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Input, flux, and persistence of six select pesticides

in San Francisco Bay
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Temporal patterns of pesticide inputs to San Francisco Bay were identified and correlated with
timing of application and transport mechanism. Fluxes were calculated from measured
concentrations and estimated flow. Persistence of the pesticides under typical riverine or
estuarine conditions were estimated from laboratory experiments. Simazine was detected most
frequently and had the highest flux into the Bay, which could be explained by its continuous use
and long half-life. In comparison, diazinon was detected at lower concentrations and had a
lower flux which corresponded to its lower use and shorter half-life. The order-of-magnitude
lower fluxes of carbofuran and methidathion corresponded to their lower use and expected
hydrolysis. Molinate was detected at the highest concentration but its flux was lower than
expected, considering its very high use and persistence in the laboratory experiments.
Additional loss of molinate is likely to occur from volatilization and photodegradation on the
rice fields. Although thiobencarb had the second highest use, it had the lowest flux of the six
pesticides, which can be attributed to its loss via hydrolysis, photodegradation, volatilization,
and sorption to sediments. Fluxes into San Francisco Bay were equal to or greater than those
reported for other estuaries, except for the Gulf of Mexico.
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1. Introduction

The Central Valley of California is a major agricultural region with more than 5% of all
pesticide use in the USA [1]. A wide variety of crops are grown, resulting in a large
number of different pesticides being applied throughout much of the year. These
pesticides are transported into the Sacramento and San Joaquin Rivers which flow into
San Francisco Bay (figure 1). This is the first study to measure the flux of current-use
pesticides into San Francisco Bay, although many previous studies have measured
pesticides in the two rivers and associated smaller streams (e.g. [2–6]). Pesticides are
applied to crops during distinct seasons and are typically detected in the rivers within
days to weeks after application.

This study focused on six pesticides: carbofuran, diazinon, methidathion, molinate,
simazine, and thiobencarb. Used on a variety of crops in the watershed, these pesticides
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are applied in quantities greater than 40 000 kg [1]. With aqueous solubilities ranging
from 5 to 880mg/L (table 1 [7]), these pesticides are relatively hydrophilic and will be
transported primarily in the dissolved phase. These six pesticides have been detected
frequently in water samples from the Sacramento and San Joaquin Rivers.

The purpose of this study was to characterize the temporal inputs and calculate the
fluxes of these six pesticides into San Francisco Bay. Laboratory studies were used to
estimate the persistence of the pesticides once transported off-site into the rivers. Many
factors influence the off-site transport and eventual flux of pesticides in aquatic
environments, including climate, hydrology, geology, agronomic practices, and
chemical–physical properties of the individual pesticides. By comparing the transport
of multiple pesticides applied within the same watershed at the same time, many factors
specific to the location or time period can be ignored For each pesticide, the relative flux
was compared with the amount applied in the watershed and the persistence of the
pesticide in the river and estuarine environment. The fluxes into San Francisco Bay
were compared with those measured in other estuaries.

Figure 1. San Francisco Bay watershed, key locations, and sampling site.
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2. Experimental

2.1 Study area and sample collection

San Francisco Bay comprises a series of embayments, with Suisun Bay being the most
landward (figure 1). The major source of freshwater to San Francisco Bay enters at the

eastern boundary of Suisun Bay [8]. This drainage area encompasses 99 587 km2 and

includes two major river systems, the Sacramento and the San Joaquin Rivers. The
confluence of the two rivers forms the Sacramento–San Joaquin Delta (Delta), which

consists of many interconnected sloughs and channels [9]. Two water projects also

export water from the Delta to central and southern California for agriculture and
drinking water, thus adding to the hydrodynamic complexity [9].

The sampling site at the eastern end of Suisun Bay, Mallard Island, is tidally

influenced with salinities ranging from 0 to 13 practical salinity units (psu) over the
year. Mallard Island is located just south of the main shipping channel, 8 km

downstream of the confluence of the Sacramento and San Joaquin Rivers. During high

flow periods, the majority of the water draining the watershed exits past Mallard Island
into San Francisco Bay; however, during low flow periods, a significant fraction of the

water is pumped directly from the Delta for export [9].
Traditional methods for measuring riverine discharge cannot be used at Mallard

Island due to reversals of flow directions during the tidal cycle. The net daily flow into
Suisun Bay is estimated using a computer program developed in 1978 called Dayflow

[10]. This daily flow, called Net Delta Outflow, is an arithmetic summation of river
inflows, precipitation, agricultural consumptive demand, and water project exports.

None of the flows are routed to account for travel time, so all calculations are

performed using data for the same day.
Water samples were collected daily or twice-daily from mid-January through mid-

July 1996. Results from previous studies in San Francisco Bay [2] demonstrated that

pesticides were transported in pulses lasting from days to weeks, so daily sampling was

judged to be necessary for this study. In a 3-year monitoring study in the Sacramento
and San Joaquin Rivers [3], few pesticides were detected in the late summer and

autumn; therefore, our measurements represent the annual flux. Water was pumped
from 1 m below the surface by autosampler at the gauge house at Mallard Island and

stored on ice until use. Since the site is tidally influenced, samples were collected at

slack after ebb to maintain consistency. A continuous record of optical
backscatter data, stage height, and other ancillary parameters was maintained by the

Table 1. Summary of pesticide solubility, method detection limit, detection frequency, and maximum
concentration.

Pesticide
Aqueous

solubility (mg/L)
Method detection
limit (ng/L) [14]

Frequency of
detection (%)

Maximum
concentration (ng/L)

Simazine 5 8.5 83 149
Diazinon 40 5.0 50 52
Methidathion 240 6.0 19 79
Molinate 880 7.5 31 629
Thiobencarb 28 8.5 28 66
Carbofuran 520 10.5 36 50
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California Department of Water Resources and the US Geological Survey during the
study [11, 12].

2.2 Pesticide analysis and flux calculations

One-litre water samples were filtered through a baked, 0.7mm glass-fibre filter within
48 h of sampling, spiked with a surrogate compound (terbuthylazine), and then
extracted onto a C-8 solid-phase extraction cartridge. Cartridges were dried under a
stream of carbon dioxide and frozen for up to 2 months until analysis. Cartridges were
eluted with 6mL of a 1 : 1 (by volume) mixture of hexane and diethyl ether. Eluates were
concentrated under a stream of nitrogen to about 200 mL, internal standards
(deuterated acenapthene, pyrene and phenanthrene) were added, and the mixture was
concentrated to a final volume of 200 mL. The eluant was concentrated and analysed for
pesticides using gas chromatography–mass spectrometry (GC/MS) with ion-trap
detection. Method detection limits (MDLs) were determined as the minimum
concentration that can be identified, measured, and reported with 99% confidence
that the concentration is greater than zero [13] and are listed in table 1. Recoveries of
the six pesticides spiked into San Francisco Bay water ranged from 78 to 100%. Details
of the analytical method are described in the method report [14].

Quality-control data included field blanks, replicate samples, matrix spikes, inter-
laboratory samples, and surrogate recovery. No pesticides were detected in equipment
blanks. Replicate and interlaboratory comparison samples agreed within method limits.
Recovery of all compounds was verified using matrix spike samples, and recovery of the
surrogate, terbuthylazine, was recorded to assess the efficiency of each extraction and
ranged from 67% to 127% [14].

A daily flux was calculated for each of the six pesticides. For days with two pesticide
samples, an average value was used for the daily pesticide concentration. On the days
with no pesticide data, concentrations were estimated by interpolating between the
surrounding days. The daily flux was calculated by multiplying the daily concentration
by the estimated net Delta outflow. Pesticides can be identified at concentrations less
than the MDL but with a lower confidence in the actual value; therefore, these
estimated concentrations were also used in the flux calculations. For samples with non-
detection of a pesticide, the concentration was set to zero. This method was chosen to
calculate a conservative estimate of the flux.

2.3 Hydrolysis experiments

Laboratory experiments were conducted to estimate degradation rates for the six
pesticides under typical conditions in the deepwater channels of the Sacramento River
and San Francisco Bay (that is, in the dark with low suspended sediments) [8, 15, 16].
Water samples were collected from the San Francisco Bay watershed during April and
August 1996. Each sample was centrifuged with a Westphalia continuous-flow
centrifuge to reduce suspended sediments, stored in two 33-L stainless steel milk
cans, and then spiked with the mixture of pesticides. The pesticides were combined in
ethyl acetate in a glass bottle, and the mixture was evaporated to dryness with nitrogen
to minimize the addition of solvent to the water sample. The bottle was rinsed several
times with a centrifuged water sample, the rinsates were added to the milk can, and the
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entire sample was thoroughly mixed. Finally, approximately 20L of the spiked sample
was put into a clean Teflon bag that was collapsed to eliminate any headspace, sealed,
and stored in the dark in an incubator. Final pesticide concentrations ranged from 300
to 500 ng/L. With this experimental design, the potential mechanisms of degradation
are abiotic hydrolysis and possibly aerobic microbial degradation [17].

Separate experiments were done at 10 and 25�C, since the temperatures in the rivers
and at the input to the Bay range from 6 to 28�C [8, 15]. Each water sample was mixed
continuously with a motorized paddle stirrer throughout the experiment. Temperature,
pH, and dissolved oxygen also were monitored with Campbell electrodes and a CR10
data logger. (The use of trade names in this report is for identification purposes only and
does not constitute endorsement by the US Geological Survey.) Several days after
spiking, and once the temperature had equilibrated, four 500-mL aliquots were pumped
from each sample and analysed for the starting concentration of each pesticide.
Subsequently, duplicate aliquots of 500mL of water were collected for analysis at
varying sampling intervals, ranging from 24 h initially to 7 days by the end of the
2-month experiment. As each sample was removed, the Teflon bag was further collapsed
to eliminate headspace. The temperature and pH remained relatively constant, and the
water samples remained aerobic throughout the experiments. Degradation rates were
estimated from the measured decreases in concentrations with time [17].

Generally, the rate of hydrolysis for organic compounds in water is directly
proportional to the concentration of the organic compound [18]. Assuming this
relation, hydrolysis can be described using a first-order degradation curve:

Ct ¼ C0e
�kt, ð1Þ

where Ct is the concentration of the pesticide at time t; C0 is the initial concentration of
the pesticide; and k is the rate constant [19].

A plot of ln(Ct/C0) vs. time yields a straight line with slope equal to �k. The rate
constant can then be used to derive the half-life, t1/2:

t1=2 ¼ ðln 2Þ=k: ð2Þ

The slope of the line was calculated using linear regression analysis, and the half-life of
each pesticide was calculated using equation (2). When the calculated half-life was
shorter than the experiment, that value was reported. If the concentration of a pesticide
decreased during the experiment, but the calculated half-life was longer than the
experiment, the half-life was extrapolated and reported as an estimate. When no
measurable decrease in concentration of a pesticide occurred during the experiment, the
designation ‘no degradation’ was used.

3. Results and discussion

3.1 Pesticide occurrence

Current-use pesticides are detected in seasonal patterns that depend on timing of
application and transport mechanism. Often, a pesticide is applied in one season and
transported to surface water in the same season, sometimes only a matter of days or
weeks later. Typical seasonal patterns characterized by transport mechanism include the
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first flush (the first large runoff event in the winter), spring late rainfall-runoff event or
tailwater return (direct runoff of irrigation return water), and rice-field water release.

The total rainfall from January through July 1996 was 49.2 cm at Nicolaus,
California. The first flush occurred during a series of storms from mid-January through
early February with 17.6 cm of rain and a peak daily flow of 4498 m3/s (figure 2).
A second flush occurred in mid-February with 7.5 cm of rain and the highest flow of the
sampling period (6008m3/s). A third flow peak in mid-May (2879m3/s) was due to a
combination of rainfall-runoff and release of rice field water.

Simazine is a triazine herbicide applied throughout the year for agriculture and
roadside maintenance [1, 6]. The highest simazine concentrations occurred during
winter high flows with a maximum concentration of 149 ng/L following the first flush
(figure 3a and table 1). Of the six pesticides measured, simazine was detected most
frequently (83% of samples). Other studies of pesticide occurrence in the Sacramento
and San Joaquin Rivers have also frequently detected simazine [3, 4, 20].

Diazinon and methidathion are organophosphate insecticides used primarily as
orchard dormant sprays in January and February [1, 2, 21]. Both pesticides were
detected in pulses following rainfall events after pesticide application (figures 3b
and 3c). Diazinon was detected in 50% of the samples with a maximum concentration
of 52 ng/L while methidathion was detected in only 19% of the samples with a
maximum concentration of 79 ng/L (table 1). These two pesticides were typically
detected each winter as pulses in the Sacramento and San Joaquin Rivers which were
transported all the way through Suisun Bay [2]

Molinate and thiobencarb are thiocarbamate herbicides applied to rice in April and
May [1, 22]. Water is held on the rice fields after pesticide application to allow for
partial degradation of the pesticides [5, 23]. Molinate and thiobencarb were detected in
a broad peak beginning in mid-May, following the release of rice-field water (figures 3d
and 3e). The frequency of detection was similar for the two herbicides (31% and 28%
for molinate and thiobencarb, respectively), but the maximum concentrations were
very different. Molinate had a maximum concentration of 629 ng/L, while thiobencarb
was only 66 ng/L (table 1). Changing management practices have reduced the
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Figure 2. Rainfall at Nicolaus and flows at Mallard Island for January–July 1996.

902 K. M. Kuivila and B. E. Jennings

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Jan Feb Mar Apr May Jun Jul

S
im

az
in

e 
U

se
 (

kg
)

0

500

1000

1500

2000

2500

3000

S
im

az
in

e 
C

on
ce

nt
ra

tio
n 

(n
g 

L−1
)

0

20

40

60

80

100

120

140

160

Feb Mar Apr May Jun Jul

D
ia

zi
no

n 
U

se
 (

kg
)

0

1000

2000

3000

4000

5000

6000

D
ia

zi
no

n 
C

on
ce

nt
ra

tio
n 

(n
g 

L−1
)

0

20

40

60

80

Jan Feb Mar Apr May Jun Jul

M
et

hi
da

th
io

n 
U

se
 (

kg
)

0

500

1000

1500

2000

2500

3000

 M
et

hi
da

tio
n 

C
on

ce
nt

ra
tio

n 
(n

g 
L−1

)

0

20

40

60

80

(a)

(b)

(c)

Jan

Figure 3. Dissolved pesticide concentrations at Mallard Island (solid line) and use in watershed (bars) for:
(a) simazine, (b) diazinon, (c) methidathion, (d) molinate, (e) thiobencarb, and (f) carbofuran for 1996.
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Figure 3. Continued.
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concentrations of these two pesticides in the Sacramento River since the 1980s, but
concentrations continue to exceed performance goals in the upper watershed [22].

Carbofuran is a carbamate insecticide applied on various crops including alfalfa in
the early spring and rice in late spring [1]. Carbofuran was detected in multiple peaks
that corresponded to transport by high flows (similar to simazine, diazinon, and
methidathion), application to alfalfa in March, and release of rice field water in late
May and June (similar to molinate and thiobencarb) (figure 3f). Although detected in
36% of the samples, carbofuran concentrations were the lowest of the six pesticides with
a maximum of only 50 ng/L. Carbofuran has been detected previously at a number of
sites in the watershed [6].

3.2 Hydrolysis rates

The half-lives of pesticides in this experiment varied greatly (table 2), ranging from 3
days to no observable change in concentration. The hydrolysis rate of some pesticides
varied primarily with temperature (10�C vs. 25�C) or between the samples from April
and August. The pH values for the samples collected in April ranged from 7.8 to 8.0,
and those for the samples collected in August ranged from 7.4 to 7.8. Other water-
quality parameters varied between the two samples, such as specific conductance and
dissolved organic carbon (table 2).

Simazine and molinate did not degrade measurably in either water sample or at either
temperature (table 2). Simazine was stable under all the experimental conditions.
As reported in the literature, hydrolysis of simazine is not significant at pH values from
4 to 10 [24] or at temperatures as high as 40�C [25]. Similarly, molinate concentrations
did not change during the 2 months of the laboratory experiment (data not shown).
These results agree with the conservative transport of molinate along the Sacramento
River observed during a Langrangian sampling study [26]. In addition, published results
from other studies suggest that molinate does not readily undergo hydrolysis in rice
fields [27, 28].

Both carbofuran and methidathion degraded during the experiment, and their half-
lives were influenced by temperature (table 2). The hydrolysis of carbofuran was highly

Table 2. Calculated half-lives of pesticides in water (days) and ancillary water chemistry (R2 value from
linear regression analysis of plot of ln(Ct/C0) as a function of time is shown in parentheses).

April 1996 August 1996

Pesticide 10�C 25�C 10�C 25�C

Simazine Noa No No No
Diazinon 9 (0.95) 16 (0.92) Est.b 134 (0.40) Est. 103 (0.82)
Methidathion 33 (0.94) 21 (0.94) No 18 (0.99)
Molinate No No No No
Thiobencarb 15 (0.91) 13 (0.94) Est. 158 (0.64) Est. 92 (0.85)
Carbofuran Est. 108 (0.66) 6 (0.97) 48 (0.85) 3 (0.95)
pH 7.9� 0.1 7.6� 0.2
Specific conductance 110mS/cm 155mS/cm
Dissolved organic carbon 2.71mg/L 1.70mg/L

aNo: no degradation where there was no measurable decrease in concentration. bEst.: estimated degradation where the
half-life exceeded the length of experiment.
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temperature-dependent, with a half-life ranging from months at 10�C but less than 1
week at 25�C in both water samples (April data shown in figure 4). Studies using rice
field water in the dark yielded similar hydrolysis rates with a half-life of 10 days at 27�C
and pH 7 [29]. The hydrolysis of methidathion was also influenced by temperature but
with some variability between the two water samples. Methidathion half-lives at 10�C
ranged from 1 month (April) to more than 2 months (August) and decreased to 2–3
weeks at 25�C. In a study of methidathion in river water [30], hydrolysis half-lives were
estimated to be 139 days at 4�C and 20 days at 21�C.

Diazinon and thiobencarb behaved similarly. The two pesticides degraded more
quickly in the water sample collected in the spring than in the summer with little
temperature influence (table 2). Half-lives for diazinon and thiobencarb ranged from
1 to 2 weeks in the April sample to more than 2 months in the August sample
(thiobencarb data at 10�C shown in figure 5). The results suggest that differences in
chemistry between the water collected in April and August were much more important
than temperature in controlling the hydrolysis rate. Some of the difference for diazinon
can be explained by pH, since hydrolysis increases from neutral to basic pH [31].
Published studies also suggest that hydrolysis of pesticides in aqueous solution can be
catalysed by divalent metal ions such as copper(II) [32] or influenced by dissolved
organic carbon [33]. In a study focused on thiobencarb hydrolysis, rates were shown to
vary considerably in different waters, but the controlling factors were not identified [34].
The longer half-life of thiobencarb measured in the August water sample corresponds
with the conservative transport observed during June in the Sacramento River
Lagrangian sampling study [26].

3.3 Comparison of flux to use and persistence

The maximum concentration, frequency of detection, and flux into the Bay of each
pesticide can be compared with the amounts applied in the watershed and the
persistence of the pesticide in the environment. The flux for each pesticide was
calculated for the January through July sampling period (table 3). In California,

Time (days)
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Figure 4. Carbofuran degradation at 10�C and 25�C in the water sample collected in April 1996.
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detailed reporting of registered pesticide use is recorded in the Department of Pesticide
Regulation pesticide use report and includes the date and location of the application
and the kind and amount of pesticides used [1]. The total amount of each pesticide
applied in the watershed was estimated using GIS to delineate the watershed boundaries
(table 3). The application amount was summed from November 1995 through July 1996
for comparison with the measured flux.

In a comparison of the six pesticides, simazine was detected in the most samples, with
the second highest maximum concentration, and had the highest flux (1617 kg). This
can be explained by its continuous use over many months and persistence in the
environment as demonstrated in the laboratory experiments. Molinate was detected
only after the release of the rice-field water but at the highest concentrations and the
second highest flux (1067 kg). Molinate was applied in quantities more than five times
that of simazine and was persistent in our laboratory study; therefore, if hydrolysis was
the only loss mechanism, this would suggest that molinate should have the highest flux
of the six pesticides. But a significant fraction of the molinate volatilizes from the rice

Time (days)

0 10 20 30 40

ln
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C
t C

0−1
)

−5

−4

−3

−2

−1

0
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April

Figure 5. Thiobencarb degradation at 10�C in the water samples collected in April and August 1996.

Table 3. Calculated flux for January–July 1996, application amount for November 1995 to July 1996, flux
as a percentage of the amount applied, and major factors controlling the flux.

Pesticide
Calculated
flux (kg)

Application
amount (kg)

Flux as a
percentage of the
amount applied Factors controlling flux

Simazine 1617 102 018 1.58 Moderate use and persistent
Diazinon 407 135 458 0.30 Moderate use but degrades
Methidathion 172 46 988 0.37 Low use and degrades
Molinate 1067 653 861 0.16 Highest use and persistent under hydrolysis (lab)

but volatilizes in rice field
Thiobencarb 108 289 134 0.06 High use but degrades under hydrolysis

(lab) and in rice field
Carbofuran 170 39 419 0.27 Low use and degrades
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fields or photodegrades before it can be transported to the rivers, resulting in the lower-

than-expected flux of molinate [23, 27, 28, 35, 36].
Diazinon was detected at lower concentrations and had a lower flux (407 kg) than did

simazine and molinate. This corresponds to its lesser application amount than molinate

and shorter half-life than simazine. Carbofuran, methidathion, and thiobencarb all had
lower maximum concentrations and lower fluxes (table 3). The application amounts of

carbofuran and methidathion were lower than the other pesticides, and both pesticides

degraded during the lab study. In contrast, thiobencarb had the second highest use,

lower than molinate but twice that of simazine and diazinon, but still had the lowest

flux (108 kg) of all six pesticides. Besides degrading via hydrolysis as demonstrated in
the laboratory study, thiobencarb sorbs to soils, volatilizes, and photodegrades in the

rice fields [23, 36–38]. The combination of all of these loss mechanisms can explain the

low thiobencarb flux.
One way of accounting for the variation in application is to calculate the

pesticide flux as a percentage of the amount applied in the watershed. Since some
of the water and associated pesticides exiting the watershed are exported by the

water projects instead of flowing past Mallard Island, and this fraction varies

during the year, there is some uncertainty with this calculation; however, the order-

of-magnitude difference between the pesticides is significant (table 3). The calculated

flux as a percentage of the amount applied is similar for carbofuran, diazinon,
methidathion, and molinate (0.16–0.37%) but significantly higher for simazine

(1.58%) and significantly lower for thiobencarb (0.06%). For most pesticides, the

runoff loss (the measured flux in this case) is typically 0.5% or less of the amount

applied [39]. The higher value for simazine is likely due to a combination of

formulation type, timing of rainfall relative to application and environmental
persistence. In contrast, the very low thiobencarb percentage is likely due to

processes occurring in the rice fields.
The fluxes estimated in this study can be compared with fluxes in other estuaries

(table 4). Only four of the six pesticides measured in this study were monitored in

the other studies. Fluxes into San Francisco Bay were equal to or greater than the

other estuaries except for the Gulf of Mexico [40], which has a much larger

drainage area and potentially higher use. In the six other studies [41–45], simazine

fluxes were relatively similar (i.e. within a factor of four) with the exception of the

Amvrakikos Gulf in Greece, which has a much smaller drainage area. But in a

comparison of the simazine flux calculated as a percentage of total amount

applied, San Francisco Bay (1.58%) and Amvrakikos Gulf (1.72%) were very

similar. Diazinon fluxes in San Francisco Bay were one to two orders of

magnitude higher than in Chesapeake Bay, Columbia River or Ebro River [40–42].

The carbofuran flux was similar to that in the Columbia River [40], but molinate

flux was more than an order of magnitude greater than in the Ebro River [41].

It is interesting to note that the molinate flux in San Francisco Bay was within a

factor of two of the Yazoo River flux [44] during the same year, 1996. But in

1997, the flux in the Yazoo River was five times greater. The molinate flux as a

percentage of application amount was much lower for San Francisco Bay (0.16%)

than for the Yazoo River (2.1 and 9.9%); this difference is primarily due to loss

of molinate when the water is held for a period of time on the California rice

fields.
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4. Conclusions

This study documents the input of six current-use pesticides into San Francisco Bay
from January through July 1996 at the freshwater input to the bay. The frequency of
detection of the pesticides ranged from 19% for methidathion to 83% for simazine, and
molinate was detected at the highest concentration (629 ng/L). The occurrence of each
pesticide followed the application of that pesticide in distinct seasonal patterns. The
primary transport mechanism was rainfall-runoff, but release of rice field water was
also important for carbofuran, molinate, and thiobencarb. The pesticide persistence in
laboratory studies varied from a half-life of 3 days to no measurable change in
concentration over 2 months. Temperature, pH, and other water chemistry influenced
the hydrolysis rates.

Calculated pesticide fluxes ranged from 108 kg for thiobencarb to 1617 kg of simazine
over the sampling period. The amount applied and environmental persistence could
explain the differences in fluxes for four of the pesticides. But for molinate and
thiobencarb, it was important to consider also the loss occurring on the rice fields where
the water was held after pesticide application. Loss due to volatilization, photo-
degradation, and sorption to soil resulted in lower-than-expected fluxes. In comparison
with measured fluxes into other estuaries in the US and Europe, diazinon fluxes were
significantly higher in San Francisco Bay, while the fluxes of carbofuran, molinate, and
simazine were equal or slightly higher.

This study was conducted during a single year, so the effect of different hydrologic
conditions is not known. Pesticide use continues to change over time, with pesticides
being phased out and new pesticides taking their place. Monitoring studies need to
adapt and include analysis of new pesticides as needed. In addition, measurement of
pesticide degradates and other environmental compartments such as sediment should be
considered when evaluating the transport of pesticides into San Francisco Bay.
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Water body
Drainage
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a –: not analysed. bn.d.: not detected. cFluxes were measured 1996–2000. dFluxes were measured 1996–1997.

Input, flux, and persistence of six pesticides 909

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



the field, K. Crepeau and D. Baston for help in the laboratory. We express our
appreciation to Cynthia Brown and Richard Coupe of the USGS and three anonymous
referees for reviewing the manuscript and making many helpful comments.

References

[1] California Department of Pesticide Regulation. Pesticide use data for 1995–2006 [digital data].
Department of Pesticide Regulation, Sacramento, CA (2005).

[2] K.M. Kuivila, C.G. Foe. Environ. Toxicol. Chem., 14, 1141 (1995).
[3] D.E. MacCoy, K.L. Crepeau, K.M. Kuivila. Dissolved Pesticide Data for the San Joaquin River at

Vernalis and the Sacramento River at Sacramento, California, 1991–94, US Geological Survey Open-File
Report 95-110 (1995).

[4] S. Panshin, N. Dubrovsky, J. Gronberg, J. Domagalski. Occurrence and Distribution of Dissolved
Pesticides in the San Joaquin River Basin, California., US Geological Survey Water-Resources
Investigation Report 98-4032 (1998).

[5] K.L. Crepeau, K.M. Kuivila. J. Environ. Qual., 29, 926 (2000).
[6] J.L. Orlando, K.M. Kuivila. Seasonal Changes in Concentrations of Dissolved Pesticides and Organic

Carbon in the Sacramento–San Joaquin Delta, California, 1994–1996, US Geological Survey Data Series
2006-197 (2006).

[7] D.S. Mackay, W.Y. Shiu, K.C. Ma, Illustrated Handbook of Physical Chemical Properties and
Environmental Fate of Organic Chemicals, Lewis, Boca Raton, FL (1997).

[8] T.J. Conomos, R.E. Smith, J.W. Gartner. Hydrobiologia, 129, 1 (1985).
[9] R.N. Oltmann. In US Geological Survey Toxic Substances Hydrology Program—Proceedings of the

Technical Meeting, 20–24 September 1993, Colorado Springs, CO, D.W. Morganwalp, D.A. Aronson
(Eds), p. 695, US Geological Survey Water-Resources Investigations Report 94-4015 (1996).

[10] California Department of Water Resources. DAYFLOW. Available online at: http://www.iep.ca.gov/
dayflow/index.html (accessed 19 December 2006).

[11] California Department of Water Resources. California Data Exchange Center. Available online at:
http://cdec.water.ca.gov/ (accessed 19 December 2006).

[12] P.A. Buchanan, D.H. Schoellhamer. Summary of Suspended-Solids Concentration Data, San Francisco
Bay, California, Water Year 1996, US Geological Survey Open-File Report 98-175 (1998).

[13] United States Environmental Protection Agency. Definition and procedure for the determination of the
method detection limit—revision 1.11, Code of Federal Regulations 40, Protection of the Environment,
CFR Part 136, Appendix B, pp. 565–567 (1992).

[14] K.L. Crepeau, L.M. Baker, K.M. Kuivila. Methods of Analysis and Quality-Assurance Practices for
Determination of Pesticides in Water by Solid-Phase Extraction and Capillary-Column Gas
Chromatography/Mass Spectrometry at the U.S. Geological Survey California District Organic
Chemistry Laboratory, 1996–1999, US Geological Survey Open-File Report 00-229 (2000).

[15] J.E. Cloern, F.H. Nichols. In Temporal Dynamics of an Estuary—San Francisco Bay, Dr. W. Junk (Ed.),
Dordrecht, Netherlands (1985).

[16] A.D. Jassby, J.E. Cloern, B.E. Cole. Limnol. Oceanogr., 47, 698 (2002).
[17] K. Starner, K.M. Kuivila, B.M. Jennings and G.E. Moon, In US Geological Survey Toxic Substances

Hydrology Program—Proceedings of the Technical Meeting, 8–12 March 1999, S.C. Charleston,
D.W. Morganwalp, H.T. Buxton (Eds), p. 89, US Geological Survey Water-Resources Investigations
Report 99-4018B, (1999).

[18] W.J.R. Lyman, W.F. Reehl, D.H. Rosenblatt, Handbook of Chemical Property Estimation Methods,
American Chemical Society, Washington, DC (1990).

[19] T.C. Wang, M.E. Hoffman. J. Assoc. Off. Anal. Chem., 74, 883 (1991).
[20] A. Whitehead, K.M. Kuivila, J.L. Orlando, S. Kotelevtsev, S.L. Anderson. Environ. Toxicol. Chem., 23,

2868 (2004).
[21] J.L. Orlando, L.A. Jacobson, K.M. Kuivila. Dissolved Pesticide and Organic Carbon Concentrations

Detected in Surface Waters, Northern Central Valley, California, 2001–2002, US Geological Survey
Open-File Report 2004-1214 (2004).

[22] J.L. Orlando, K.M. Kuivila. Changes in Rice Pesticide Use and Surface Water Concentrations in
the Sacramento River Watershed, California, US Geological Survey Scientific Investigations Report
2004-5097 (2004).

[23] S.A. Mabury, J.S. Cox, D.G. Crosby. Rev. Environ. Contam. Toxicol., 147, 71 (1996).
[24] L.E. Erickson, K.H. Lee. Crit. Rev. Environ. Control, 19, 1 (1989).
[25] J.A. Noblet, L.A. Smith, I.H.M. Suffet. J. Agric. Food Chem., 44, 3685 (1996).

910 K. M. Kuivila and B. E. Jennings

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



[26] J.L. Domagalski, K.M. Kuivila. In US Geological Survey Toxic Substances Hydrology Program
Proceedings of the Technical Meeting, 11–15 March 1991, C.A. Monterey, G.E. Mallard, D. Aronson
(Eds), p. 664 (1991).

[27] W.C. Quayle, D.P. Oliver, S. Zrna. J. Agric. Food Chem., 54, 7213 (2006).
[28] C.J. Soderquist, J.B. Bowers, D.G. Crosby. J. Agric. Food Chem., 25, 940 (1977).
[29] J.N. Seiber, M.P. Catahan, C.R. Barrill. J. Environ. Sci. Health, B13, 131 (1978).
[30] R. Frank, H.E. Braun, N. Chapman, C. Burchat. Bull. Environ. Contam. Toxicol., 47, 374 (1991).
[31] H.M. Gomaa, I.H. Suffet. F.S.D. Residue Rev., 29, 171 (1969).
[32] J.M. Smolen, A.T. Stone. Environ. Sci. Technol., 31, 1664 (1997).
[33] D.L. Macalady, P.G. Tratnyek, N.L. Wolfe. Influences of natural organic matter on the abiotic

hydrolysis of organic contaminants in aqeuous systems. In Aquatic Humic Substances: Influence on Fate
and Treatment of Pollutants, I.H. Suffet, P. MacCarthy (Eds), pp. 323–332, American Chemical Society,
Washington, DC (1989).

[34] M.D. Ferrando, V. Alarcon, A. Fernandez-Casalderrey, M. Gamon, E. Andreu-Moliner. Bull. Environ.
Contam. Toxicol., 48, 747 (1992).

[35] I.K. Konstantinou, A.K. Zarkadis, T.A. Albanis. J. Environ. Qual., 30, 121 (2001).
[36] L.J. Ross, R.J. Sava. J. Environ. Qual., 15, 220 (1986).
[37] A. Vidal, Z. Dinyab, J. Mogyorodi, F., F. Mogyorodi. Appl. Catal. B: Environ., 21, 259 (1999).
[38] D.G. Crosby. The fate of herbicides in California rice culture. In Pesticide Chemistry, Human Welfare

and the Environment: Proceedings of the 5th International Congress of Pesticide Chemistry, Kyoto, Japan,
29 August–4 September 1982, J. Miyamoto, P.C. Kearney (Eds), pp. 339–346, Pergamon Press,
New York (1983).

[39] R.D. Wauchope. J. Environ. Qual., 7, 459 (1978).
[40] V.J.H. Kelly, R.P. Hooper, B.T. Aulenbach, M. Janet. Concentrations and Annual Fluxes for Selected

Water-Quality Constituents from the USGS National Stream Quality Accounting Network (NASQAN)
1996–2000, US Geological Survey Water-Resources Investigations Report 01-4255 (2001).

[41] A.I. Gomez-Gutierrez, E. Jover, L. Bodineau, J. Albaiges, J.M. Bayona. Chemosphere, 65, 224 (2006).
[42] B. Liu, L.L. McConnell, A. Torrents. J. Agric. Food Chem., 50, 4385 (2002).
[43] T.A. Albanis, T.G. Danis, D.G. Hela. Sci. Total Environ., 171, 85 (1995).
[44] R.H. Coupe, H.L. Welch, A.B. Pell, E.M. Thurman. Int. J. Environ. Anal. Chem., 85, 1127 (2005).
[45] R. Steen, J. van der Vaart, M. Hiep, B. Van Hattum, W.P. Cofino, U.A.T. Brinkman. Environ. Poll., 115,

65 (2001).

Input, flux, and persistence of six pesticides 911

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
6
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1


