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EXECUTIVE SUMMARY 
 
In this study, a single region, two-compartment mass balance model was applied 

to San Francisco Bay to improve our understanding of the long-term fate of the 
organochlorine (OC) pesticides, DDT, chlordane, and dieldrin. This study summarized 
the current state of knowledge of OC pesticides in San Francisco Bay, estimated overall 
residence times and long-term fate of pesticides in response to varying magnitudes of 
loading, and identified important characteristics, processes, and pathways of removal that 
require further investigation and evaluation for improving modeling capability. Although 
there are considerable uncertainties associated with applying the current model to the 
Bay, it is a valuable tool for environmental scientists and managers to use in 
understanding major processes affecting the fate of pesticides and the time scales of 
recovery in the Bay. 
 
 Model results indicate that the overall persistence, measured as overall residence 
times at steady state, of OC pesticides decreases in the following order: ΣDDT > 
Σchlordane > dieldrin. The overall residence times at steady state (TOV) ranged from 3.1 
to 6.5 years for DDT compounds and 0.07 to 1.8 years for chlordane compounds. The 
overall residence time for dieldrin was approximately 0.4 years. Long-term model 
forecasts of total pesticide mass in the Bay showed that with no future pesticide loading, 
DDT has greater mean lifetimes within the Bay system compared to other pesticides. 
Compared to the modeled pesticides, however, the model indicates that the mean 
chemical lifetime in the combined water and sediment system is longer for a high-
molecular-weight PAH (benzo[b]fluoranthene) and a moderately high-molecular-weight 
PCB (PCB 118). Since OC pesticides are no longer produced, unlike PAHs, and less 
persistent than PCBs, the model suggests that the benefits of improving water quality and 
reducing concentrations in fish would be more readily apparent for pesticides than for 
PCBs or PAHs in response to management actions that reduced loading from internal and 
external sources. 

 
Forecast recovery curves indicate that prevention of future pesticide loading 

would eliminate these pesticides from the Bay within a matter of decades. Approximately 
95% of the current mass of DDTs, chlordanes, and dieldrin would be removed from the 
Bay within 25, eight, and six years, respectively. Model forecasts indicate that 
degradation in sediment is an important pathway of removal of all pesticides, while 
outflow through the Golden Gate and volatilization to the atmosphere are also important 
mechanisms of removal. In terms of management of the Bay, model results suggest that 
efforts that successfully reduce pesticide loading from external pathways, as well as from 
internal sources of remobilized deposits, may achieve large-scale reductions in pesticide 
contamination in relatively short time scales. 
 
 Long-term model forecasts of total pesticide mass in the Bay also showed that 
with continued loading of a constant magnitude, a steady-state condition would be 
reached in which pesticide mass in the Bay would remain constant. According to model 
forecasts, constant loading of approximately 30 kg yr-1 of ΣDDT, 15 kg yr-1 of 
Σchlordane, and 15 kg yr-1 of dieldrin would never allow greater than a 50% reduction in 
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the initial mass of pesticides. In addition, model forecasts provided estimates of the 
approximate magnitude of constant loading required to maintain the current mass of 
pesticides in the Bay: 60-70 kg yr-1 of ΣDDT, 20-40 kg yr-1 of Σchlordane, and 30 kg yr-1 
of dieldrin. In this context, the model provides upper bounds of pesticide loading to the 
Bay if it is assumed that pesticide loading is decreasing or at worst remaining constant.  
 

When compared to estimates of actual pesticide loading to the Bay, the upper 
bound modeled loads of ΣDDT and Σchlordane are of similar magnitude. With respect to 
dieldrin, the best estimate loads are approximately one-third of the upper bound modeled 
load. This general agreement between estimated loads and the range of forecasted model 
loads suggests that the model presents plausible scenarios of how the Bay responds to 
continued inputs of OC pesticides; however, the use of loading estimates to accurately 
predict whether pesticide mass in the Bay is changing (i.e., decreasing or increasing) or 
staying constant would require a much greater degree of accuracy in the model and 
estimated loads than is currently available. 
 

Given that the pesticides included in this study are sparingly soluble in the water 
column and have high affinity for organic material associated with sediment, their 
removal relies heavily on characteristics of the sediment. Several key parameters were 
associated with both high influence on model sensitivity and high variability in estimated 
values. The influence of initial concentrations of pesticide in sediment reflects an 
important limitation of using single average concentrations to represent the truly 
heterogeneous concentrations measured in water and sediment throughout the Bay. 
Similarly, treatment of the active sediment layer as a compartment of uniform depth 
presents another limitation that requires further investigation. Accordingly, future 
modeling efforts aimed at improving our understanding of pesticide fate require more 
accurate estimation of input parameters describing processes and properties of the bottom 
sediment of the Bay. 

 
Monitoring data suggest that past decreases in pesticide loading led to subsequent 

declines in concentrations in biota; however, more recent trends are less apparent. 
Therefore, questions remain as to whether reductions in loading and contamination are 
still occurring and what effect does internal cycling of pesticides have on dampened 
trends in recent years. In particular, significant uncertainties in the magnitude of 
continued loading from tributaries that drain the local watersheds and Central Valley 
cause substantial variation in projected recovery rates of the Bay. Accordingly, answering 
these questions is especially important with respect to using a multimedia model to 
accurately predict the long-term fate of pesticides based on recent trends in 
contamination. Furthermore, a more spatially and temporally explicit modeling approach 
is needed to make proper management decisions between source reduction efforts aimed 
at internal and/or external sources and allowing for natural attenuation of pesticide 
contamination in the Bay. 
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I. INTRODUCTION 

Organochlorine (OC) pesticides are persistent organic chemicals of current 
environmental concern in San Francisco Bay due to their persistence in the ecosystem 
and their potential deleterious effects on wildlife and human health. The OC pesticides of 
specific concern for regulation and management in the Bay are the DDT compounds 
(including the o,p’- and p,p’-isomers of DDT, DDE, and DDD), the chlordanes 
(including alpha-chlordane, gamma-chlordane, cis-nonachlor, trans-nonachlor, 
oxychlordane, heptachlor, and heptachlor epoxide), and dieldrin. All of these pesticides 
are neurotoxicants that also affect reproductive development and are classified by the 
U.S. EPA as probable carcinogens (USEPA, 2000). These pesticides have also been 
implicated as endocrine disruptors (Arnold et al., 1996; Soto et al. 1995).  

 
Beginning in the 1940s, OC pesticides were used primarily as insecticides for 

agricultural applications and were also used for pest control and mosquito abatement in 
urban areas. OC pesticides have been widely distributed throughout the state and the San 
Francisco Bay watershed due to extensive agricultural activity and the rapid growth of 
urban areas in the period in which they were used (Mischke et al., 1985; Law and 
Goerlitz, 1974). In the 1980s, the San Joaquin River and its tributaries had some of the 
highest concentrations of DDT measured in any major river system in the United States 
(Gilliom and Clifton, 1990). Potential health effects and ecological concerns led to 
reductions in use of DDT in California beginning in 1963 (Mischke et al., 1985) and a 
federal ban on DDT use a decade later in 1972 (USEPA, 2000). Similar restrictions were 
placed on production and use of chlordane and dieldrin in 1975 and 1974, respectively. 
The EPA canceled all uses of dieldrin in 1989 (USEPA, 1990), while the commercial sale 
of chlordane continued through 1988 (USEPA, 1988). 

 
Decades after the implementation of restrictions or bans on use of these 

pesticides, concentrations measured in water and fish collected from the Bay continue to 
exceed guidelines established to protect human health. In 1994, concentrations of DDT, 
chlordane, and dieldrin in sport fish collected from the Bay were higher than fish 
screening values (Fairey et al., 1997). High concentrations of these pesticides, and other 
bioaccumulative contaminants, such as mercury, PCBs, and dioxins, led the California 
Office of Environmental Health Hazard Assessment (OEHHA) to issue an interim sport 
fish consumption advisory for fish caught in San Francisco Bay (OEHHA, 1994). This 
health advisory remains in place and has led to the listing of all segments of San 
Francisco Bay on the Clean Water Act Section 303(d) list of impaired water bodies for 
impairment by DDT, chlordane, and dieldrin. At the time of the most recent revision to 
the 303(d) list in 2002, OC pesticides were listed as “low priority” and were not currently 
scheduled for TMDL development (SWRCB, 2003). 
 

Since the time of restrictions, there have been significant declines in 
concentrations measured in sediment cores (Venkatesan et al., 1999), bivalves (Gunther 
et al., 1999), and sport fish (Greenfield et al., 2002) in San Francisco Bay. Despite such 
declines in Bay sediment and biota, studies have found continued inputs of OC pesticides 
to the Bay via Central Valley runoff (Bergamaschi et al., 2001), runoff from creeks and 
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storm drains in the local watersheds (Leatherbarrow et al., 2002; McKee et al., 2004; 
KLI, 2002), and wastewater effluent (Yee et al., 2001). There is also evidence of 
continued cycling of contaminated sediment from historic deposits (e.g., a former 
pesticide packaging plant on the Lauritzen Canal in the Richmond Harbor: Pereira et al., 
1996; Anderson et al., 2000). 
  

To understand the long-term impacts of persistent contaminants in the Bay, a five-
year review of the RMP conducted in 1997 recommended that the RMP begin developing 
mass budget models (Bernstein and O’Connor, 1997). Modeling efforts were initiated in 
a study that predicted the long-term fate of PCBs in the Bay (Davis, 2004) and continued 
in a study on the fate of PAHs by Greenfield and Davis (2005). This report presents the 
third application of the mass budget model to understand the fate of OC pesticides in San 
Francisco Bay. The objectives of this study are to apply the regional model to the Bay 
using input data for specific chemical properties of DDT, chlordane, and dieldrin to: (1) 
synthesize existing information and data on OC pesticides in the Bay; (2) estimate 
residence times and removal rates of OC pesticides in the Bay under varying magnitudes 
of loading; (3) identify the dominant processes of removal for each pesticide; and (4) 
compare model results with existing data on trends and loading. 

 

II. THE MODEL 

OVERVIEW 
The model used in this study and previous studies for San Francisco Bay was 

based on a model developed by Mackay et al. (1994) and Gobas et al. (1995) to predict 
the fate of PCBs in Lake Ontario. The model was modified and applied to San Francisco 
Bay by Davis (2004) to understand the long-term fate of PCBs in the Bay and then 
applied in a second RMP modeling study to understand the fate of PAHs (Greenfield and 
Davis, 2005).  
 

The model treats San Francisco Bay as a single region with two major 
components: the water column and sediment (Figure 1). The sediment compartment is 
designated as the active sediment layer that interacts with the overlying water column and 
rests above a mass of buried sediment that serves as a sink for contaminants. The regional 
mass balance approach assumes that exchange of pesticide mass between compartments 
is more important than spatial variations in concentration, which are neglected in the 
model. As a result, the model assumes that each compartment is represented by a single 
average concentration. 
 

The model accounts for five major pathways of addition or removal of pesticides 
to the Bay: pesticide loading to the Bay, outflow to the Pacific Ocean through the Golden 
Gate, volatilization to the atmosphere, permanent burial in sediment, and degradation via 
biotic or abiotic mechanisms. The loading term in the model encompasses all inputs from 
various external pathways, which may include runoff from the Central Valley and the 
local watersheds, wastewater effluent, and atmospheric deposition, as well as internal 
inputs of historic in-Bay deposits through erosion or dredging of buried sediment. 
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Figure 1.  Diagram of OC pesticide fate in San Francisco Bay showing processes 

included in the model. 
 

 
In addition to movement of OC pesticides into and out of the Bay, there are 

several processes that account for transfer between water and sediment. These processes 
include diffusion between sediment and porewater and the settling or resuspension of 
particle-associated pesticides. 
  

The model uses two governing equations to calculate the change in contaminant 
mass in both the water column and sediment: 
 

ΔMW /Δt = L + (kSW1 + kSW2) * MS – (kV + kO + kWR + kWS1+ kWS2)* MW (1) 
 
ΔMS /Δt = (kWS1 + kWS2) * MW – (kSW1 + kSW2+ kB + kSR)* MS  (2) 

 
where: 
 MW  = mass of pesticides in water (kg) 
 MS  = mass of pesticides in sediment (kg) 
 t = time (d) 
 L = rate of pesticide loading to the water column (kg d-1) 
 kSW1 = rate of solids resuspension (d-1) 
 kSW2 = rate of sediment-to-water diffusion (d-1) 

kV = rate of volatilization (d-1) 
 kO = rate of outflow to the Pacific Ocean (d-1) 

kWR = rate of degradation in water (d-1) 
 kWS1 = rate of solids settling (d-1) 
 kWS2 = rate of water-to-sediment diffusion (d-1) 

kB = rate of burial in sediment (d-1) 
 kSR = rate of degradation in sediment (d-1) 
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The equations describe the change in mass per unit time of pesticides in the water 
column (ΔMW /Δt) and sediment (ΔMS /Δt) on a daily time step with respect to rate 
constants (k) of important processes and external loading (L). The OC pesticide mass in 
the water column increases by addition of mass through loading (L) and inputs from the 
active sediment layer (kSW1 and kSW2) and decreases by removal of mass through 
volatilization (kV), outflow (kO), degradation (kWR), and loss to the active sediment layer 
(kWS1 and kWS2). Similarly, the OC pesticide mass in the active sediment layer increases 
by addition of mass from inputs from the water column (kWS1 and kWS2) and decreases by 
removal of mass through degradation (kSR), burial (kB), and loss to the water column 
(kSW1 and kSW2). 

 
The model was used to compare the overall persistence of individual pesticides, 

including components of DDT and chlordane, within the Bay and evaluate their long-
term fate under various loading scenarios. In this study, overall persistence was evaluated 
in terms of overall residence times at steady state as described in previous studies on 
multimedia models (e.g., MacLeod and McKone, 2004; Bennett et al., 1999). The overall 
residence time (TOV) is the residence time of a contaminant being removed from a 
modeled system through chemical transformation and degradation, and physical 
advection. It is defined as the reciprocal of the overall loss rate (kOV) of pesticide removal 
from the system. These parameters are derived for a two-compartment system using the 
following equations: 

 
ΤOV = 1/kOV          (3) 
 
kOV =  (MW kW + MS kS)/( MW + MS)     (4) 

 
where: 
 kW  = rate of pesticide removal from Bay via water compartment 
 kS = rate of pesticide removal from Bay via sediment compartment 
 
 Based on the above equations, kOV and TOV represent overall loss rates and 
residence times, respectively, that are weighted in proportion to the mass fraction in each 
compartment. For example, a pesticide with its greatest proportion of total mass residing 
in the active sediment layer, as is expected for all modeled pesticides in this study, will 
have its loss rate from sediment (kS) more heavily weighted in determining the overall 
loss rate (kOV). This approach provides a more realistic measure of overall persistence of 
chemical contaminants in multimedia environments than a single media (or compartment) 
approach (Webster et al., 1998). 
 

In this model, kW is the overall rate of pesticide removal from the water column 
via degradation in water (kWR), volatilization (kV), and outflow through the Golden Gate 
(kO). Similarly, kS is the overall rate of pesticide removal from the active sediment layer 
via degradation in sediment (kWS) and burial (kB). Rates of inter-media transfer of 
pesticides between water and sediment (i.e., diffusion, settling, and resuspension) are not 
included in calculations of overall residence times because no net removal of pesticides 
from the system occurs; however, these parameters are important in distributing 
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pesticides between the two compartments, which in turn, influences the overall 
persistence of pesticides in the Bay. 

 
 

INPUT DATA 
Input data for the model were selected based on a review of available literature to 

obtain best estimates of physical and chemical characteristics of San Francisco Bay and 
pesticides. Rate constants (k) describing important processes that control the fate of 
pesticides were calculated in the model using best estimates of individual model 
parameters. Equations used in this model to calculate rate constants for San Francisco 
Bay are described in detail in Davis (2004) and are listed in Table 1. The simplicity of the 
model and uncertainties associated with past and current loadings and concentrations 
preclude validation of the model. Moreover, the application of robust uncertainty 
analyses is beyond the scope of this initial effort. However, sensitivity analyses were 
conducted for modeled parameters to determine the extent to which model results vary in 
response to variation in the input parameters. 
 
Selection of OC pesticides 

 DDT and chlordane were originally produced and sold as technical mixtures of 
several individual chemicals (Dearth and Hites, 1991; WHO, 1989). The mass of ΣDDT 
in San Francisco Bay is significantly weathered and comprised mostly of DDD and DDE 
compared to the original DDT mixtures that were primarily comprised of o,p’- and p,p’-
DDT (Table 2). This is primarily due to transformation of DDT to DDE under aerobic 
conditions and to DDD under anaerobic conditions. There are also direct inputs of DDD 
as result of its previous use as a pesticide. As discussed later, the transformation of DDT 
compounds to DDE or DDD compounds was not explicitly included in model 
formulations, but implicitly included in overall degradation rates in water and sediment. 
 

Predominant chlordane compounds found in Bay water and sediment include 
alpha-chlordane, gamma-chlordane, and trans-nonachlor. Input values based on the 
abundant compounds of DDT and chlordane were chosen to reflect the change in total 
mass per time in the Bay in the modeling scenarios for which pesticide loading varied 
over 20-year time periods. Modeling was conducted using input data for p,p’-DDE and 
p,p’-DDD to represent ΣDDT and alpha-chlordane, gamma-chlordane, and trans-
nonachlor to represent Σchlordane. In addition to comprising large fractions of ΣDDT 
and Σchlordane in Bay water and sediment, these compounds are also highly resistant to 
degradation or transformation compared to other compounds, and thus, are more likely to 
persist in the Bay over the long term. 
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Table 1. Equations used for calculation of rate constants in the model. 

Rate Constants: 
kO = [F/(1000XW)]*PESTO/PESTA   (outflow rate constant; d-1)   
kV = SAWφDWVE/XW    (volatilization rate constant ; d-1)  
kWR = obtained from literature  (degradation in water rate constant; d-1)  
kSR = obtained from literature   (degradation in sediment rate constant; d-1)  
kWS = kWS1 + kWS2    (water to sediment transport rate constant; d-1) 
kSW = kSW1 + kSW2    (sediment to water transport rate constant; d-1) 
kB = SASVB(1- φDS)/XS   (burial rate constant; d-1)    
kWS1 = SAW VSS (1 - φDW)/XW       (solids settling rate; d-1) 
kWS2 = SASVDφDW/XW    (water to sediment diffusion rate; d-1) 
kSW1 = 1000(ResFlux/CSS)(1 - φDS)/XS   (solids resuspension rate; d-1) 
kSW2 = SASVDφDS/XS   (sediment to water diffusion rate; d-1)  
  
Other Equations and Properties: 
F = outflow rate of water (L d-1) 
XW = Estuary water volume (m3) 
XS = Estuary active sediment layer volume (m3)  
PESTA = average total water column PEST concentration Estuary-wide (pg/L)  
PESTO = PEST concentration at seaward locations (Yerba Buena Island; pg/L) 
SAW = Estuary water surface area (m2) 
φDW = freely dissolved PEST fraction in water (unitless) 
φDW = 1/(1 + (CPWOCPWKOW/dPW))         
CPW =concentration of particles in water (TSS) (mg L -1) 
OCPW = organic carbon content of suspended solids (unitless) 
KOW = octanol water partition coefficient (unitless) 
dPW = density of suspended solids (kg L-1) 
VE = volatilization mass transfer coefficient (m d-1) 
1/VE = 1/VEW + 1/(KAWVEA) 
VEW = water-side evaporation mass transfer coefficient (m d-1) 
VEA = air-side evaporation mass transfer coefficient (m d-1) 
KAW = dimensionless Henry’s Law constant (unitless)  
KAW = H/(8.314 * (T + 273)) 
H = Henry’s Law constant (Pa m3 mol-1)  
T = water temperature (deg C) 
VSS = solids settling rate (m d-1) 
SAS = Estuary sediment surface area (m2) 
VD = water-to-sediment diffusion mass transfer coefficient (m d-1) 
ResFlux = resuspension flux of sediment solids (kg d-1) 
ResFlux = 1000(CPW VSS SAW - CSSVBSAS) 
CSS = concentration of solids in sediment (mg L-1) 
VB = sediment burial mass transfer coefficient (m d-1) 
φDS = fraction of freely dissolved PEST in sediments (unitless) 
φDS = 1/(1 + (CSSOCSSKOW/dSS)      
OCSS = organic carbon content of bottom sediment (unitless) 
dSS = density of sediment solids (kg L-1) 
 

 



Organochlorine Pesticide Fate  Leatherbarrow et al., 2006 
 

  7 

Table 2. Percent contribution by mass of individual compounds of ΣDDT and Σchlordane. 
Data from five RMP stations represent average percent contributions in RMP water samples 
collected from 1993 to 1999. Data for technical Chlordane and DDT are from Dearth and Hites 
(1991) and WHO (1989), respectively. 
 
Particulate Chlordane      

Percent 
Technical 
Chlordane 

Sacramento 
River 

San Pablo 
Bay 

Yerba Buena 
Island 

Dumbarton 
Bridge Coyote Creek 

alpha-chlordane 19 16 18 18 26 25 
gamma-chlordane 24 28 20 24 27 25 
cis-nonachlor 19 2 10 13 11 9 
trans-nonachlor 7 20 18 23 23 23 
heptachlor NA 0 1 1 2 1 
heptachlor epoxide NA 19 13 11 9 10 
oxychlordane 0 14 20 10 1 6 
       
Dissolved Chlordane      

Percent 
Technical 
Chlordane 

Sacramento 
River 

San Pablo 
Bay 

Yerba Buena 
Island 

Dumbarton 
Bridge Coyote Creek 

alpha-chlordane 19 20 22 26 23 25 
gamma-chlordane 24 19 16 19 18 18 
cis-nonachlor 19 8 7 6 6 7 
trans-nonachlor 7 20 17 16 13 14 
heptachlor NA 2 3 5 4 2 
heptachlor epoxide NA 24 27 20 27 25 
oxychlordane 0 7 9 8 9 8 
       
Particulate DDT       

Percent 
Technical 

DDT 
Sacramento 

River 
San Pablo 

Bay 
Yerba Buena 

Island 
Dumbarton 

Bridge Coyote Creek 
o,p'-DDD 0 4 6 6 6 6 
o,p'-DDE 0 4 2 3 3 3 
o,p'-DDT 15 2 3 4 5 2 
p,p'-DDD 0 11 30 30 34 24 
p,p'-DDE 4 73 44 44 40 55 
p,p'-DDT 77 7 15 13 12 11 
       
Dissolved DDT       

Percent 
Technical 

DDT 
Sacramento 

River 
San Pablo 

Bay 
Yerba Buena 

Island 
Dumbarton 

Bridge Coyote Creek 
o,p'-DDD 0 11 9 12 13 10 
o,p'-DDE 0 2 2 2 2 2 
o,p'-DDT 15 0 1 0 1 0 
p,p'-DDD 0 34 54 54 49 53 
p,p'-DDE 4 46 29 26 31 29 
P,p'-DDT 77 7 5 5 5 6 
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Table 3. Properties of San Francisco Bay. Estimates from Davis (2004). 
      

PARAMETER SYMBOL 
BEST 

ESTIMATE   UNITS 
Water surface area SAW  1.1 x 109  m2 

Sediment surface area SAS  1.1 x 109  m2 

Depth of active sediment layer   0.15  m 

Water volume XW  5.5 x 109  m3 

Sediment volume XS  1.6 x 108  m3 

Water temperature T  15  º C 

Water outflow F  7.0 x 1010  L d-1 

Concentration of particles in water CPW  8.5 x 10-5  kg L-1 

Concentration of solids in sediment CSS  0.5  kg L-1 

Density of suspended solids dPW  1.1  kg L-1 

Density of sediment solids dSS  2.7  kg L-1 

Fraction of organic carbon in suspended solids OCPW  0.03   

Fraction of organic carbon in bottom sediment OCSS  0.01   

Sediment burial mass transfer coefficient VB  0  m d-1 

Solids settling rate VSS  1  m d-1 

Water-to-sediment diffusion mass transfer coefficient VD  2.4 x 10-3  m d-1 

Average wind speed     10.6   mi hr-1 
      
 
 
Properties of San Francisco Bay 

Descriptive properties of San Francisco Bay used in the model were originally 
compiled by Davis (2004) based on an extensive literature review and professional 
judgment by local experts in the Bay Area (Table 3). Derivations of Bay properties are 
described in detail in Davis (2004). An added component to this model formulation that 
differed from previous model applications in San Francisco Bay is the inclusion of tidal 
exchange as part of the overall water budget. Tidal exchange flow was calculated by 
multiplying freshwater inflow by a factor of 3.75 as discussed in Davis and Oram (2005). 
It is also important to note that for the modeling studies in San Francisco Bay, the rate of 
burial (kB) from the active sediment layer to the underlying buried sediment layer has 
been modeled with a sediment mass burial mass transfer coefficient (VB) equal to zero. 
This is due to recent bathymetric analyses that have shown Bay-wide net erosion of 
sediment occurring over the past few decades (Jaffe et al., 1998; Capiella et al., 1999; 
Foxgrover et al., 2004). 
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Sensitivity analyses from Davis (2004) indicate that the physical properties or rate 
processes of the Bay that are most influential on PCB model results are outflow through 
the Golden Gate (kO) and depth of the active sediment layer. Parameters that are 
moderately influential on PCB-model sensitivity are the organic carbon content of 
suspended solids (OCPW) and the sediment burial mass transfer coefficient (VB), which is 
an essential parameter for estimating the rate of burial (kB). 
 
Chemical properties of OC pesticides 

Estimates of chemical properties of OC pesticides were derived mainly from 
values listed in Mackay et al. (1997) and Howard et al. (1991) and from references cited 
therein (Table 4). Compilations of exhaustive lists provided a plausible range of values 
for parameterization of the model; however, values were often derived from studies of 
varying conditions and methods, which limited their applicability to real environmental 
systems. Previous reviews of compiled literature and databases have also identified 
limitations to estimating environmental parameters for hydrophobic organic compounds, 
including errors in reporting data, poor data quality, and duplication of reported values 
(Pontolillo and Eganhouse, 2001). To minimize errors associated with data duplication in 
this study, the compiled datasets were reviewed and data listed in the text as “quoted,” 
“selected,” or “averaged” by authors of previous literature reviews and compilations were 
removed. 
 
Henry’s Law Constant 

The Henry’s Law constant (H) is an essential parameter for determining the 
effective rate constant for volatilization (kV) of pesticides from the water compartment. 
Given that H is highly dependent on temperature, constants from readily available studies 
were corrected for a water temperature of 15ºC (288 K). Values of H were corrected for 
temperature using the Clausius-Clapeyron equation and methods described in Rechsteiner 
(1990). Thermodynamic data used in the calculations are listed in Appendix Table 1. 
Values of H from original studies and their temperature-corrected results are listed in 
Appendix Table 2. Median values of temperature-corrected H were used as best estimates 
for model input and sensitivity analyses (Table 4). 
 
Octanol-water partition coefficient (KOW) 

Octanol-water partition coefficients (KOW) are indicators of the hydrophobic 
nature of organic compounds and the degree to which compounds partition into organic 
material, such as organic coatings on sediment or lipids in organisms. In this model, 
partitioning of pesticides between mobile and non-mobile phases, as represented by KOW, 
is an important parameter required for determining the effective compartment rate 
constants for processes such as volatilization, solids settling, diffusion between water and 
sediment, sediment resuspension, and burial in bottom sediment. Values of log KOW were 
compiled from Mackay et al. (1997) and Pontolillo and Eganhouse (2001) (Appendix 
Table 3). Median values of a compiled list of log KOW values selected from Mackay et al. 
(1997) were used as best estimates for all pesticides, except for p,p’-DDE and p,p’-DDT. 
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For these parameters, values of 6.23 for p,p’-DDE and 6.24 for p,p’-DDT from Pontolillo 
and Eganhouse (2001) were used (Table 4). 
 
Mass transfer coefficients 

The rate constant for pesticide volatilization from the water column depends on 
the volatilization mass transfer coefficient (VE), which is a function of the mass transfer 
coefficients of evaporation on the water-side (VEW) and air-side (VEA) of the air-water 
interface (Table 4). The water-side mass transfer coefficients (VEW) were calculated for 
individual pesticides using input values for wind speed, water temperature, and Schmidt 
numbers for pesticides and carbon dioxide (CO2) (discussed below). The air-side mass 
transfer coefficients (VEA) were calculated for individual pesticides using input values of 
wind speed and the molecular diffusivities of pesticides in air and water in air.  
 

Schmidt numbers for individual OC pesticides were calculated by dividing the 
kinematic viscosity of water at 15ºC (288 K) by the molecular diffusivity of each OC 
pesticide in water. The Schmidt number for CO2 was calculated using the same equation 
used by Davis (2004) from Zhang et al. (1999) for water temperature of 15ºC (288 K). 
Diffusivity in water was calculated using the Hayduk and Laudie method at a water 
temperature of 15ºC (288 K) and wind speed of 4.7 m s-1 using equations presented by 
Tucker and Nelken (1990). Diffusivity in air was calculated using two methods: (1) the 
Fuller, Schettler, and Giddings Method and (2) the Wilke and Lee Method (with the 
LeBas molar volume) using equations presented by Tucker and Nelken (1990). For both 
methods, diffusivities were calculated at a pressure of 1 atmosphere and temperature of 
25ºC (298 K). Average values from the two methods were used in calculations of air-side 
mass transfer coefficients for pesticides.  

 
Degradation rates 

Degradation rates listed in Mackay et al. (1997), Howard et al. (1991), and other 
references were evaluated to derive best estimates of degradation rates in water 
(Appendix Table 4) and sediment (Appendix Table 5). For consistency, reported half-
lives and degradation rate values were converted to a daily degradation rate (d-1) based on 
first order kinetics and the following equation: 
 

t1/2 = -ln 2/k        (5) 
 
where:  t1/2  = half-life of degradation (d) 
  k = daily degradation rate (d-1) 
 
Degradation in water 

Degradation rates of pesticides in water account for processes of direct and 
indirect photolysis and hydrolysis. For most of OC pesticides listed in Mackay et al. 
(1997) and Howard et al. (1991), photolysis rates were higher than hydrolysis rates by 
orders of magnitude (Appendix Table 4). Studies of pesticide photolysis have typically 
focused on degradation of dissolved species in distilled water (Miller and Zepp, 1983) 
and have not accounted for various processes that either enhance or retard photolysis 
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rates, such as indirect photolysis, light penetration and transmission through water, 
temperature, and algae (Zepp and Cline, 1977; Miller and Zepp, 1983).  

 
While photolysis rates of DDT and DDD were not expected to be important 

(Callahan et al., 1979), rates of DDE photolysis have been reported that would essentially 
remove all DDE from a water body within one day. The persistence of p,p’-DDE and 
other DDT compounds in the Bay indicate that rates of degradation are probably much 
slower than these reported values. Persistence of p,p’-DDE in other surface water bodies 
has been explained by its sorption to sediment (Zepp et al., 1977), which can decrease 
photolysis rates in the water column (Miller and Zepp, 1979; Oliver et al., 1979). 
Furthermore, attenuation of sunlight in natural waters has been estimated to decrease 
photolysis rates of organic contaminants by about 50% within the first 10 to 15 cm or by 
an order of magnitude at depths of 40-60 cm (Zepp and Cline, 1977). Similar reductions 
in photolysis rates may occur in the highly turbid waters of San Francisco Bay. 
 

Given the uncertainties of extrapolating degradation rates measured in controlled 
studies to natural conditions and the observed persistence of OC pesticides in San 
Francisco Bay, degradation rates were based on either observed rates of degradation or 
other pathways, such as hydrolysis. A degradation rate of 2x10-3 d-1 was chosen for DDT 
compounds and dieldrin based on an observed estimate of degradation in surface waters 
(<2.3x10-3 d-1) compiled by Mackay et al. (1997). This rate for dieldrin was 
approximately six times slower than a rate selected by Sato and Schnoor (1991) to model 
the long-term fate of dieldrin in a reservoir. Assuming that the Bay has greater mixing 
and suspended sediment that screen chemicals from photodegradation compared to the 
modeled reservoir, a slower rate of photolysis would be expected in the Bay. Other 
degradation rates selected were 2x10-3 d-1 for chlordane, 1.5x10-1 d-1 for heptachlor, and 
2.0x10-2 d-1 for heptachlor epoxide. 
 
Degradation in sediment 

Limited data on degradation rates of OC pesticides in sediment and soil were 
reported under aerobic or anaerobic conditions (Appendix Table 5). Large uncertainties 
exist in estimating degradation rates, which has been noted in previous modeling studies 
(e.g., Helm et al., 2002); however, the reported values provide plausible ranges of 
degradation rates in sediment for incorporation into the model. Degradation rates in 
sediment were based primarily on median values derived from rates compiled by Mackay 
et al. (1997). The estimated degradation rate for DDT (2.1x10-4 d-1) was also applied for 
modeling of DDE and DDD isomers since it fell within the range of values reported for 
those compounds. Degradation rates selected were 8.3x10-4 d-1 for chlordane, 6.9x10-4 d-1 
for dieldrin, 2.8x10-3 d-1 for heptachlor, and 1.0x10-2 d-1 for heptachlor epoxide. 

  
 




