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Introduction

Diazinon is a broad-spectrum organophosphate pesticide used to control a variety of pests, including ants, grubs, and fleas.  Geigy originally registered diazinon for use in the 1950’s.  Geigy later merged with Ciba and Sandoz to become Novartis, which continues to manufacture diazinon in the U.S.  Recently, diazinon has been identified as a cause of aquatic toxicity observed in San Francisco Bay Area urban creek water.  Diazinon is particularly toxic to the freshwater zooplankton Ceriodaphnia dubia (water flea).  This report summarizes what is known regarding the sources and conveyances of diazinon in urban creeks and identifies some data gaps and unresolved issues related to diazinon sources.  

Distribution in Urban Creeks

The distribution of diazinon in urban creeks provides clues about how it is applied in urban areas and the paths it takes from its manufacture to its discharge into surface water.  To better understand the distribution of diazinon in urban creeks, the Alameda Countywide Clean Water Program investigated the Castro Valley Creek watershed, which is believed to be typical of many Bay Area urban watersheds.  Land uses in the watershed are about 50% low-density residential development, 35% open space, and 15% commercial development (including multifamily residential areas).  On the basis of numerous concentration measurements and corresponding flow data, Alameda County estimated the total amount of diazinon discharged to Castro Valley Creek to be about 1.3 pounds during the 1995-1996 rainy season.  This load represents about 0.3% of the diazinon Alameda County estimated were applied outdoors in the watershed (Scanlin and Feng 1997).  

Analysis of storm water samples collected from the Castro Valley Creek watershed indicated that diazinon applied on surfaces during dry weather appeared to accumulate there before being washed into the creek during storms.  The mass of diazinon discharged to the creek increased with increased flow, although diazinon concentrations decreased, presumably through dilution.  Diazinon concentrations were higher in residential and commercial areas compared to those with more open space.  Higher diazinon levels were not clearly associated with any particular neighborhoods, however, and diazinon samples from adjacent gutters draining separate residences sometimes exhibited very different concentrations.  Alameda County concluded that diazinon comes from multiple, sporadic sources.  Individual sources may be very localized, and downstream diazinon levels apparently reflect an average of upstream pulses.  At any one time, about 2 to 4% of the properties in residential areas could be considered diazinon sources.  Some consistent sources of diazinon may also exist in the Castro Valley Creek watershed because some relatively high diazinon concentrations occurred at certain locations during more than one sampling event (Scanlin and Feng 1997).

The Alameda Countywide Clean Water Program also studied the San Leandro Creek watershed and came to similar conclusions.  Street gutter samples collected from residential areas during a storm exhibited low diazinon concentrations in many areas and high diazinon levels in a few areas.  Creek samples were more uniform and reflected the average of many different storm water discharges (URSGWC 1999a).  The data suggest that diazinon applications at discrete, variable, and independent locations are responsible for the diazinon observed in surface water.

Reported and Unreported Applications

Diazinon is the active ingredient in many pesticide product formulations.  Most of these formulations also contain so-called “inert” substances at various concentrations.  For consistency, this report uses the term “diazinon” to refer to the active ingredient only, not to the entire product.  The many inert ingredients are ignored when quantities of diazinon are discussed below.  

California requires all agricultural pesticide applications to be reported to local Agricultural Commissioners.  The California Department of Pesticide Regulation compiles these data.  “Agriculture” is defined to include applications on parklands, golf courses, rights of way, rangelands, pastures, and cemeteries.  In addition, commercial pest control operators must report their pesticide applications.  Pest control operators apply diazinon primarily for landscape maintenance and structural pest control.  Private citizens are not required to report their applications of over-the-counter products, such as applications in private homes and gardens.  The City of Palo Alto has estimated that, in urban areas, unreported diazinon applications account for up to 60% of all diazinon applications, and reported diazinon applications may represent as little as 40% (Cooper 1996).  On the basis of estimated sales in Castro Valley and reported applications there, Alameda County has estimated that reported and unreported applications each account for about 50% of all diazinon applications (Cooper and Scanlin 1997).  

As noted in Table 1, 85,321 pounds of diazinon were reportedly applied in the nine Bay Area counties in 1999 (CDPR 2000a).  Some of these counties overlap Regional Water Quality Control Board boundaries, so a relatively small portion of this diazinon was applied outside the area of the San Francisco Bay Regional Water Quality Control Board’s jurisdiction.  These areas tend to be more rural, whereas areas within the San Francisco Bay Regional Water Quality Control Board’s jurisdiction tend to be more urban.  Landscape maintenance and structural pest control are more closely associated with urban areas than most agricultural activities.  As illustrated in Figure 1, diazinon applications vary from year to year.  These variations may reflect differences in weather, specific pest problems, or recent general trends.

TABLE 1

Reported Bay Area Applications, 1995-1999

	
	Reported Applications (pounds)

	Purpose
	1995
	1996
	1997
	1998
	1999

	Structural Pest Control
	49,119
	50,032
	45,700
	49,541
	50,552

	Agriculture
	28,113
	25,214
	26,061
	22,034
	23,271

	Landscape Maintenance
	18,500
	14,468
	15,961
	18,274
	11,382

	Other*
	128
	80
	777
	555
	115

	
Total
	95,859
	89,795
	88,499
	90,403
	85,321


* Other uses of diazinon included public health pest control, research commodities, rights of way, and uncultivated areas.

Source:  CDPR 2000a; CDPR 2000b; CDPR 1999a; CDPR 1999b; CDPR 1996.

FIGURE 1

Reported Bay Area Applications, 1995-1999
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Table 2 shows average reported diazinon applications by county for the period from 1995 through 1999.  During this period, more diazinon applications were reported in Santa Clara County than in any other Bay Area county.  Contra Costa County ranked second.  About 54% of the total diazinon reportedly applied was associated with structural pest control, about 28% was associated with agriculture, and about 18% was associated with 

TABLE 2

Average Reported Bay Area Applications by County, 1995-1999

	
	Average Reported Applications (pounds)

	
County
	Structural Pest Control
	
Agriculture
	Landscape Maintenance
	
Other*

	Alameda County
	7,681
	20
	1,927
	4

	Contra Costa County
	10,618
	5,784
	3,444
	17

	Marin County
	2,489
	12
	588
	0

	Napa County
	378
	89
	28
	0

	San Francisco County
	673
	0
	21
	0

	San Mateo County
	5,974
	1,223
	1,278
	204

	Santa Clara County
	16,874
	7,648
	6,849
	68

	Solano County
	2,415
	6,678
	116
	36

	Sonoma County
	1,888
	3,484
	1,465
	2

	
Subtotal
	48,989
	24,939
	15,717
	331

	
Percent of Total
	54%
	28%
	18%
	<1%


* Other uses of diazinon included public health pest control, research commodities, rights of way, and uncultivated areas.

Source: CDPR 2000a; CDPR 2000b; CDPR 1999a; CDPR 1999b; CDPR 1996.

landscape maintenance.  Less than 1% was for other types of applications (CDPR 2000a; CDPR 2000b; CDPR 1999a; CDPR 1999b; CDPR 1996).

Given that 85,321 pounds of diazinon applications were reported for the nine Bay Area counties for 1999, and assuming that reported and unreported applications were each about 50% of the total (Cooper and Scanlin 1997), then about 85,300 pounds of diazinon applications were probably not reported.  The total, therefore, may have been about 170,600 pounds or about 85 tons.  

Alameda County has estimated the annual amount of diazinon applied outdoors to be about 0.02 pounds per person (Cooper and Scanlin 1997).  The population of the Bay Area is about 6,931,600, a relatively small portion of which reside outside the jurisdiction of the San Francisco Bay Regional Water Quality Control Board (ABAG 1999).  Therefore, Bay Area residents could apply about 140,000 pounds or about 70 tons of diazinon outdoors each year.  This estimate agrees reasonably well with the above total indoor and outdoor estimate of 85 tons, particularly if most diazinon is assumed to be applied outdoors.  Assuming that about 0.3% of the diazinon applied outdoors finds its way to surface water (Scanlin and Feng 1997), the annual diazinon load to Bay Area surface water may be roughly 400 pounds.  

Formulations and Application Techniques

The roughly 400 pounds of diazinon discharged to Bay Area surface water probably results from a number of different products and formulations.  Table 3 provides examples 

TABLE 3

Examples of Product Formulations

	Solutions and Liquids
	Dusts and Powders

	Emulsifiable Concentrates
	Wettable Powders

	Aqueous Concentrates
	Granules and Flakes

	Pressurized Liquids, Sprays, and Foggers
	Impregnated Materials (e.g., flea collars)

	Flowable Concentrates
	Microencapsulated Materials


Source:  Cooper 1996.

TABLE 4

Attributes of Common Formulations Applied Outdoors

	
Formulation
	Sites of Use
	Particle Size
	Formulation Concentration
	Application Concentration
	Typical Instructions

	Liquid Concentrates
	Trees, plants, lawns, and building perimeters
	NA
	25%
	0.065%
	Apply 0.0001 pounds per square foot

	Granules and Flakes
	Lawns and building perimeters
	1 to 2 millimeters in diameter
	2% to 5%
	No dilution
	Apply around building perimeter in bands of 4 to 5 feet; water as instructed.  

	Dusts and Powders
	Trees, shrubs, and plants with insect problems*
	Much smaller than granules and flakes
	NA
	No dilution
	Do not water


NA = Not Available or Not Applicable

* Dusts and powders are rarely applied to lawns, but they are sometimes applied to building perimeters in a manner similar to granules and flakes.

Source:  Cooper 1996.

of several types of existing diazinon formulations.  Table 4 describes the general attributes of liquid concentrates, granules, flakes, dusts, and powders, which are formulations primarily applied outdoors.  Pressurized liquids, sprays, foggers, and impregnated materials are primarily applied indoors.  The formulations registered with the California Department of Pesticide Regulation in the greatest numbers are solutions and liquids, emulsifiable concentrates, and granules and flakes (Cooper 1996).  

A limited survey of retail outlets in Alameda County determined that about 70% of the pesticide products sold there were concentrates, about 30% were granules, less than 1% were dusts, and less than 1% were diluted (i.e., ready-to-use) products.  Therefore, most over-the-counter products are apparently applied outdoors.  Alameda County also interviewed three structural pest control operators.  About 90% of their work was for residential properties, and their diazinon applications were exclusively outdoors (Cooper and Scanlin 1997).

The most common diazinon sites of use are reported to be outside houses; ant dens and mounds; lawns and ornamental lawns; uncultivated non-agricultural lands; ornamental shrubs, plants, and trees; and soils (prior to outdoor planting) (Cooper 1996).  Because diazinon levels in Castro Valley Creek had been studied, and because Castro Valley’s mostly low-density residential development is representative of much of Alameda County, Alameda County conducted a telephone survey of Castro Valley residents to learn more about their pesticide practices.  The results indicated that about 51% of Castro Valley residents apply some type of pesticide outdoors.  Of these, about 35% apply the pesticide themselves, and about 14% hire a professional.  The most common target pests are ants, followed by spiders, fleas, aphids, termites, and grubs.  The pesticides are applied at foundations (74%), in gardens (50%), along patios and walkways (48%), on trees and shrubs (41%), and on lawns (30%).  Of the 69% of survey respondents who could name a pesticide applied at their homes, more named diazinon (32%) than any other pesticide (Cooper and Scanlin 1997).  

Diazinon landscaping applications peak in July and are lowest in January.  Structural pest control applications are similarly low in January, although the seasonal fluctuation is considerably less (Cooper and Scanlin 1997).  Retail diazinon sales begin in spring and pick up through summer; however, ant-related applications pick up during the rainy season (i.e., winter) when ants are more likely to come indoors (Cooper 1996).  

Pathways to Surface Water

Diazinon does not naturally occur in the environment.  Novartis manufactures most, if not all, of the diazinon found in Bay Area urban creeks.  Novartis sells diazinon to retailers who sell diazinon to agricultural interests, pest control operators, and private citizens, who in turn apply the pesticide for their various purposes.  Although most of the diazinon applied in the Bay Area adheres to surfaces, degrades in the environment, and is not found in surface water, a relatively small fraction does reach surface water.  This fraction, estimated to be about 0.3% of the diazinon applied outdoors (Scanlin and Feng 1997), is responsible for the aquatic toxicity observed in urban creeks.  

The Alameda Countywide Clean Water Program conducted tests to determine if applying diazinon outdoors in accordance with its label instructions could account for observed surface water concentrations.  A liquid concentrate containing 25% diazinon was applied at a home in accordance with its label instructions, except that the amount of diazinon applied was considerably less than the recommended application rate for ants.  During subsequent rainfall, runoff concentrations reached as high as 1,200,000 nanograms per liter (ng/l) (parts per trillion) several days after the application.  The highest concentrations occurred when rain closely followed the application, and high diazinon levels persisted for up to seven weeks.  The study concluded that applying diazinon in accordance with its label instructions could not be ruled out as a source of diazinon in storm water (Scanlin and Feng 1997).  

Many application techniques pose at least the potential for diazinon to be released to surface water through direct or indirect pathways.  As shown in Figure 2, diazinon applied to lawns, gardens, and pavement (in accordance with label instructions or not) can be washed into storm drains by rain or watering.  Watering is instructed for some formulations and can also occur during routine lawn or garden maintenance.  Diazinon can become airborne through spraying or evaporation.  Airborne diazinon can reach surface water through atmospheric deposition and subsequent rain.  The Alameda Countywide Clean Water Program has estimated that about 90% of the diazinon released to surface water is discharged during storm events (Scanlin and Feng 1997).  Spills, uncontrolled releases, and illicit dumping, to the extent that they occur, can enter storm drains directly or be washed there by rain.  Diazinon can also be released when equipment used to mix and apply it is cleaned, particularly if rinsate spills on pavement that is subsequently exposed to rain.  A survey of San Diego County residents found that about 15% of respondents use water to clean their pesticide application equipment.  Of these, about 34% wash up in the garden or lawn, and about 2% dispose of their rinsate in the street, on the sidewalk, or in the driveway (URSGWC 2000).

FIGURE 2

Pathways to Surface Water
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Source:  Cooper 1996.

Intermediate Conveyances

Attempts have been made to estimate diazinon levels in rain and sediments.  Rain and sediments are not sources of diazinon per se.  Rain, for example, simply conveys diazinon from one medium to another.  Rain washes back to earth the diazinon sprayed into the air or evaporated from surfaces.  In a similar manner, sediments may convey diazinon from one location to another (e.g., by carrying it down stream), but they may also serve as a diazinon sink or reservoir.  

Several organizations have measured diazinon in rain.  Of 32 reported Bay Area measurements, no diazinon was detected above the detection limit of 30 ng/l in 18 samples.  Diazinon levels in the other 14 samples ranged from 33 to 88 ng/l.  These levels are relatively low compared to diazinon concentrations in rain falling in California’s Central Valley.  There, diazinon has been found in rain at levels as high as 5,500 ng/l (Katznelson and Mumley 1997).  In the Bay Area, diazinon concentrations in rain are probably much lower because the predominant winds typically come from over the ocean toward the east and some major diazinon sources (e.g., Central Valley agricultural areas) are downwind.  

Diazinon has been found in sediments in Crandall Creek, Castro Valley Creek, and San Leandro Creek (WCC 1996).  Sediments may retain diazinon during the wet season and release some of it during the dry season.  Pesticides tend to adhere strongly to sediments when they (1) are not soluble in water above concentrations of about 1 part per million (ppm) or have octanol-water partition coefficients (Kow) greater than 1,000, and (2) exhibit soil half-lives greater than 30 days (USGS 2000).  The solubility of diazinon is about 40 ppm, its Kow is about 2,000 (Novartis Crop Protection 1997), and its half-life in soil is about 7 to 14 days (Sheipline 1993).  Diazinon adheres to sediment particles, but its physical properties suggest that it can also be washed away.  When diazinon concentrations in the water column are high, diazinon binds to sediments; when diazinon concentrations in the water column drop, the sediments may release some of their diazinon.  This process may explain some of the diazinon observed in urban creeks during dry weather (URSGWC 1999b).

Unresolved Issues

Existing management practices are adequate to ensure that most of the diazinon applied outdoors in the Bay Area does not run off into surface water.  However, the roughly 0.3% that does reach urban creeks is sufficiently toxic to some aquatic organisms to impair water quality (Scanlin and Feng 1997).  Therefore, the total maximum daily load (TMDL) process must focus on this residual 0.3%.  The entire spectrum of diazinon handling practices could contribute to this residual diazinon, but specific factors are more likely to be responsible than others.  These factors, however, are currently unknown.  The lack of detailed source information, organized in a manner that facilitates TMDL implementation, poses an important challenge for the TMDL process.

A simplistic view of the TMDL process is sequential:  the sources are identified, the pollutant loads are quantified, maximum loads are allocated, and then implementation strategies are developed.  In reality, the sources identified through the TMDL process must closely relate to the specific factors causing the impairment and to feasible TMDL implementation strategies.  For this reason, the source analysis must be completed in tandem with the other TMDL elements and be revised as needed.
Defining “Sources”

Before diazinon discharges can be attributed to specific sources, the term “source” needs to be defined.  At this time, the most sensible definition is unknown.  It will depend on what information linking sources to discharges is available and what TMDL implementation strategies are considered.  Some ways of looking at sources are discussed below, along with the primary information needs for each.

1. Who handles diazinon?  The diazinon in urban creeks could be traced to the parties responsible for choosing to apply the pesticide and the manufacturers and retailers who supply it.  Additional information would be needed to categorize individual diazinon users, to determine how many contribute to impaired creeks, to discern what they actually do that causes the problem, and to quantify their contributions.  

2. What areas do discharges come from?  Diazinon levels in urban creeks vary by land use (i.e., residential, commercial, industrial, public, open space).  In urban areas, diazinon appears to be most closely associated with residential land uses.  Diazinon could also originate from other types of land uses.  Additional information would be needed to better understand how different land uses relate to diazinon levels in surface water.  Information would be needed to link individual land uses to specific load estimates and to subcategorize land uses into groups that facilitate TMDL implementation (e.g., high density versus low density residential, heavy versus light industrial).  To be useful, information would need to be gathered to discern what actually occurs within specific land use areas to cause diazinon discharges (i.e., who uses the diazinon, what products they use, what they use them for, and how they go about using them).  

3. Why is diazinon used?  Like any pesticide, diazinon is used to solve pest problems.  Pest management literature and outreach programs are often organized by target pest (e.g., ants, fleas, grubs, and other pests).  TMDL implementation may also be most effective if source allocations are organized by target pest.  The target pest determines the available product formulations, appropriate sites of use, and required application techniques.  In turn, these factors determine the potential for surface water discharges.  Additional information would be needed to link specific pest problems with diazinon in surface water.  Better information about the pests targeted by unreported applications would also be needed.  

4. What formulations are applied?  Where, when, and how different formulations (e.g., liquid concentrates, granules, flakes, dusts, and powders) are applied can determine their contributions to diazinon levels in surface water.  Additional information would be needed to quantitatively link specific types of products with resulting surface water discharges.  Sales data, in particular, would be important in establishing which formulations are most common.  In addition, data would be needed to determine the environmental fates of different types of formulations and to establish run-off factors.

5. Where is diazinon applied?  Diazinon applications at certain sites of use (e.g., building perimeters, pavement, lawns, ornamental plants) may be more problematic than at others.  For example, runoff could occur more readily from impervious surfaces than pervious surfaces.  Indoor diazinon applications are not expected to result in discharges to urban creeks.  Additional information would be needed to determine the sites of use that pose the greatest concerns for water quality.  Data would also be needed to determine the amount of diazinon applied at each site of use and to establish run-off factors.  In addition, better information about unreported applications would be needed.  

6. How is diazinon applied?  Application instructions (i.e., label instructions) dictate application techniques, concentrations, timing, and required precautions.  Application techniques (e.g., spraying liquids, spreading dusts, watering) directly relate to sites of use and product formulations.  Some techniques may be more prone than others to result in surface water discharges.  Additional information would be needed to identify and quantify specific techniques that pose risks.  Quantitative information about product sales and unreported applications would also be needed.

7. How does diazinon get to surface water?  The pathways or conveyances through which diazinon enters surface water are not well understood.  The extent to which the diazinon in urban creeks results from storm water runoff, evaporation and deposition, or direct discharges (e.g., accidental spills or poor clean-up procedures that release diazinon directly to storm drains) would need to be studied.  Information would also be needed regarding the fate of diazinon in the environment, and how the fate of diazinon depends on product formulation, site of use, and application technique.  

Conceptual Example

The definition of a “source” and the implementation strategies available determine the types of information needed to establish links among sources, discharges, and implementation measures.  Assuming that diazinon uses targeting particular pests could be considered diazinon sources, the discussion below provides a conceptual example of how information could be gathered that links such sources to implementation strategies.  

As illustrated in Figure 3, diazinon product formulations and sites of use could be identified and considered in light of product label instructions.  On the basis of this information, some potential water quality problems could be identified.  Target pests associated with the potentially problematic formulations, sites of use, or application instructions could then be identified.  To prioritize these pests of concern, the frequency with which they pose nuisances could be considered.  In this way, priority pests could be 

FIGURE 3

Information Needed to Develop Strategy
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identified, and diazinon control strategies could be developed to address the priority pests.  

This is only one scenario that illustrates one way of thinking about diazinon sources.  Other scenarios could require different logic and different types of information.  In any case, the goal would be to support the development of useful TMDL implementation strategies.  

Information Needs

The following list summarizes the essential questions that may need to be answered to move forward with the TMDL process.  In some cases, limited information is already available, as summarized in this report.  In many others, however, the questions are deceptively simple in that they require answers that relate to other questions.  For example, information about common sites of use should correlate with information about common formulations, which should correlate with information about application techniques.  How successfully these questions can be answered may determine the success of the TMDL process.

1. Individual Users

a. What is the best way to categorize individual diazinon users?

b. How many users within each category contribute to the diazinon in urban creeks?

c. How much does each user contribute?

2. Land Uses

a. How do different land uses affect diazinon levels in surface water (i.e., what are the diazinon loading factors by land use)?  (More monitoring may be needed, and this information could inform the sampling design.)

b. How can major land use categories (e.g., residential) be subcategorized to facilitate TMDL implementation?  

c. How much detail is needed regarding land use subcategories and loading factors, and is it possible to detect differences with the desired specificity?

3. Formulations, Sites of Use, and Application Techniques

a. What formulations are most common (including unreported applications)?

i. At what sites are they applied?

ii. What techniques are required for these formulations?

b. At what sites is diazinon typically applied (including unreported applications)?

i. What formulations are applied at each site?

ii. What techniques are common to each site?

c. What techniques are used to apply diazinon?  

i. What formulations relate to each technique?

ii. What sites of use call for which techniques?

iii. Do all common application techniques comply with label instructions?

d. Are better alternatives available for problematic formulations, sites of use, or application techniques?

4. Links to Surface Water Discharges

a. What sites of use pose the greatest concerns for water quality?

i. How much diazinon is applied at each site of use (including unreported applications)?

ii. What are the run-off factors for different sites of use (by formulation)?

b. What formulations pose the greatest concerns for water quality?

i. How much diazinon in surface water can be linked to specific types of products?

ii. What are the run-off factors for different formulations (by site)?

c. What risks do various application techniques pose to surface water?

i. What do diazinon users do or fail to do to cause diazinon to reach creeks?

ii. Are these activities in accordance with label instructions?

5. Target Pests

a. What is the relationship between specific pest problems to diazinon levels in surface water?  (The above “Conceptual Example” discusses possible links.)

b. Are less-toxic alternatives available to address the target pests that most affect water quality?

6. Fate and Transport

a. What pathways does diazinon take to reach surface water?

b. What formulations or sites of use affect the ability of diazinon to degrade before entering storm water, assuming that degradation is a major factor in keeping diazinon out of storm water?

c. What role do accidental releases (i.e., spills) play in diazinon levels in urban creeks?

d. What role to clean-up methods play in diazinon levels in urban creeks.
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