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coefficient–bounded set uncertainty analysis is applied to help analyze this variability. Cancer risk model uncertainty bounds appear to contain
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Introduction

This article presents analysis of the regulatory guidance values
(RGVs) applied worldwide to help control the potential health
risks of pesticide surface soil contamination. Regulatory guidance values define the concentration at which a soil pollutant
triggers some form of regulatory response. These types of standards exist for drinking water, food, air, and soil, although there
are very few air pollution values for pesticides. In water, these
are often known as maximum contaminant levels (MCLs).
Many nations follow European Union (EU) or World Health
Organization (WHO) leadership and have adopted similar
MCLs. For agricultural commodities, these are generally
referred to as maximum residual limits (MRLs). International
trade agreements have led many nations to adopt similar MRLs.
In soil, there is no unifying factor that has helped establish soil
standards and little agreement about what the standards should
be called. Names such as action levels, trigger values, screening
values, remediation guidelines, maximum permissible concentrations, threshold values, limit values, and intervention values
are used. Here, these will all be referred to as RGVs. There is
much more variability in soil RGVs than in the MCLs and
MRLs applied to the same pollutant.1 It is true that there are
nuances in how RGVs are applied that may not exist for MCLs
or MRLs. Some jurisdictions use RGVs as remediation standards. In others, they serve as the starting point for site-specific
standard negotiations. However, because RGVs define the concentration at which regulatory concern begins, they all may
serve as remediation standards because soil remediated to below
the RGV would no longer be of regulatory concern.
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Regulatory guidance values also differ from other RGVs
because regulatory jurisdictions often promulgate more than
one value for each soil pollutant. Some jurisdictions provide
values based on the possibility of the pollutant leaching to
underlying potable groundwater or contaminating surface runoff that could reach a potable surface water. Regulatory guidance values promulgate specifically for agricultural soils or
commercial/industrial sites may also be found. Most of these
are based on potential human health impacts, but standards
based on ecosystem impacts can also be found. Often developing these standards requires sophisticated fate and transport
modeling in addition to human health and ecosystem impact
analysis. These RGVs are not considered here. The work presented concentrates on RGVs applied to residential surface
soils. These values are generally based on direct surface soil
ingestion, inhalation, and dermal contact health impact models
applied to children. These are the values often used in the analysis of soil RGVs.
Environmental jurisdictions worldwide have developed soil
RGVs. National, regional, provincial, state, city, county, and
indigenous peoples in at least 80 United Nations (UN) member states and several multinational organizations have promulgated RGVs. Most provide values to control the cancer and/
or noncancer health risks of direct contact with residential surface soil, but there is little agreement about the pollutants that
should be regulated or the magnitude of the values that should
be used. The RGVs used worldwide for individual pollutants
often vary by more than 5 orders of magnitude.
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Previous studies at Case Western Reserve University have
examined the RGVs applied worldwide to pollutants such as
fuel-related benzene, toluene, ethylbenzene, xylenes, and naphthalene2,3; individual elements4–6; common polycyclic aromatic
hydrocarbons7,8; and chloromethanes,9 chloroethanes,10 chloroethenes,11 chlorobenzenes,12 and chlorophenols.13 Ongoing
work is examining values applied to polychlorinated biphenyls,
dioxins, and dibenzofurans (PCDDs/PCDFs).
Several other studies have also analyzed soil guidance values. Noteworthy contributions include those of the California
Department of Natural Resources,14 Proctor et al,15 Schäfer,16
Bartsch and Dorfman,17,18 Davis et al,19 the Science
Applications International Corporation,20 the Association of
Environmental Health and Science,21 the Interstate
Technology Regulatory Council,22 Cavanaga,23 Provoost
et al,24 Paustenbach et al,25 Canadian Contaminated Sites
Management Working Group,26 Carlon,27 Erdal and
Carollo,28 US Environmental Protection Agency (USEPA),29
Teaf et al,30 Quinn and Frasier,31 and Blauvelt and Sweet.32
However, no previous study has addressed the worldwide
scope of pesticide RGVs considered here.
Identifying worldwide pesticide RGVs is challenging.
“Pesticides” are a large class of chemicals. Jennings and Li33 identified RGVs for 739 distinct pesticide compounds regulated
using either a chemical nomenclature description or one of the
names under which they are marketed. The wide variety of product names expressed in different languages makes it difficult to
ensure that the RGVs of comparable compounds are compared.
It is also difficult to identify “current-use” pesticides.
Pesticide use is controversial. Many sources are reluctant to
release data on specific product use. It is not difficult to identify
pesticides that have been approved for use and not difficult to
find data on broad category use such as the total amount of
herbicides applied, but data on specific products are difficult to
acquire. Pesticide manufacturers exert financial and political
pressure to protect their markets and shield their products from
regulation. Nations are also cautious about releasing pesticide
data that might affect agricultural exports. There are also several criteria by which “most commonly used” can be defined.
This can refer to the total mass applied or the mass applied per
unit surface area, per capita, or per crop.
Based on the available information on current worldwide
pesticide use and on the frequency of pesticide soil RGVs,33
the following 15 pesticides in current common use were
selected for analysis; 2,4-D, atrazine, carbaryl, carbofuran,
chlorpyrifos, diazinon, dicamba, diuron, glyphosate, malathion, MPCA (2-methyl-4-chlorophenoxyacetic acid),
metolachlor, picloram, simazine, and trifluralin. Of these 15
pesticides, the RGVs of 12 are usually based on noncarcinogenic risk considerations. Only atrazine, simazine, and trifluralin are considered to be carcinogenic by the USEPA. This
part I article concentrates on defining methods common to
both part I and II analysis and on presenting an analysis of
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atrazine, simazine, and trifluralin RGVs. Part II presents analysis of the RGVs applied to commonly used noncarcinogenic
pesticides.
The goal of the work is to examine the variability of the
RGVs used to regulate residential surface soil exposures to
these pesticides and to determine how much of this variability
falls within the span of credible health risk modeling. As has
been observed in several of the previous studies, RGVs on the
high end of their value distributions may allow for too much
human exposure and thus may not be sufficiently protective of
human health. Values that are on the low end of the distribution would be more protective of human health but may also
impose unnecessary or infeasible remediation obligations.
Often these extreme values exist and persist because regulators
and the regulated community are simply not aware of where
their values fall in the overall distribution of guidance values.
The work presented here is intended to clarify this issue for 15
of the most commonly regulated current-use pesticides.

Materials

The materials of this work are the 15 pesticides for which
analysis is provided. Detailed information on the toxicology of
each may be found in the National Library of Medicine’s
Hazardous Substances Data Bank,34 the USEPA-Integrated
Risk Information System (USEPA/IRIS),35 and in Agency for
Toxic Substances and Disease Registry (ATSDR)36 publications. Although this toxicology literature is important, it is
only indirectly relevant to the work presented here. Rather
than discuss this literature, the following provides information
on the origin, typical uses, and use frequency of each pesticide
and indicates how the health risks of each have been classified
by organizations such as the American Conference of Governmental Industrial Hygienists (ACGIH),37 the International
Agency for Research on Cancer (IARC),38 the International
Labour Organization (ILO),39 Safe Work Australia,40 and
USEPA.41 It is how organizations such as these have responded
to the toxicology literature in making risk classifications that
exerts the greatest influence on RGV development.
Regulatory agencies worldwide have responded to the risk
classifications of these pesticides by identifying them as high
priority pollutants. Atrazine, malathion, simazine, and trifluralin appear on the United Kingdom “red list” of most dangerous
substances.42 Atrazine, chlorpyrifos, diuron, simazine, and trifluralin appear on the European Commission priority substances list.43 Atrazine, chlorpyrifos, diuron, and trifluralin also
appear on Turkey’s list of priority substances.44 With the
exception of glyphosate and picloram, all appear on the
ATSDR substance priority list.45 All except glyphosate and
picloram have been found at more than one US national priority “superfund” site, and 2,4-D (the most commonly found) has
been identified at 233 sites.46
Additional information such as type, International Union of
Pure and Applied Chemistry (IUPAC) name, elemental
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Table 1. The most frequently regulated of current use pesticides generally considered to be carcinogenic.
NISTa
Registration Name

Type

IUPCAb Name

Elemental
Composition

CAS No.

NIST Number of
Other Names

Atrazine

Herbicide

1-chloro-3-ethylamino-5isopropylamino-2,4,6-triazine

C8H14ClN5

1912-24-9

91

Simazine

Herbicide

6-chloro-N,N’-diethyl-1,3,5triazine-2,4-diamine

C7H12ClN5

122-34-9

64

Trifluralin

Herbicide

2,6-dinitro-N,N-dipropyl-4(trifluoromethyl) aniline

C13H16F3N3O4

1582-09-8

42

aNIST

– National Institute of Standards and Technology.
– International Union of Pure and Applied Chemistry.

bIUPCA

composition, chemical abstracts service number (CAS No.)
identification for atrazine, simazine, and trifluralin has been
summarized in Table 1.
Data are also provided on the number of alternative names
under which each has been marketed.

Atrazine
Atrazine is a triazine herbicide developed in the United
States and Switzerland in the mid-1950s. It was registered
for use in Switzerland in 1956 and in the United States in
1958. It rapidly became one of the most commonly used
broadleaf herbicides. It is estimated that 75% of field corn in
the United States is treated with atrazine. It is also applied to
sorghum, sugarcane, wheat, hay, and pastures.47 Atrazine is
also the most commonly detected pesticide in US drinking
water supplies in the Midwest.48
The use of atrazine is controversial. It was banned by the
EU in 2003 (technically, it was excluded from reregistration
because its registrants did not supply sufficient data to demonstrate that it would not contaminate groundwater)49 even
though its major producer is the Swiss corporation Syngenta.
Studies have indicated that atrazine is an endocrine disruptor that affects the life cycles of amphibians, and may increase
the rates of human breast and prostate cancer, and birth
defects.50,51
The USEPA reassessed atrazine in 2006 and concluded that
it remained eligible for registration.52 It has been alleged that
Syngenta exerted undue influence on the decision and remains
aggressively hostile to anyone suggesting problems with atrazine, so its use has remained controversial.48 This can be seen in
the numerous Web pages (including Syngenta’s public relations
site53) touting its benefits or ills.
Atrazine is the second most commonly used agricultural
pesticide in the United States.54 It is also commonly used in
New Zealand,55 Canada,56 Brazil,57 South Africa,58 and
Australia59 and is the fourth largest Chinese pesticide export.60
The IARC38 indicates that Atrazine is “not classifiable as to
its carcinogenicity to humans,” and the ACGIH34 indicates
that it is “not classifiable as a human carcinogen.” Safe Work
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Australia assigns atrazine risk phrases 48/22, 43, and 50 to 53
indicating that it is dangerous by ingestion or dermal exposure
and is harmful to aquatic organisms.40 The ILO assigns it risk
phrases 20/22, 36, 40, and 43 indicating that it is harmful by
ingestion, inhalation, and dermal exposure, but that there is
“limited evidence of carcinogenic effect.”39 In 2000, USEPA
Office of Pesticide Programs (USEPA/OPP) concluded that it
was “not likely to be carcinogenic to humans,”61 but in 2014,
the California Office of Environmental Health Assessment
issued a notice of intent to list atrazine as a chemical “known to
the State to cause reproductive toxicity.”62 The USEPA/IRIS
indicates that the cancer risk (CR) evaluation of atrazine “is
not available at this time.”35 Nevertheless, although USEPA’s
RGV calculations are based on both CR and non-CR (NCR)
of ingestion and dermal contact, CRs yield the binding value.63

Simazine
Simazine is another triazine-derivative herbicide marketed by
Syngenta. It was first registered in the United States in 1956 as
a preemergence herbicide for broadleaf and grassy weeds control on deep-rooted crops. It is also used for weed control in
residential and industrial areas, highway and railroad rights-ofway, and (in combination with pesticides such as Paraquat,
Roundup, and Surlflan) on fruit trees, Christmas trees, and
ornamental plants. It has also been used to control submerged
weeds and algae in ponds, fish hatcheries, swimming pools, and
cooling towers, but its use as an algaecide is being discouraged.64
Similar to atrazine, simazine has been banned by the EU.65
Simazine is listed as number 16 of the 25 most commonly
used US agricultural pesticides.54 It is also one of the top 3
herbicides used in Australia.59
The IARC indicates that simazine is “not classifiable as to its
carcinogenicity to humans.”38 Safe Work Australia associates
simazine with risk phrases 40 and 50 to 53 indicating “limited
evidence of a carcinogenic effect,” but that it is very toxic to
aquatic organisms.38 The ILO also assigns it the risk phrase 40
indicating that there is “limited evidence of carcinogenic
effect.”39 Simazine was evaluated by the USEPA/OPP in 2005
which concluded that it was “not likely to be carcinogenic to
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humans.”62 The USEPA/IRIS indicates that the risk classification for simazine “is not available at this time.”53 US
Environmental Protection Agency bases its RGV calculation
on both the CR and NCR of Simazine ingestion and dermal
contact, but CR yields the binding value.63

Trifluralin
Trifluralin is a selective preemergent fluorinated dinitroaniline
herbicide used to control grass and broadleaf weeds. It was patented by Eli Lilly and Company but is currently produced by the
Dow Chemical Company. It was registered in the United States in
1963. Trifluralin is used on broccoli, cabbage, onions, leafy green
vegetables, beans, tomatoes, potatoes, wheat, soybeans, sugar beets,
sugarcane, fruit and nut trees, soybeans, cotton, corn, and wheat. It
is also registered for residential and forestry use.66 All trifluralin
registered uses were withdrawn by the EU in 2007.67
Trifluralin is number 17 of the 25 most commonly used US
agricultural pesticides and is the ninth most commonly used
home and garden pesticide.54 It is also number 15 on the
French Agency for Food, Environmental and Occupational
Health & Safety68 list of pesticides commercialized in France,
is a high percentage use pesticide in New Zealand,55 and is
number 20 of the agricultural pesticides used in South Africa.58
The IARC indicates that trifluralin is “not classifiable as to its
carcinogenicity to humans.”38 Safe Work Australia assigns trifluralin the risk phrases 40, 43, and 52 to 53 indicating that there is
“limited evidence of a carcinogenic effect,” but that it can be
toxic by dermal exposure and is harmful to aquatic organisms.40
The ILO assigns it the risk phrases 36 and 43 indicating that it
can cause eye irritation and that dermal exposure can be harmful.39 Trifluralin was classified as a “Group C-Possible human
carcinogen” by USEPA in 1986.62 The USEPA/IRIS also classifies it as a “possible human carcinogen.”35 The USEPA trifluralin
RGV is based on both cancer and noncancer ingestion and dermal contact risks, but CRs yield the binding value.63

Methods
Pesticide RGV sources
Pesticide RGVs were recovered from Internet searches of regulatory guidance documents. All values are for residential direct
contact surface soil exposures or for the most comparable exposure classification. Identifying RGVs for the 15 pesticides considered in this, and the part II manuscript required translating
documents from 21 other languages. This was accomplished
with the assistance of native-speaking scholars and translation
software. Documenting the RGVs also required extensive use
of Internet references. Each RGV is listed in supplemental
Table S1 or S2, and a reference is provided for each value.
Readers are cautioned that Web pages are often rearranged,
and regulatory guidance is frequently updated. If the information is no longer available at the URL listed, it may be located
using the word search features (in the appropriate language)
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available on most Web pages or by contacting the agency
directly via the “contact us” feature.

Analysis of RGVs
Pesticide RGV data sets were characterized by the total (N),
US-related (NUS), and non–US related (Nw) set sizes, plus the
set’s arithmetic mean (µ), geometric mean (µG), log10 mean
(µL), and log10 standard deviation (σL). All values were given
equal weight. Statistics based on log-transformed values are
included because previous studies have found that RGV distributions often resemble those of lognormal random variables.
Empirical cumulative distributions were constructed from
RGV data sets as follows:
P (RGVr ⩽ RGVi ) ≈

Ri
; ∀i = 1, N
N

(1)

where RGVr is a known value, RGVi is a random RGV realization for this same pesticide, and Ri is the ordinal rank of
RGVr in the set of known values. Pearson (r) correlation analysis was applied to examine how empirical distributions correlated with theoretical lognormal random variable cumulative
distributions based on identical statistics.
Previous studies have found that RGV distributions often
contain clusters of values that are unlikely to have occurred randomly. Apparently, nonrandom clusters were identified as groups
of values for which the binomial probability mass function indicated a random occurrence probability of less than .001.

USEPA RGV model calculations
US Environmental Protection Agency RGVs are calculated
from CR and NCR models for ingestion, inhalation, and/or
dermal contact, although the USEPA does not consider inhalation risks for the pesticides analyzed here. The USEPA models
are typical of the formulations used to calculate RGVs and
have been used in previous studies to generate uncertainty
bounds based on credible variations in risk scenario coefficients. A similar approach is applied here.
The USEPA risk models for ingestion and dermal contact
are defined in equations (2) through (7). Each of these is based
on an exposure scenario (eg, days per year of exposure and
amount of soil ingested per exposure) plus a pollutant toxicology coefficient to calculate the maximum soil concentration
that would lead to an acceptable health risk. The chemicalindependent exposure scenario coefficients, their current
USEPA values (in parentheses),69 and the range of values (in
brackets) used by US states in similar calculations4 are defined
following the equation in which they first appear. The value
ranges result from exposure scenario adjustments to account
for regional conditions such as winter weather that reduce
exposure frequency. The chemical-specific coefficients are also
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Table 2. Chemical-specific coefficient values used in US Environmental Protection Agency risk model assessments.
Common-use
pesticide

CFSo—chronic oral
slope factor, kg d/mg

GIABS—fraction absorbed
in gastrointestinal tract,
unitless

ABSd—fraction
absorbed dermally
from soil, unitless

RfDo—chronic
oral reference
dose, mg/kg d

Atrazine

2.3E−01

1.0

0.1

3.5E−02

Simazine

1.2E−01

1.0

0.1

5.0E−03

Trifluralin

7.7E−03

1.0

0.1

7.5E−03

defined following the equation in which they first appear. Their
current USEPA values are listed in Table 2. Additional details
about these risk models may be found in the USEPA method
documentation.69
The screening level (SL) based on the CR of incidental soil
ingestion is calculated as follows:
SLres − sol − ca −ing ( mg/kg ) =

TR × ATr × LT

CSFo × EFr × IFSadj × 10−6

(2)

where TR is the target risk (1 × 10−6 unitless), ATr is the averaging time—resident (365 d/y), LT is the lifetime (70 years) [7075], CSFo is the chronic oral slope factor (kg d/mg) (see Table
2), EFr is the exposure frequency—residential (350 d/y) [143365], and IFSadj is the resident soil ingestion rate—age-adjusted
(114 mg y/kg d) [87-127].
The SL based on the CR of dermal soil contact is calculated
as follows:
SL res-sol-ca-der

( mg/kg ) = 

TR × ATr × LT

CSFo 
−6

 × EFr × DFSadj × ABSd × 10
 GIABS 

(3)

where GIABS is the fraction of contaminant absorbed in gastrointestinal tract (unitless) (see Table 2), DFSadj is the resident
soil dermal contact factor—age-adjusted (360.8 mg y/kg d)
[253-1257], and ABSd is the fraction of contaminant absorbed
dermally from soil (unitless) (see Table 2).
The results of equations (2) and (3) are combined as follows
to yield the CR RGV:
RGV ( mg/kg ) =

1
1
SL res-sol-ca-ing

+

1
SL res-sol-ca-der

(4)

The SL based on the NCR of incidental soil ingestion is
calculated as follows.
The EDc term of equations (5) and (6) could be canceled
but has been retained for consistency with the USEPA
documentation:
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SL res-sol-nc-ing =

THQ × ATr × EDc × BWc

 1
EFr × ED c × 
 RfDo


−6
 × IRSc × 100


(5)

where THQ is the target hazard quotient (1.0 unitless), EDc is
the exposure duration—child (6 years) [5-7], BWc is the body
weight—child (15 kg) [15-17], RfDo is the chronic oral reference dose (mg/kg d) (see Table 2), and IRSc is the resident soil
ingestion rate—child (200 mg/d) [100-200].
The SL based on the NCR of dermal soil contact is calculated as follows:
SL res-sol-nc-der =

THQ × ATr × EDc × BWc



1
−6
EFr × EDc × 
 × SA c × AFc ABSd × 10
RfD
×
GIABS
o



(6)

where SAc is the resident soil surface area—child (2800 cm2)
[1750-2960] and AFc is the resident soil adhesion factor—
child (0.2 mg/cm2) [0.2-1.0].
The results of equations (5) and (6) are combined as follows
to yield the NCR RGV:
RGV ( mg/kg ) =

1
1
1
+
SLres − sol −nc −ing SLres − sol −nc − der

(7)

Although the USEPA models are typical of the formulations
used to account for direct contact exposure risks, there are regulatory agencies that consider additional factors when developing
their values. For example, there are jurisdictions that adjust their
RGVs for different types of soil (sand, silt, and clay),70,71 different meteorological regimes (<40 in precipitation or >40 in precipitation),72 site size (<0.5 or >30 acres),73 site type (regular or
hot spot),74,75 site location (urban or rural),76,77 site use (residential or allotment),78,79 or the degree to which site occupants consume on-site–grown produce.77 Where significant, the presence
of an additional consideration has been noted as a “qualifier”
in supplemental Tables S1 and S2. However, these extra
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considerations yield only minor changes to values dominated by
the risks of ingestion and dermal contact and do little to explain
the range of RGVs identified for the pesticides considered here.
It should also be noted that USEPA risk models are only
used to illustrate the impact that cancer versus determinations
and exposure scenario coefficient variability can have RGV calculations. Their use should not be taken to imply that they
yield the “correct” values. It is the responsibility of individual
regulatory agencies to determine the most appropriate values
for their jurisdictions.

Results

A total of 1252 US-related RGVs (74.0% of the total) were
identified for the 15 pesticides considered in analysis of parts I
and II. These values come from 5 national organizations
(USEPA, US Army, National Oceanic and Atmospheric
Administration, ATSDR, and the Department of Energy), 43
US states, 2 US territories, 1 county, 1 city, and 6 autonomous
Native American tribes. State values were not found for
Louisiana, Mississippi, North Dakota, Rhode Island, South
Carolina, South Dakota, and Utah.
A total of 439 RGVs (26% of the total) were identified from
regulatory jurisdictions in other nations. These include values
from 2 multinational organizations (East Africa Community
and WHO) and from national, regional, provincial, territorial,
or city jurisdictions in 35 other UN member states (Andorra,
Argentina, Armenia, Australia, Bahamas, Belarus, Canada,
Croatia, Czech Republic, Ecuador, Estonia, Finland, Georgia,
Italy, Latvia, Lithuania, Malaysia, Moldova, Montenegro,
Bosnia and Herzegovina, the Netherlands, New Zealand,
Panama, Poland, Thailand, Russia, Serbia, Singapore, Slovenia,
Spain, Tanzania, Turkey, Uzbekistan, Ukraine, and Vietnam).
Values were also included from the former Union of Soviet
Socialist Republics (USSR) because these values are still used in
many areas formerly part of the USSR.
Figures 1 to 3 illustrate atrazine, simazine, and trifluralin
empirical RGVs’ cumulative distributions and illustrate how
well they compare with cumulative distributions of lognormal
random variables with identical µL and σL statistics. Results for
each pesticide are discussed in the following sections.
The bounds of uncertainty computed from the USEPA
CR and NCR models have been indicated as shaded areas on
each figure. Regulatory guidance value set statistics are summarized in Table 3. Significant RGV clusters have also been
identified on each figure. Typically, there is at least 1 cluster
corresponding to the values from US states that have adopted
USEPA guidance.

Atrazine
Figure 1 illustrates the empirical cumulative distribution of the
193 atrazine RGVs identified. Of these, 57.5% are from
US-related jurisdictions. This is the lowest percentage of the 3
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carcinogenic pesticides. The values are well dispersed over
more than 8 orders of magnitude. The correlation between the
empirical RGV distribution and that of a lognormal random
variable is 0.981. This is the highest correlation of any of the
carcinogenic pesticides considered here and indicates that there
is more scatter in the RGV data, apparently because there are
more values from non–US related jurisdictions.
There are 4 value clusters in the atrazine RGV distribution.
The largest (47 values, 24.4% of N) at 2.0 to 2.32 mg/kg corresponds to values computed from the USEPA CR model.
With the exception of 1 value each from Malaysia and New
Zealand, all the RGVs are from jurisdictions associated with
the United States. There are also 2 clusters of 9 values each (4.7
% of N) at 470 and 320 mg/kg corresponding to Australian
national and regional values for residential sites with gardens or
assessable soil and sites with minimal soil access. These have
been identified as “Australia clusters” on Figure 1. There is also
a cluster of 12 values (6.2% of N) at 0.1 mg/kg made up of
RGVs from Canada, Croatia, Georgia, Italy, Montenegro,
Bosnia and Herzegovina, Slovenia, and the Ukraine.
The highest atrazine RGV (20 500 mg/kg) is specified by
the US Department of Energy, Delaware, and Maine. The
lowest value (0.00005 mg/kg) is specified by Poland. The
atrazine CR model uncertainty bounds of 1.2 to 7.4 mg/kg
contain 70 (36.3% of N) of the RGVs. The atrazine NCR
model uncertainty bounds of 1100 to 11 200 mg/kg contain
an additional 17 (8.8% of N) of the RGVs.

Simazine
The 135 simazine RGVs identified are illustrated in Figure 2.
Of these, 71.1% are from US-related jurisdictions. The values
are dispersed over 5.5 orders of magnitude. The correlation
between the empirical RGV distribution and that of a lognormal random variable is 0.968.
There are 3 value clusters in the distribution. The cluster of
43 values at 4.0 to 4.6 mg/kg (31.8% of N) corresponds to values computed from the USEPA CR model. With the exception of 1 value from New Zealand (which reiterates the USEPA
value in a database of standards) and 1 value from Malaysia
(which specifies values nearly identical to those of the USEPA),
all of these values come from US-related jurisdictions. The
cluster of 11 values at 0.2 mg/kg (8.1% of N) are specified by
Armenia, Belarus, Georgia, Lithuania, Moldova, Russia,
Russian Tatarstan, Vietnam, and the USSR. This has been
characterized as the “USSR cluster” because it is dominated by
jurisdictions that were once part of the USSR and that continue to use the USSR 1983 RGV. There is also a small cluster
at 0.01 to 0.011 mg/kg made up of 8 values from Idaho, The
Nez Perce Tribe, Croatia, Montenegro, Bosnia and Herzegovina,
Slovenia, and the Ukraine.
The highest value (2930 mg/kg) is specified by the US
Department of Energy, Delaware, and Maine. The lowest
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Figure 1. Cumulative distributions of 2,4-D and metolachlor RGVs compared with the cumulative distributions of lognormal random variables. RGV indicates
regulatory guidance value; USEPA, US Environmental Protection Agency; USSR, Union of Soviet Socialist Republics; THQ, target hazard quotient.

Figure 2. Cumulative distributions of carbofuran and carbaryl RGVs compared with the cumulative distributions of lognormal random variables. RGV
indicates regulatory guidance value; USEPA, US Environmental Protection Agency; USSR, Union of Soviet Socialist Republics; THQ, target hazard quotient.

Figure 3. Cumulative distributions of chlorpyrifos and glyphosate RGVs compared with the cumulative distributions of lognormal random variables. RGV
indicates regulatory guidance value; USEPA, US Environmental Protection Agency; USSR, Union of Soviet Socialist Republics; THQ, target hazard quotient.
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Table 3. Summary of RGV statistics for atrazine, simazine, and trifluralin.
Statistic

Current-use pesticides
Atrazine

Simazine

Trifluralin

N

193

135

107

NUS, % total

111 (57.5)

96 (71.1)

94 (87.9)

Nw, % total

82 (42.4)

39 (28.9)

13 (12.1)

Minimum, mg/kg

0.00005

0.01

0.038

Maximum, mg/kg

20 500

2930

5000

Log orders of variation

8.6

5.5

5.1

Mean, mg/kg

737

176.9

529.4

Standard deviation, mg/kg

2840

502.2

984.7

Log mean

0.741

0.768

1.985

Log standard deviation

1.758

1.370

1.132

Geometric mean, mg/kg

5.51

5.86

96.6

Median, mg/kg

2.8

4.4

90

NUS (% US RGV) > median

58 (52.2)

58 (60.4)

49 (52.1)

Nw (% worldwide RGV) > median

38 (46.3)

9 (23.1)

4 (30.8)

Correlation with lognormal random variable model

0.981

0.968

0.953

Abbreviation: RGV, regulatory guidance value.

value (0.01 mg/kg) is specified by Croatia, Montenegro,
Bosnia and Herzegovina, Slovenia, and the Ukraine. The
simazine CR model uncertainty bounds of 2.3 to 14.0 mg/kg
contain 58 (43.0%) of the RGVs. The NCR model uncertainty bounds of 150 to 1600 mg/kg contain 23 (17.0%) of the
RGVs.

Trifluralin
The 107 trifluralin RGVs identified are illustrated in Figure 3.
The percentage of RGVs from US-related jurisdiction (87.9%)
is the highest of the pesticides considered here. The values are
dispersed over 5.1 orders of magnitude. The correlation
between the empirical distribution and that of a lognormal
random variable is 0.953, the lowest of the 3 carcinogenic pesticides considered. This appears to result from extreme values
at the low end of the distribution.
There are 3 value clusters in the distribution. The cluster of
15 values at 69.0 to 69.2 mg/kg (14.0% of N) corresponds to
values computed from the USEPA CR model. The cluster of
13 values at 46 mg/kg (12.1% of N) corresponds to values computed from the USEPA NCR model using a THQ of 0.1. This
value is lower than the results of the CR model. There is also a
cluster of 11 values (10.3% of N) at 63 mg/kg specified by
Texas, Hawaii, Nebraska, Nevada, North Carolina, Vermont,
the Commonwealth of the Northern Mariana Islands, Guam,
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The Hoopa Valley Tribe, Malaysia, and New Zealand. The origin of the 63 mg/kg value is uncertain, but prior to harmonizing standards in 2008, the USEPA had 4 sets of values
promulgated by USEPA Regions III, VI, IX, and its Superfund
program. The Region IX RGV for trifluralin was 63 mg/kg.
The highest value (5000 mg/kg) is specified by ATSDR.
The lowest values (0.045 and 0.038 mg/kg) are specified by
Canada’s Manitoba and Alberta provinces for coarse and finegrained soil. The trifluralin CR model uncertainty bounds of
26 to 220 mg/kg contain 53 (49.5% of N) of the RGVs. The
trifluralin NCR model THQ = 1.0 uncertainty bounds of 230
to 2400 mg/kg contain 36 (33.6% of N) of the RGVs.

Summary and Conclusions

The pesticides considered here are among the most commonly
used in the world. The guidance values used to control their
human health risks are important now and will remain important for many years even if use shifts to other formulations. The
classification of these pesticides as carcinogens is not universal
(USEPA documents are not consistent on their classification),
but the current USEPA RGVs for atrazine, simazine, and trifluralin are based on their CRs. These pesticides have been
banned by the EU and many other nations. One has to wonder
about the wisdom of their continued use.
The RGVs for atrazine, simazine, and trifluralin vary by 8.6,
5.5, and 5.1 orders of magnitude. Atrazine is the most

Jennings and Li
commonly regulated of the 3, and its RGVs have the largest
value span. Its RGVs are well dispersed across the value span,
and the correlation between the empirical distribution and that
of a lognormal random variable is strong. This high degree of
randomness reflects the degree of uncertainty about the safety
of continued atrazine use. The value distributions for simazine
and trifluralin are not only more compact but also fit the lognormal random variable model. This is typical of the RGVs for
most pollutants and indicate how little universal agreement
there is on appropriate values. However, there are RGV “consensus” clusters within each distribution, and many values fall
within credible risk model uncertainty bounds. The values falling within CR uncertainty bounds account for approximately
36.3%, 43.0%, and 49.5% of the atrazine, simazine, and trifluralin RGVs, respectively.
The atrazine RGV results are most troubling. Although 80
values fall within CR model uncertainty bounds, 123 do not.
There are 75 values that exceed the risk model upper uncertainty bound, and 48 that fall below its lower bound. Most of
the values that exceed the upper bound come from the United
States, although there are also values from Australia, Tanzania,
the East Africa Community, Canada, Thailand, and the
Netherlands. The 21 values at the top of the distribution
(RGVs > 1000 mg/kg) are exclusively from the United States
and all appear to be based on NCRs. Of the values that are
below the CR model uncertainty bounds (RGV < 1.2 mg/kg),
most (39) are from jurisdictions not affiliated with the United
States (Finland, Romania, the Netherlands, New Zealand,
Moldova, Armenia, Belarus, Russia, USSR, Lithuania,
Vietnam, Poland, Panama, Canada, Croatia, Georgia, Italy,
Montenegro, Bosnia and Herzegovina, Slovenia, Ukraine,
Ecuador, Latvia, and Singapore). It appears that the United
States and Australia accept more atrazine health risk than the
rest of the world.
Elements of the simazine RGVs distribution are similar to
that of atrazine. Of the 43 RGVs that exceed the upper bound
of the CR model uncertainty bounds, 38 are from US-related
jurisdictions, although there are also values from Canada and
the Netherlands. Of the 27 values that exceed 100 mg/kg, all
are from US-related jurisdictions, and all appear to be based on
NCRs.
The distribution for trifluralin is unusual for several reasons.
The results for the USEPA CR and NCR models are close
enough (69 and 460 mg/kg, respectively) that if THQ = 0.1 is
used, the NCR calculation yields the lowest value (46 mg/kg).
It is also unusual that so few values (12) fall below the lower
bound of the CR model, and that these are about evenly split
between jurisdictions that are and are not affiliated with the
United States. The 5 US-related values come from West
Virginia, Missouri, the Commonwealth of the Northern
Mariana Islands, Guam, and Minnesota. The 7 other values
come from Armenia, Belarus, the Ukraine, and Canadian provinces. There are 42 RGVs that exceed the upper bound of CR
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model calculations. Of these, 1 comes from Canadian British
Columbia. The remainder RGVs are from US-related jurisdictions. Most of these values appear to be based on NCR considerations, although Texas, Ohio, and Arizona indicate that their
values are based on cancer considerations.
No attempt has been made to identify the “correct” RGVs
for these pesticides, and no attempt has been made to explain
the origin of values other than those that fall in the vicinity of
USEPA risk model results. There are reasons for not attempting to explain the other values. These 3 pesticides yielded 436
RGVs from more than 100 independent jurisdictions. Although
some of these jurisdictions document how they arrive at their
values, many do not. Furthermore, the explanations for the
fraction of jurisdictions that do provide documentation would
overwhelm manuscript text limits. In addition, to explain
might seem to imply justification, and the authors do not seek
to justify any specific RGVs. Rather, the authors would observe
that the ranges of RGVs applied to many soil pollutants imply
issues of environmental justice on both the high and low sides
of the distributions and imply that we have yet to mastered
techniques for making risk determinations that are adequately
protective of human health.
Although the authors do not seek to explain individual
RGVs, we would note that there are considerations that are
probably not responsible for the value spans. Some have speculated that differences in soil types or pH, or in hydrologic or
meteorological conditions, may be responsible for RGV variability. On the log scales considered here, these factors have little
impact. For example, the Missouri Department of Natural
Resources promulgates RGVs for sandy, silty, and clayey soils,
but for the pesticides considered here, uses the same RGV for
each of these soil types. Australian national and regional jurisdictions provide RGVs for 2 classes of residential sites, the
atrazine RGVs applied only vary by a factor of 1.5. Similarly,
the Alberta Environment and Sustainable Development provides RGVs for coarse and fine-grained soils, but the atrazine
RGVs applied only vary be a factor of 1.1 (see Supplemental
Data for values and references). The RGVs considered are
generic values applied at national or regional scales. They are
formulated for widely applicable conditions. Making adjustments for factors such as soil pH, soil type, and climate conditions is best done for site-specific RGV analysis. Furthermore,
in the few cases where values are provided for variable conditions or soil types, they vary by less than an order of magnitude.
Relative to most RGV set spans, this is not significant.
It has also been suggested that value spans are wide because
the physiology of processes such as human gastrointestinal
uptake are complex, so the uncertainties involved make it difficult to predict safe exposure levels. It is true that this uncertainty exists, but it is not clear how it affects RGV development
because most models do not contain this level of detail. If a
mechanistic description of the process is not in the model, it
cannot affect the model outcome.
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It is also true that the levels of acceptable risk vary among
regulatory jurisdictions. Some jurisdictions use lower THQ
values to account for exposure to multiple pollutants. Some
jurisdictions use higher levels of acceptable CR such as 1 × 10−5
or (very rarely) 1 × 10−4. However, at most, this should account
for 1 or 2 orders of magnitude of RGV variability.
Although there does not appear to be a reasonable explanation for RGVs that vary by 6 or more orders of magnitude,
several methods have been suggested to reduce this variability.
These include fixing obvious errors, harmonizing value sets,
establishing ceiling values, standardizing risk models, standardizing exposure scenarios, standardizing toxicity coefficients,
and seeking more aggressive leadership from key organizations.
These suggestions have yielded limited success. The USEPA
did harmonize what was formerly 4 sets of RGVs in 1 set.
Canada has sought to harmonize its provincial standards, and
the EU has at least examined this possibility. Unfortunately,
evidence indicates that there is still a great deal of variability in
the values used worldwide to manage the human health risks of
contaminated soil.
It is the responsibility of regulatory jurisdictions to determine the RGVs that will be applied under their authority. One
of the reasons RGVs vary so widely appears to be that jurisdictions often determine these values in the absence of information about how the problem has already been assessed in other
jurisdictions. This was emphasized when the Qatar Ministry of
the Environment first published its soil standards online. The
announcement stated that “Since there are no standards for soil
quality in the environmental protection law of Qatar, or the US
environmental protection agency . . .”80 Given this perceived
lack of USEPA standards, Qatar adopted the 2007 Canadian
Soil Quality Guidelines. This was a serious oversight. The
USEPA has the largest and best documented soil contamination standards in the world. Qatar officials simply did not have
sufficient information to make their determination.
It is the authors’ hope that publications such as this will help
fill the information gap that contributes to the variability of soil
contamination RGVs. Hopefully, if regulatory jurisdictions or the
regulated community discovers that their RGVs are at value distribution extremes, it will motivate them to pursue a more rational
approach for controlling the risks of soil contamination.
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