs were
conducted in 1994, 1998, and 2003.  An integrated
approach combining chemistry, toxicology, fish biol-
ogy, benthic ecology, microbiology and physical
oceanography was utilized to assess the regional
variability of anthropogenic pollution in the SCB
(SCCWRP a - c) in these surveys.  Among the large
number of parameters measured, the levels of
dichlorodiphenyltrichloroethane (DDT) and its
metabolites were of particular concern to the coastal
management community because previous studies
showed these contaminants to be at fairly high con-
centrations in the water column (Zeng et al. 1999)
and bedded sediments (Zeng and Vendatesan 1999)
of the Palos Verdes Shelf (PVS).  This localized area
of elevated contamination presumably originated
from the discharge of residual DDT wastes via the
outfall of the Joint Water Pollution Control Plant
operated by the Los Angeles County Sanitation
District (Vendatesan et al. 1996, Stull et al. 1996).

Measurements of water column DDT concentra-
tions can provide valuable information about their
environmental fate and potential for ecological
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impacts.  Due to the ultra low levels of DDTs in
open oceanic environments, large sample volumes
would be needed to quantify their concentrations.
However, collection and handling of numerous
large-volume water samples are labor-intensive,
logistically challenging and as a result, extremely
costly (Zeng et al. 1999).

Since the introduction of solid-phase microex-
traction (SPME) as an alternative to conventional
sample preparation tools (Arthur and Pawlizyn
1990), one of its most promising applications has
been field sampling of hydrophobic organics
(Pawlizyn 1997).  While numerous SPME-based
methods have been developed for vapor- and aque-
ous-phase sampling of volatile organics, very few
methods have been developed for aqueous phase
sampling of nonvolatile compounds.  An SPME-
based sampler that had been successfully tested and
calibrated for DDTs in the oceanic environment
(Zeng et al. 2004) was recently developed.  Because
of the cost-effectiveness and operational simplicity
of this SPME-based sampling technique, it has the
potential to be used in large-scale sampling of water
column contaminants.

As a component of the SCB 2003 Regional
Survey, the goals of this study were to determine the
spatial distributions of DDT compounds in the water
column of the SCB, examine the transport and fate
of these contaminants, and estimate the mass inven-
tories and ocean-going flux of individual DDT com-
pounds.  The previously developed SPME-based
sampling technique (Zeng et al. 2004) and a statisti-
cally randomized area and depth stratified sampling
design were employed to fulfill these objectives.

METHODS

Study design
Sixty-three sites on the continental shelf (30 -

120 m depth) between Point Conception, California,
and the United States-Mexico international border
(Figure 1) were sampled between August 2003 and
March 2004.  Sites were selected in a total of four
latitudinal cross-sections using a stratified random
design (Stevens 1997).  The four strata differentiated
by latitude were designated the Northern Bight
(Point Conception to Point Dume), Santa Monica
Bay (Point Dume to Palos Verdes), San Pedro Shelf
(Palos Verdes to Dana Point), and the Southern Bight
(Dana Point to the international border).  This proba-
bilistic design, rather than investigator pre-selection,

ensured that sites were representative and could be
extrapolated to the response of the entire stratum.
For all strata, a systematic component was added to
the selection process to minimize clustering of sam-
ple sites.  The systematic element was accomplished
by placing a hexagonal grid over a map of the sam-
pling area, selecting a random sub-sample of hexa-
gon cells from this population, and obtaining one
sample at a randomly selected site within each
hexagonal grid cell (Stevens 1997).  At each site,
SPME samplers (see below) were affixed at up to
four depths: 2, 10, 20, and 35 m above the sea floor.
A fifth sample per site was collected 2 m below the
air-water interface (surface).

Sample collection
The procedures for constructing and deploying

SPME-based samplers were outlined by Zeng et al.
(2004).  Briefly, a typical SPME-based sampler con-
sisted of a glass fiber coated with poly(dimethyl-
siloxane; PDMS, 100-μm nominal thickness; part no.
57341-U, Supelco, Bellefonte, PA) supported within
a 15 x 1.5 cm2 copper casing with 8-mm holes.
SPME-based samplers were deployed in August -
October 2003, October - November 2003, January -
February 2004, and March - April 2004.  Cleaned
sampling devices were attached to a series of 6.4-
mm twisted polypropylene rope with stainless steel
hose clamps.  The mooring unit was anchored on the
seafloor by two anchor chain links and suspended in
the water column with a subsurface float.
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Figure 1.  Distribution of p,p’-DDE at 2 m above the
seafloor in the Southern California Bight.  Solid circles
represent data from the present study, while the single
open circle (station 6C on the Palos Verdes Shelf) rep-
resents an average concentration of 3.8 ng/L (n = 3)
obtained from a previous study conducted in May -?
June 2003. 



Upon deployment completion, SPME samplers
were carefully removed from the moorings.  The
fiber assemblies were detached from the copper
casing, and the PDMS-coated fiber tips were rinsed
briefly with deionized water before being retracted
into the protective sleeves.  The samplers were
placed in aluminum-foil-lined Petri dishes and
cooled with dry ice during transport to the labora-
tory where they were stored at -20°C until analy-
sis.  Overall, a total of 152 SPME samplers
(including four replicates) were recovered and suc-
cessfully processed, representing a successful sam-
pling rate of 69.4%.

Sample analysis 
Field-deployed SPME fibers were processed

using two Varian 2000 gas chromatography (GC)/ion
trap mass spectrometry (MS) systems (Varian Inc.,
Walnut Creek, CA) with thermal desorption injection
(Zeng et al. 2005).  The desorption temperature was
programmed from 100ºC to 280ºC at ~100ºC/minute
with a 40 minute hold at the maximum temperature.
Chromatographic conditions used for the GC/MS
systems were identical except for a slight difference
in carrier gas flow rates (1.0 and 1.3 ml/minute).
Chromatographic separations were made with 60 m
x 0.25 mm-id (0.25-μm film thickness) DB-5MS
columns (J&W Scientific, Folsom, CA) temperature-
programmed from 80°C (hold for 1 minute) to
176°C at a rate of 8°C/minute, followed by a ramp to
230°C at a rate of 1.5°C/minute, and a final increase
to 290°C (5°C/minute) where it was held for 21
minute.  Mass spectra were acquired from 100 to
504 m/z with a scan rate of 0.7 scans per second and
an emission current of 15 μA.

Quality assurance/quality control
Quality assurance/quality control (QA/QC) pro-

cedures adopted in this study were similar to those
used in the method development phase (Zeng et al.
2004).  In addition, a number of SPME samplers
attached to several duplicate moorings were
deployed to examine the precision of the field meas-
urements.  Of these field replicates, two moorings
with five samplers at three depths were recovered.
Analysis of the recovered replicates resulted in an
average standard relative difference of 23% for p,p’-
dichlorodiphenyldichloroethylene (DDE).
Concentrations of o,p’-DDE in these samples were
below the reporting limits.

Data analysis
As shown previously (Zeng et al. 2004), the con-

centration (     ) of an analyte in open oceans is sim-
ply related to the total amount (Nf) of the analyte
sorbed in the SPME sampler by                 , where
Kf is the partition coefficient of the analyte between
the SPME fiber and the aqueous phases and Vf is the
volume of the SPME fiber coating (PDMS) phase.
The KfVf values calibrated prior to field sampling
with the two GC/MS systems (designated as
GC/MS-1 and GC/MS-2, respectively) described
previously (Zeng et al. 2005) were 3.41 (±0.54) x
105 and 2.59 (±0.97) x 105 μL for p,p’-DDE, and
5.82 (±1.81) x 105 and 2.79 (±1.13) x 105 mL for
o,p’-DDE.  On the basis of these values and the
instrumental detection limit of 0.025 ng (both sys-
tems), the reporting limits were 0.073 and 0.097
ng/L for p,p’-DDE, and 0.043 and 0.090 ng/L for
o,p’-DDE.  The nearshore annual temperature varia-
tion was in the range of ±10°F, which translated into
a relative temperature change of less than 5%.
Therefore, temperature effects on the measured con-
centrations were negligible.

The cumulative distribution function (CDF), 

CDFj (%) = (1)

where AWF is the area weighting factor for the site-
specific hexagonal (actual) area and n denotes the
total number of areas included in the calculation,
was used to compare the concentration distribution at
different depths.  Each CDFj value was paired with
the concentration value from the jth area to generate
concentration distribution plots. 

RESULTS

Water column concentrations of p,p’-DDE
and o,p’-DDE

The sample collection information and distribu-
tion data are summarized in Table 1.  Excluding
replicates, the number of samples acquired and
processed were 43, 44, 14, 21, and 26 for the depths
of 2, 10, 20, and 35 m from the seafloor and 2-m
below the sea surface, respectively, out of 63, 63, 21,
28, and 38 SPME samplers deployed.  The p,p’-DDE
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was detected in 33, 35, 7, 13, and 8 samples corre-
sponding to these depths, representing detectable
rates of 77%, 80%, 50%, 62%, and 31%.
Concentrations of p,p’-DDE ranged from nonde-
tectable (<0.073 ng/L) to 2.58 ng/L, with area
weighted mean values (±standard errors) of 0.19
(±0.05), 0.22 (±0.04), 0.065 (±0.018), 0.049
(±0.024), and 0.053 (±0.022) ng/L, respectively, at
the five depths.  By comparison, o,p’-DDE was
detected in 11, 13, 0, 4, and 0 samples at these
same depths, representing detectable rates of 26%,
30%, 0%, 19%, and 0%, respectively.  In addition,
concentrations of o,p’-DDE ranged from nonde-
tectable (<0.043 ng/L) to 0.26 ng/L with area
weighted mean values (±standard errors) of 0.015
(±0.005), 0.015 (±0.005), 0.0051 (±0.0027), and
0.015 (±0.007) ng/L, respectively, at individual
depths.  The mean concentrations of p,p’-DDE
were similar for samples collected at the depths of
2 and 10 m, and were also similar for samples col-
lected at the other three depths.  For o,p’-DDE, the
mean concentrations were essentially identical at
the depths of 2, 10, and 35 m, the value at the 35-m
depth is based on only four samples with detectable
o,p’-DDE and thus has a substantially higher rela-
tive uncertainty.  Furthermore, no o,p’-DDE was
detected in samples collected from the depths of 20
and 2 m below the sea surface.

A comparison of water column concentrations of
DDEs from around the globe suggests that the con-
centrations of DDEs documented herein were gener-
ally at the high end of reported values (Table 1).  In
Lake Malawi of Southeast Africa, for example,
the dissolved p,p’-DDE concentration was below
0.027 ng/L (Karlsson 2000).  Maldonado and
Bayona (2002) reported p,p’-DDE concentrations of
between 0.0015 ng/L (open water) to 0.0060 ng/L

(estuary) for the northwestern Black Sea.  In the
North Sea, Bergqvist et al. (1998) obtained an aver-
age concentration of ~0.01 ng/L for p,p’-DDE fol-
lowing a flood episode in Western Europe.  In rivers
and streams draining traditionally agricultural
regions of Northern California, p,p’- and o,p’-DDE
ranged from 0.0066 to 0.23 ng/L and from nonde-
tectable to 0.019 ng/L, respectively (SFEI 1999).
At two locations in the Pearl River Delta (China), a
region that has been subject to rapid economic
expansion since the early 1980s, p,p’- and o,p’-
DDE ranged from 0.01 to 0.45 ng/L, and from
<0.008 to 0.18 ng/L, respectively (Luo et al. 2004).
Estuarine waters of the Pearl River (downstream
from the delta) and open water of the northern
South China Sea contained p,p’-DDE concentra-
tions of 0.140-0.886 and 0.039-0.054 ng/L, respec-
tively (Luo 2004).  In contrast, very high levels of
p,p’-DDE in the Pearl River Estuary (20.1 - 175 ng/L)
and South China Sea (5.85 - 29.1 ng/L) were
reported by another group of researchers (Zhang et
al. 2002).  The same group of researchers also
obtained very high concentrations of p,p’-DDE at
three other locations in China’s Daya Bay,
Guangdong Province (0.2 - 6.9 ng/L; Zhou et al.
2001), River Wuchuan, Fujian Province (25.1 -
81.4 ng/L; Zhang et al. 2002a), and Tonghui
River near Beijing (3.71 - 208 ng/L; Zhang et al.
2004). However, these extremely high levels are
deemed questionable, because the sediment-water
concentration ratios for p,p’-DDE obtained from these
studies were inconceivably low based on its Kow.

In 1989 - 1990, Iwata et al. (1993) determined
that the maximum concentration of p,p’-DDE in sur-
face seawater at locations far removed from direct
land-based sources was 0.0079 ng/L.  The mean
value for p,p’-DDE in this large-scale study of per-
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Table 1.  Deployment success and concentration distribution (minimum, maximum, and area-weighted mean;
ng/L) versus depth of p,p'-DDE and o,p'-DDE in the water column of the Southern California Bight as measured
by solid-phase microextraction samplers.



sistent organochlorines was 0.0008 ng/L (Iwata et al.
1993).  Thus, the levels of p,p’-DDE in the nearshore
region of the SCB were 1 - 2 orders of magnitude
greater than those in other coastal regions and
approximately 3 orders of magnitude higher than the
global oceanic background values reported by Iwata
et al. (1993).

Spatial distribution pattern
The highest levels of p,p’-DDE (also o,p’-DDE,

data not shown) were detected in Santa Monica
(SMB) adjacent to the PVS where sediments are
known to contain highly elevated levels of DDT
contamination (Figure 1; Stull et al. 2004, Lee
1994).  Due to the randomized nature of the sam-
pling design, no sampling site was selected for the
PVS.  However, SPME-based water column sam-
pling conducted in June - July 2003 (Zeng et al.
2004) at station 6C near the Joint Water Pollution
Control Plant outfall obtained slightly higher p,p’-
DDE and o,p’-DDE concentrations than the highest
concentration values acquired in the present study
for both the 2- and 10-m depths.  Specifically, these
concentrations of p,p’-DDE were ~4 and 2 ng/L,
whereas those of o,p’-DDE were ~0.6 and 0.3 ng/L
at the 2- and 10-m depth of station 6C, respectively
(Zeng et al. 2004).  In comparison, the highest p,p’-
DDE concentrations reported herein were 2.6 and
2.1 at the 2- and 10-m depths, respectively, and the
highest o,p’-DDE concentrations were 0.22 and 0.26
ng/L at the 2- and 10-m depths, respectively (Table 1).

The area distribution of DDEs can be assessed
from the plots of CDFs versus concentrations of
p,p’- and o,p’-DDE (Figure 2).  From a regulatory
standpoint, the California Ocean Plan (SWRCB
1997) requires that the 30-day average concentration
permitted in receiving waters off California must not
exceed 0.17 ng/L for total DDTs (sum of six DDD,
DDE and DDT isomers).  Considering only p,p’-
DDE, approximately 30% and 40% of the areas at
the depths of 2- and 10-m (Figure 2), respectively,
are in violation of this requirement.

DISCUSSION

Comparison of geographical subpopulations
With a reasonably large and equitable sample

size among strata, the randomized sampling design
utilized in this study would have allowed for a statis-
tically rigorous spatial comparison of DDE concen-
trations at each water depth.  However, the limited
number of samples with detectable target analytes

made a meaningful comparison for most of the con-
taminant-geographic subpopulation pairings impossi-
ble.  Thus, only three subpopulations (SMB, San
Pedro Shelf, and Santa Barbara) were compared for
p,p’-DDE at 2- and 10-m depths.  Data for both
DDE analytes were compared for SMB and San
Pedro Shelf at all of the depths (Table 3).  In this
assessment, some concentration values that were
below the reporting limits but identifiable by GC/MS
were included to increase the statistical power.  For
both the 2- and 10-m depths, p,p’-DDE concentra-
tions were as follows: SMB > San Pedro Shelf >
Santa Barbara.  At the other three depths, there was
no significant difference in this parameter between
SMB and the San Pedro Shelf.  For o,p’-DDE, the
contamination levels at the 2- and 10-m depths were
similar for SMB and the San Pedro Shelf.
Meaningful comparisons at the other depths were
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Figure 2.  Cumulative distribution functions (CDFs) of
p,p’-DDE (A) and o,p’-DDE (B) at various water column
depths.  Also marked in part A is the 30-day average
concentration of 0.17 ng/L for DDTs permitted in
receiving waters off California.



precluded by a lack of o,p’-DDE detections.  One
salient feature of these data is the apparent decreas-
ing trend in mean DDE concentrations (both iso-
mers) between 10 m from the seafloor and 2 m
below the sea surface (Table 3).  Moreover, mean
DDE concentrations were significantly lower at the
surface than at the other depths.  This vertical con-
tamination gradient in DDE concentrations, observed
in previous studies, has been attributed to the rela-
tively large reservoir of contaminants in SCB bedded
sediments (Zeng et al. 1999, Zeng  et al. 2004).

Transport and fate of DDEs in the Southern
California Bight

Previous studies suggest that contaminated sedi-
ments on the PVS and two dumpsites in the Santa
Monica Basin are dominant sources of DDTs in the
SCB (Zeng et al. 1999, Zeng et al. 1999a,
Venkatesan et al. 1996, Sherwood et al. 2002).
Because of their location in deep water (800 m),
however, the dumpsites are not expected to exert
much impact on nearshore areas.  The clustering of
the highest water column DDE concentrations
on/near the PVS (Figure 1) strongly indicates that
the PVS sediments remain as the primary source of
DDTs within the SCB.  Moreover, there are indica-
tions that the elevated concentrations associated with
the southeastern part of SMB are linked to present-
day contaminated sediments on the slope of Redondo
Canyon bordering SMB and the PVS (Bay et al.

2003).  Long-range transport from the PVS to SMB
was proposed as a viable mechanism causing the dis-
tribution pattern (Bay et al. 2003).  The results from
the present study are consistent with this proposed
mechanism, thereby reinforcing the hypothesis that
PVS sediments remain as the dominant source of
DDT contamination to the nearshore environment.

In areas of the SCB that are relatively distant
from the PVS, the presence of DDEs is thought to be
a consequence of a repeated cycle of sediment resus-
pension/deposition and a short-range advection that
gradually disperses DDEs from the initial deposition
zone.  This hypothesis was corroborated by correla-
tion between organic carbon normalized sediment
concentrations of p,p’- and o,p’-DDE and dissolved
concentrations at the 2-m water depth (Figure 3).
In the absence of significant contaminant transport
from outside the PVS area, these correlations sug-
gest a direct link between sediment and the overly-
ing water column, i.e., the water column DDEs
were derived from the same (sedimentary) source.
Therefore, the transport of DDEs via the water col-
umn is sufficiently slow and limited in range so as
to maintain sufficient interaction between the sedi-
ments and the water.

Water column mass inventory of DDE
The total masses of p,p’- and o,p’-DDE in the

water column of the SCB were estimated using the
SPME measured concentrations and area-weighting
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Table 2.  Comparison of global water column levels (ng/L) of p,p'- and o,p'-DDEa.



strategy described in the Methods section.  This task
was made difficult by the unexpectedly large number
of SPME samplers lost during deployment and the
additional number of recovered samplers with non-
detectable DDEs.  To overcome these issues, the
concentration distribution with respect to depth was
assumed uniform in two depth horizons.  Water col-
umn concentrations in the first horizon (between 0
and 10 m from the seafloor) was expressed as the
mean of the 2- and 10-m depth concentrations, or C
= [C(2 m) + C(10 m))/2, where C(2 m) and C(10 m)
were the measured analyte concentrations at 2 and
10 m, respectively.  From 10 m above the seafloor to
the surface, the concentration was approximated as
C’ = [(C(z) + C(surface)/2) where C(surface) was the
analyte concentration at 2 m below the sea surface
and C(z) was the concentration at depth z.  Assuming

AWF was the actual area of a specific sampling area
in this study, the mass inventory within an area with
AWF was estimated from AWF x [10 x C + (water
column depth - 10) x C’].

Through the use of this approach, the mass
inventories of p,p’-DDE and o,p’-DDE were esti-
mated at 11 and 0.68 kg, respectively, for a total of
52 sampling sites, representing 78.8% of the total
sampling area.  By extending the assumption of
continuous DDE concentrations to the entire sam-
pling area (~1,820 km2), the corresponding mass
inventories were 14 and 0.86 kg, respectively.  These
estimates appear consistent with the previously esti-
mated total dissolved DDT mass of ~0.8 kg in the
water column of the PVS (~18 km2; Zeng et al.
1999), where water column p,p’-DDE was approxi-
mately one order of magnitude higher than the
mean values for Santa Monica Bay and the San
Pedro Shelf in this study (Table 3).

To extend these estimates to the entire SCB, con-
centrations representing bight-wide averages for p,p’-
and o,p’-DDE were assumed to be 0.005 and 0.0003
ng/L, respectively.  These were considered reasonable
based on interpolation of the measured concentration
data (Tables 1 and 2) and the background concentra-
tion of p,p’-DDE of 0.0008 ng/L for the North Pacific
(Iwata et al. 1993).  The volume of the SCB was esti-
mated at 4.5 x 1013 m3 with a digital elevation model,
ETOPO-5, using a grid of 5-minute latitude and longi-
tude resolutions (NGDC 1988).  Therefore, the mass
inventories of p,p’- and o,p’-DDE were estimated at
230 and 14 kg, respectively.

It should be noted that the mass inventory esti-
mates carry some degree of uncertainty stemming
from the variability in the analytical procedures, the
assumption of continuous distribution of DDEs
throughout the entire sampling area, and the use of
average concentrations of p,p’-DDE (0.005 ng/L)
and o,p’-DDE (0.0003 ng/L) for the entire SCB.  To
quantify the uncertainty, however, is virtually impos-
sible given the large number of factors involved and
the unknown variability associated with each factor.
As a result, the mass inventory estimation was
intended to provide qualitative constraints for water
quality assessment. 

Fluxes of DDEs across the Southern
California Bight

In light of the widespread distribution of elevat-
ed DDEs in the water column of the SCB, the role of
this body of water as a potential contaminant source
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Figure 3.  Correlation between geographically
matched pairs of organic carbon normalized sedi-
ment concentration for p,p’-DDE (A) and o,p’-DDE (B)
and aqueous concentrations at the 2-m depth above
the sediment-water interface throughout the
Southern California Bight.
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to the adjacent open ocean was further investigated
by estimating mass fluxes.  In an attempt to con-
strain such estimates based on parameters with large
uncertainties in some cases, two different estimation
methods were performed.  

The first method estimated mass fluxes of p,p’-
and o,p’-DDE using published water turnover rates.
According to Hickey (1993), the entire SCB is
flushed within a few weeks during extreme condi-
tions.  In other words, the SCB water column can be
completely exchanged 5 to10 times per year.  For the
previously estimated total inventories for p,p’- and
o,p’-DDE of 230 and 14 kg, the resultant correspon-
ding annual fluxes were 1.2 - 2.3 metric tons and 69
- 140 kg, respectively.  Because these estimates were
based on extreme fluctuation conditions, the average
annual fluxes of DDEs are expected to be lower.
The uncertainty in these estimates mainly stems from
the difficulty in obtaining an accurate water flux rate
due to the complex oceanic conditions in the SCB
(Hickey 1993).

The second method employed Fick’s Law to
estimate the flux F (Crank 1975):

F = -Akh (2)

where A is the cross-sectional area of water
exchange (approximated as 1000000 m x 2000 m = 
2 x 109 m2), kh is the horizontal eddy diffusivity

(assumed to be 103 m2/s for SCB (Ledwell et al.
1998)), and       is the gradient of solute (p,p’-DDE)
across the flux boundary.  This gradient was repre-
sented as the decrease of 0.0042 ng/L from the
SCB (0.005 ng/L average) to the open ocean
(0.0008 ng/L) over a 300-km boundary layer,
which corresponds to the average width of the
California Current (Hickey 1993).  Through the use
of Equation 2, the annual flux of p,p’-DDE out of
the SCB was estimated at 0.84 metric tons.  Through
the use of the inventory ratio of p,p’-DDE versus
o,p’-DDE, the corresponding flux of o,p’-DDE was
50 kg.  The uncertainty in these estimates resulted
from the large range of possible eddy diffusivities,
and to a lesser extent from an inaccurate concentra-
tion gradient.  Nevertheless, the fluxes of DDEs esti-
mated from the two independent methods were quite
comparable.

Prior to 1971 when use of DDT compounds was
banned, approximately 1700 metric tons of DDTs
were discharged into the PVS through wastewater
outfalls (USEPA).  Including all DDT inputs, on the
order of 2000 metric tons of DDTs have been dis-
charged into the coastal ocean off southern
California.  Because DDT residues found in the vast
majority of the SCB sediments contain a high per-
centage of p,p’-DDE, the flux of total DDT is cur-
rently estimated at ~ 1 metric tons per year.  As mass
fluxes likely have decreased with the decline in DDT
production/discharge since the 1970s (Steinberger et
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Table 3.  Area-weighted mean concentrations and standard errors (ng/L) of p,p'-DDE and o,p'-DDE at various
depths of the water column within three major geographical areas of the Southern California Bight.



al. 2003), a total of 10 metric tons is a reasonable
estimate for DDTs that have entered the global
oceans from the SCB.  This amount corresponds to a
0.14 pg/L contribution to the global oceanic DDT
concentration if these DDTs are evenly distributed in
the upper 200 m of the water column, or roughly
18% of the background concentration measured in
the North Pacific by Iwata et al. (1993).  If correct,
the SCB has indeed been a significant source of
DDTs to the global environment.

LITERATURE CITED

Arthur, C.L. and J. Pawliszyn.  1990.  Solid phase
microextraction with thermal desorption using fused sili-
ca optical fibers.  Analytical Chemistry 62:2145-2148.

Bay, S. M., E.Y. Zeng, T.D. Lorenson, K. Tran
and C. Alexander.  2003.  Temporal and spatial
distribution of contaminants in sediments of Santa
Monica Bay, California.  Marine Environmental
Research 56:255-276.

Bergqvist, P. A., B. Strandberg, R. Ekelund, C.
Rappe and A. Granmo.  1998.  Temporal monitoring
of organochlorine compounds in seawater by semi-
permeable membrane following a flooding episode
in western Europe.  Environmental Science and
Technology 32:3887-3892.  

California State Water Resources Control Board
(SWRCB).  1997.  California Ocean Plan.
Sacramento, CA.

Crank, J.  1975.  The Mathematics of Diffusion.
Oxford University Press.  New York, NY.

Hickey, B. M.  1993.  Physical Oceanography.  pp.
19-70 in: M.D. Dailey, D.J. Reish and J.W. Anderson
(eds.), Ecology of the Southern California Bight: a
Synthesis and Interpretation.  University of
California Press.  Berkeley, CA. 

Iwata, H., S. Tanabe, N. Sakai and R. Tatsukawa.
1993.  Distribution of persistent organochlorines in the
oceanic air and surface seawater and the role of ocean
on their global transport and fate.  Environmental
Science and Technology 27:1080-1098.

Karlsson, H., D.C.G. Muir, C.F. Teixiera, W.M.
Strachan, R.E. Hecky, J. Mwita, H.A. Bootsma,

N.P. Grift, K.A. Kidd, B. Rosenberg.  2000.
Persistent chlorinated pesticides in air, water, and
precipitation from the Lake Malawi area, southern
Africa.  Environmental Science and Technology
34:4490-4495.

Ledwell, J.R., A.J. Watson and C.S. Law.  1998.
Mixing of a tracer in the pycnocline.  Journal of
Geophysical Research 103:21499-21529.

Lee, H. J.  1994.  The Distribution and Character of
Contaminated Effluent-Affected Sediment, Palos
Verdes Margin, Southern California.  Expert report.
US Geological Survey.  Menlo Park, CA.

Luo, X. J.  2004.  A study of PAHs and OCPs on
water body and sediments of rivers in Pearl River
Delta, Pearl River estuary and offshore of South
China Sea.  Ph.D. Dissertation, Guangzhou Institute
of Geochemistry.  Guangzhou, China.

Luo, X. J., B.X. Mai, Q.S. Yang, J.M. Fu, G.Y.
Sheng and Z.S. Wang.  2004.  Polycyclic aromatic
hydrocarbons (PAHs) and organochlorine pesticides
in water columns from the Pearl River and the
Macao harbor in the Pearl River Delta in South
China.  Marine Pollution Bulletin 48:1102-1115.

Maldonado, C. and J. M. Bayona.  2002.
Organochlorine compounds in the north-western
Black Sea water: distribution and water column
process.  Estuarine, Coastal and Shelf Sciences
54:527-540.

National Geophysical Data Center (NGDC).  1988.
ETOPO-5 Bathymetry/Topography Data (Data
Announcement 88-MGG-02).  National Oceanic and
Atmospheric Administration, US Department of
Commerce.  Boulder, CO. 

Pawliszyn, J.  1997.  Solid Phase Microextraction:
Theory and Practice.  Wiley-VHC.  New York, NY.

San Francisco Estuary Institute (SFEI).  1999.
Regional Monitoring Program Annual Results.
http://www.sfei.org/rmp/1999/RMP99_Results.pdf.

Sherwood, C. R., D.E.Drake, P.L. Wiberg and R.A.
Wheatcroft.  2002.  Prediction of the fate of p,p’-DDE
in sediment on the Palos Verdes shelf, California,
USA.  Continental Shelf Research 22:1025-1058.

Distribution and mass inventory DDE in the SCB - 115



Southern California Coastal Water Research Project
(SCCWRP).  1994 Southern California Bight Pilot
Project Documents. http://www.sccwrp.org/region-
al/94scbpp/94docs.html. 

Southern California Coastal Water Research Project
(SCCWRP).  1998 Regional Survey Documents.
http://www.sccwrp.org/regional/98bight/98docs.html.

Southern California Coastal Water Research Project
(SCCWRP).  1998.  Southern California Bight 1994
Pilot Project: I. Executive Summary.  Southern
California Coastal Water Research Project.
Westminster, CA.

Southern California Coastal Water Research Project
(SCCWRP).  Bight Project 2003.
http://www.sccwrp.org/regional/03bight/03docs.html.

Steinberger, A. and K.C. Schiff.  2003.
Characteristics of effluents from large municipal
wastewater treatment facilities between 1998 and
2000.  pp. 2-13 in: S.B. Weisberg and D. Elmore
(eds.), Southern California Coastal Water Research
Project Biennial Report 2001-2002.  Southern
California Coastal Water Research Project.
Westminster, CA. 

Stevens, D.L., Jr.  1997.  Variable density grid-based
sampling designs for continuous spatial populations.
Environmetrics 8:167-195. 

Stull, J.K., D.J.P. Swift and A.W. Niedoroda.  1996.
Contaminant dispersal on the Palos Verdes continen-
tal margin: I. Sediments and biota near a major
California wastewater discharge.  Science of the
Total Environment 179:73-90.

US Environmental Protection Agency Region 9
(USEPA).  2005.   Cleaning up the Palos Verdes Shelf.
http://www.epa.gov/region09/features/pvshelf/.

Venkatesan, M.I., G.E. Greene, E. Ruth and A.B.
Chartrand.  1996.  DDTs and dumpsite in the Santa
Monica Basin, California.  Science of the Total
Environment 179:61-71.

Zeng, E.Y., C.C. Yu and K. Tran.  1999.  In situ
measurements of chlorinated hydrocarbons in the
water column off the Palos Verdes Peninsula,
California.  Environmental Science and Technology
33:392-398.

Zeng, E.Y. and M.I. Venkatesan.  1999a.  Dispersion
of sediment DDTs in the coastal ocean off southern
California.  Science of the Total Environment
229:195-208.

Zeng, E. Y., D.Tsukada and D.W. Diehl.  2004.
Development of a solid-phase microextraction-based
method for sampling of persistent chlorinated hydro-
carbons in an urbanized coastal environment.
Environmental Science and Technology 38:5737-5743.

Zeng, E. Y., D. Tsukada, J.A. Noblet and J. Peng.
2005.  Determination of poly(dimethylsiloxane)
(PDMS)-seawater distribution coefficients for poly-
chlorinated biphenyls and chlorinated pesticides by
solid phase microextraction.  Journal of
Chromatography A 1066:165-175.

Zhang, Z., M. Dai, H. Hong, J.L. Zhou and G.Yu.
2002.  Dissolved insecticides and polychlorinated
biphenyls in the Pearl River Delta Estuary and South
China Sea.  Journal of Environmental Monitoring
4:922-928.

Zhang, Z., H. Hong, J.L. Zhou, G. Yu, W. Chen and
X. Wang.  2002a.  Transport and fate of organochlo-
rine pesticides in the river.  Journal of
Environmental Monitoring 4:435-441.

Zhang, Z., J. Huang, G. Yu and H. Hong.  2004.
Occurrence of PAHs, PCBs and organochlorine pes-
ticides in the Tonghui River of Beijing, China.
Environmental Pollution 130:249-261. 

Zhou, J. L., K. Maskaoui, Y.W. Qiu, H.S. Hong and
Z.D. Wang.  2001.  Polychlorinated biphenyl con-
geners and organochlorine insecticides in the water
column and sediments of Daya Bay, China.
Environmental Pollution 113:373-384.

ACKNOWLEDGEMENTS

The authors are indebted to the Steering Committee
of the Southern California Bight 2003 Regional Survey
for insightful guidance and opinions; with sincere
appreciation to Willie McCarthy and Dennis Wayranch
of SEAWORLD (University of California, Los
Angeles, CA) and Tom Pesich of Enchanter IV for field
assistance, Valerie Raco-Rands for drawing Figure 1,
and Nikolay Nezlin for assistance in running the digital
elevation model ETOPO-5.  Support of E.Y.Z. by the
“One Hundred Talents” Program of the Chinese
Academy of Sciences is gratefully acknowledged. 

Distribution and mass inventory DDE in the SCB - 116




