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NOAA National Oceanic and Atmospheric Administration

NR Not reported

NRC National Research Council

NS Not significant

oM Organic Matter Content

pH Negative logarithm, base 18, of H' concentration
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Terms
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severe course.
chronic - Persisting over a long period of time.

phytotoxic - Pertaining to a phytotoxin. Inhibiting the growth
of plants.

toxicosis - Any disease condition due to poisoning.

criterion - A standard by which something may be judged.
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1.6 INTRODUCTION

This document consists of a literature review and presents
candidate hazard levels for assessment of selected environmental
hazards associated with the East Helena smelter complex. A
substantial amount of material was reviewed but additional
material will no doubt be added to these data as the study
progresses. This document has been prepared specifically for the
Helena Valley, Montana area and use of this document for evalua-
tion of other sites should be done only after -appropriate consid-

eration of site specific conditions.

l.1 Purpose

This document is a literature review from which hazard levels
were developed to assess potential risk to plants and livestock
from chemical element levels found in soil, plants, livestock and
water present in the vicinity of the East Helena smelter. These
hazard levels will enable determination of the potential danger to
these agricultural resources. It is the intent of this review to
- assess only the potential risk to agricultural production. This
document does not address any subsequent risk to the human
population from consumption of these agricultural products.

1.2 Scope

The scope of this document (Volume 1) is confined to the
metals arsenic, cadmium, lead and zinc present in soil, water,
plants and livestock and their toxic affects to plants and
livestock. In addition, a brief discussion on the toxicology
mechanisms of these four metals to livestock and vegetation is
included. Volume 2 presents similar data for plants and soils for

the metals copper, mercury, selenium, silver and thallium.

1.3 Methods

Portions of the literature presented in this document were
procured through the use of a computer search utilizing numerous
data bases. Data bases utilized included AGRICOLA, BIOS1S, CAB



Abstracts, CRIS-USDA, ENVIROLINE, MEDLINE, NTIS, Pollution
Abstracts, SCISEARCH and Water Resources Abstracts. A brief
description of these data bases is included in section 6.3.
Conventional library methods were also employed for researching
abstracts, periodicals and other materials. No attempt was made
to determine the relative importance of field studies versus
greenhouse studies, but study settings are given in appropriate
tables to enable the reader to evaluate this variable. No attempt
was made to evaluate synergistic or antagonistic effects of these
metals although some of these mechanisms are documented in the
text. Levels of impact or an evaluation of an acceptable impact
have not been determined but this data is included in appropriate
tables when reported in the referenced literature.

The authors conducted a meeting to establish normal, tolera-
ble, uncertain and toxic levels of metals in soils, plants, and
livestock. At this meeting all literature was discussed followed
by establishment of hazard levels based on the reviewed litera-
ture.

Background values for all parameters were generally derived
directly from data in the reviewed literature and are the minimum
and maximum or only value reported for normal or control parame-
ters. The background range will no doubt expand as more data
become available.

The tolerable level represent the maximum concentrations at
which no toxicity has been noted. These levels were not available
for many parameters.

The uncertain range represents the chemical level at which
both nontoxic and toxic results have been reported by various
studies. This result stems from variations in individual animal
tolerances, variations in experimental designs, and by synergistic
or antagonistic effects of other constituents.

Toxic concentrations have been derived from two major
sources: 1) the results of individual studies and 2) criteria

reported as toxic in toxicology manuals, texts, and special
publications.



’ Data derived under conditions similar to those found in the
Helena Valley merited greater consideration than other data. For
example, a toxic soil level for wheat on calcareous loamy soils
was more applicable than a toxic soil level for cabbage on sandy
acid soils. The hazard levels presented in this document are thus
site specific for crops and conditions present in the Helena
Valley as much as allowed by the reviewed literature. In some
cases, a site specific evaluation was not possible. Site specific
conditions for the Helena Valley are presented in the following
section (1.4). Once hazard levels were developed they were
compared to means and ranges of soil/plant chemical levels

measured in the Helena Valley and control sites.

1.4 Site Description

The Helena Valley is located in west central Montana and
trends in a west northwest direction. It is 35.4 km (22.1 mi)
long and 17.1 km (160.7 mi) wide. The valley is bounded on the
northeast by the Big Belt Mountains, on the south by the Elkhorn
Mountains and the Boulder Batholith, and on the west by mountains
forming the continental divide. Lower portions of the valley are
occupied by Lake Helena and Hauser Lake formed by dams on Prickly
Pear Creek and the Missouri River. Elevations range from 1,113 m
(36508 ft) mean sea level at Hauser Lake to 2,560 m (8,400 ft) in
the surrounding mountains. Geological materials on the valley
floor consist of quaternary and tertiary sediments that are
consolidated or poorly consolidated. Soils are moderately
calcareous and composed of silt and clay (Miesch and Huffman
1969). Typical soil series mapped in portions of the Helena
Va11e§ are the Hilger, Martinsdale, Musselshell, and Sappington
series all of which contain horizons that are “"strongly to
violently" effervescent (Soil Conservation Service 1977b). Except
for an area in the immediate vicinity of East Helena surficial
soil pH values range from about 7.1 to 8.6 (EPA, 1986) Soil
profiles are poorly to moderately developed on both quaternary and
tertiary parent materials. The Helena Valley is semi-arid and

receives less than 25.4 cm (16 in) of annual precipitation. The



adjacent mountains receive up to 76.2 cm (30 in) of annual
precipitation (Soil Conservation Service 1977). The climate is
modified continental with an average annual temperature of 6.3°C
(43.309F) (National Oceanic and Atmospheric Administration (NOAA)
1983). Average January and July temperatures at Helena are -8°C
(18.19F) and 20°C (67.99F) respectively (NOAA 1983). Agricultural
crops in the Valley are alfalfa, small grains (usually wheat,
barley and some oats) and range land.

The Helena Valley is the site for two incorporated cities:
Helena and East Helena with approximate populations of 23,90¢ and
2,400 respectively (1980 census). The two cities are located 6.4
(4 mi) and 1 km (@.6 mi) from the smelter complex, respectively.

The valley has been the site of a lead smelter since the
Helena and Livingston facility was built in East Helena in 1888.
The smelter was purchased by its present owner (American Smelting
and Refining Company) in 1899, The Anaconda Company built a zinc
plant adjacent to the smelter in 1927 to recover zinc from waste
products. In 1955 the American Chemet Company ccnstructed a paint

pigment plant utilizing zinc oxide from the zinc facility.



2.0 LITERATURE REVIEW AND HAZARD LEVELS FOR LIVESTOCK

There are three general approaches to determining the body
burden of heavy metals in livestock. These are: 1) analyzing
internal organ tissues; 2) analyzing accessible body fluids and
materials; and 3) the in vivo determination of heavy metals
utilizing radiometric analyses. A considerable amount of data has
been published on background and elevated heavy metal levels in
livestock organs. In most situations these organs are not
available for large scale studies. Liver and bone samples may be
procured through biopsy procedures. Data on blood, milk, hair,
feces and urine are more limited, but sufficient in some parame-
ters to allow their use in a livestock survey for some heavy
metals. The third method offers much promise in future studies
but facilities for radiometric determinations are few at this
time. The following sections outline documented levels of
selected heavy metals in various animal substances and their sig-
nificance in determining toxicosis. All values are reported on a
wet weight basis unless noted.

2.1 Arsenic

2.1.1 Arsenic literature review

Arsenic poisoning is the second most common metaloid toxin.
The element is ubiquitous and has been found in all piant and
animal tissues under normal background conditions (Schroeder and
Balassa 1966). Several forms: arsanilic acid; sodium arsanilate;
3-nitro-4-hydroxyphenylarsonic acid, have been used as feed addi-
tives to increase weight gain and feed efficiency and to control
disease in swine, poultry and other livestock.

Most documented cases of arsenic poisoning in livestock have
been acute or subacute, usually from ingesting treated forage
(Edwards and Clay 1979, Weaver 1962, McCulloch and St. John 19494,
Selby et al. 1974, Selby et al. 1977), contaminated feed
(Beregland et al. 1976, Selby et al. 1977), dipping powder and-
herbicides (Moxham and Coup 1968) and various refuse (McParland



and Thompson 1971, Selby et al., 1977). Very few cases of natural
arsenic poisoning have been reported. Fitch et al. (1939) studied
the poisoning of livestock in the Waiotapu Valley in New Zealand
and attributed it to arsenic from geothermal sources. Many cases
of chronic arsenic poisoning may be partially masked by the
effects of other heavy metal poisoning (especially lead, copper,
cadmium and zinc) usually associated with arsenic in metallurgical
mining, smelting and refining industries. It has been suggested
that some tolerance to arsenic is acquired by livestock with
chronic exposure (McCulloch and St. John 1940).

A considerable difference exists between the effective
toxicity of various forms of arsenic. Levels of total arsenic
found in marine invertebrates and fish have been found to be toxic
to aquatic organisms and fish when the arsenic was present as
arsenic trioxide (Schroeder and Balassa 1966). Bucy et al. (1955)
found differences in the toxicity of organic arsenic compounds to
sheep, with 3-nitro-4-hydroxyphenylarsonic acid the least toxic.
The study found arsanilic acid to be less toxic than potassium.
arsenite and that the latter was not very palatable to lambs. All
arsenic concentrations in livestock substances have been reported
as total arsenic. The arsenic hazard levels presented in this
document are thus based on total arsenic.

Tables 1-4 list background and elevated arsenic levels in
livestock fluids, heir and tissues. The highest concentration of
arsenic in tissues has been found in the spleen, liver and kidneys
(Peoples 1964, Edwards and Clay 1979, Rosiles 1977, Knapp et al.
1977). Cattle that have not been exposed to arsenic have kidney
levels from 6.0 (Peoples 1964) to 0.25 ppm (wet weight) (Dickinson
1972). Doyle and Spaulding (1978) reported a value of @.9¢6 ppm
for 100 cattle tested by the National Bureau of Standards. One
hundred and ninety Australian cattle tested by Flanjak and Lee
(1979) had a mean value of 9.018 ppm for kidney tissue. Normal
arsenic levels in cattle kidney have been given as less than 0.5
and 0.15 to 0.4 ppm by the National Research Council (NRC, 1977)
and Puls (1981), respectively. Mean background levels for sheep
kidney (n=440) were found to be 0.03 ppm by Spaulding (1975) and



Table 1. Background arsenic levels in livestock Fluids and haic.

Diet Blood Urine Milk Hair n Notes Reference
ppm {vwet weigot) ppm (dry wt.
CATTLE
9.13-9.83 10 Octheim et al. (1974)
8.456 10 (Mean) Orheim et al. (1974)
2.@34 (Mean) 19 Edwards and Ciay (1979)
0.63-9.87 0.357 14 Edwards and Clay {(1979)
0.03-G.12 @.125 20 Exposed to Edwards and Clay (1979)
8.951 (Mean) 29 As 1 yr Edwards and Clay (1979]
peior ko
samples
3.028 EEC Milk Tremaliere et al. [(1975)
8.ad5 UK Milk IARC [1988)
9.03-9.06 Underwood (1977)
@.09-0.180 [ Riviere et al, {1981}
@.2aa5~3.087 NRC (1977}
8.17-.31 4 Lakso and Pecples (1975)
2.7 1 Dickinscn {(1972)
1.1 T Dickinson (1%972)
a.al 1 Dickinson (1972)
0.174 Market Milk
USA Schroeder and Vinton (1962)
<.@0L 12 Harket Milk
UK Hamilton et al. (1972)
@.2842-6.4a58 Usa Iyengar (1982)
2.838 Alaska Iyengar (1982)
9.65 2.0s 8.93-0.66 2.05-3.@ Puls (l981)
SHEEP
@.60-9.94 1 Shariatpanahi and Anderson [19B84a)
9.00-0.07 6.90-¢.03 1 Shariatpanahi and Anderson {1984b)
9.92-0.04 L Andecrson (1985)
a.9 3 Lancaster et al. {(1971)
GOATS
a.90-9,.04 1 Shariatpanahi and Anderson (1984a}
G.60-0.94 0.00-0.83 1 Shariatpanahi and Anderson (1984b)
8.82-0.04 1 anderson (1985)
0.655 1yengar {1982)




Table 2. Background arsenic levels in livestock tissues.
Diet Kidnev Liver Spleen Heart Brain Pancreas Bone n Notes Refereance
ppm (wet welght) ppm (dry wt.)
CATTLE
0.08 @.09 21 USDA (1975)
g.018 0.913 190 Austra-
lian Flanjak and Lee (1979)
8.04 2.06 8 Edwards and Dooley (1980)
<0.5 <0.5 NRC (1977)
8.06 NRC (1977)
8.15 NRC (1977)
.25 9.82 0.85 @.83(r1b) 1 Dickinson (1972)
1.1 9.7 1 Dickinson (1972)
SHEEP
8.15 9.15 = X 6 Lambs Bucy et al. {1955)
0.069-0.26 0.05-0.21 6 Bucy et al. (1955)
<6.1 8.0 Landcaster et al. (l1971)
08.48 3 Bennett and Schwartz (1971)
.83 8.83 440 Spaulding (1975)




Table 3. Elevated arsenic levels in livestock fluids and hair.

piet Blood Urine Milk Hair Agent Notes/ Reference
ppm (wet weight) ppm (dry wt.) Response
CATTLE
9.97-1.5 Ind., Exp. Chronic Tox
N. 2ealand Underwood (1977)
3.7-19.0 10 Ind, Exp. Not Noted, Smelter
Polut. Orheim et al. (1974)
8.9 19 Ind. Exp. Not Noted Smelter
Polut. Orheim et al., (1974)
149ppm 16.0 1 MwF Subacute Emaciated Bergeland et al. (1976)
148ppm 11.0 1 MW Subacute Emaciated Bergeland et al. (1976)
l40ppm 6.3 1 MW Subacute Emaciated Bergeland et al. (1976)
l140ppm 21.0 1 MW Subacute Emaciated Bergeland et al. (1976)
4.8 1 MW Unthrifty Bergeland et al. (1976)
5.8 1 MW Unthrifey Bergeland et al. (1976)
2.4 1 MW Unthrifty Bergeland et al. (1976}
4.0 1 MW Unthrifty Bergeland et al. (1976)
AADE. 05 mg/kg 6.75 3 As acid Non Toxic Peoples (1964)
AA 9.25 mg/kg 2.5 3 As acid Non Toxic Peoples (1964)
AR 1.25 mg/kg 7.95 3 As acid Non Toxic Peoples (1964)
5.5ppm 0.80-3.40 4 Acute Tox Riviere et al. (1981)
Forage Cont. 8-6.015 7 Na arsenite Subclinical Weaver (1962)
2.75mg/kg Na arsenate 2.45-4.86 4 Na arsenate Non Toxic Lakso and Peoples (1975)
1.57mg/kg KASO3 6.35 4 KAsO Non Toxic Lakso and Peoples (1975)
16mg/kg bwt/d, led 3.3 1 MSMA Fatal Dickinson (1972)
10mg/kg bwt/d, led 1.4 1 MSMAC Fatal Dickinson (1972)
16.9 1 Na arsenite Fatal (Calf) Weaver (1962)
HORSES
8-7.5 3 Ind. Exp.F 1 mi from smelter
Response Not Noted Lewis (1972)
8-4.5 3 Ind, Exp. 1l mi from smelter
*smoked"” Lewis (1972)
e8-4.4 11 Ind. Exp. 2.9 mi from smelter
1 fatality Lewis (1972)
8-2.3 5 Ind. Exp. 5.3 mi from smelter
Response Not Noted Lewis (1972)
SHEEP
sSngl dose
10mg As/ Shariatpanahi and Anderson
kg bwt 14.5 A 0.18 2 MSMAC Diarrhea (1984a)
18mg As/kg Shariatpanahi and Anderson
bwt /day 24 B 341.3 8.0-0.07 2 MSMA Diarrhea (1984b)
1.4mg As/kg
bwt /day 12.6 3 MSMA Healthy Lancaster et al. (1971)
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Table 3. Elevated arsenic levels in livestock fluids and hair, continued.

Diet Blood urine Milk Hair n Agent Notes/
ppm (wet welght) ppm (dry wt.) Response

i

Reference

GOATS

Single Dose

10mg As/
kg bwt 17.2 A 8.16 2 MSMA piarrhea
l1omg As/kg
bwt/day 16 218.5 0.0-0.06 2 MSMA plarrhea

Shariatpanahi and Anderson
(1984a)

Shariatpanahi and Anderson
(1984Db)

A/ Reported in ug/ml B/ Reported in mg/kg €/ Monosodium acid methanearsonate (MSMA)
D/ Arsanilic Acid E/ Industrial Exposure F/ Mining waste
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Table 4. Elevated arsenic levels in livestock tissues.

Diet Kidney Liver Spleen Heart Brain Pancreas Bone n Agent Notes/ Refercence
pom (wet welght) pom (dry wt.) Response
CATTLE

4.38 2.9 4 As Herbicide Acute edwards and Clay (1979)
3.5-5.8 4 As Herbicide Acute Edwards and Tlay (1979)
13,2 14.3 Acute Roslies (1977)

5-135 5-29 Acute Rosiles (1977)

15.6 2.3 1 Wood Preserv. Fatal Knapo et al. (1977)

13.3 14.0 21 Fatal Hatch and Funnell (1969)
1.5-37 2.1-38 21 Fatal Hatch and Fuanell (1969)

Contaminated

Feed & Water 7.0 j.a 1 Fatal Berjeland et al. (1976)
ARRD.0@5mg/kg 0.0 8.25 0.2 8.1 0.2 e.90 3 A Nontoxic Peoples (1964)
AA 0.25mg/kg 6.0 9.5 e.8 0.2 Q.9 6.9 B ] A Nontoxic Peoples (1964)
AA 1.25mg/kg 0.35 1.2 2.0 0.1 9.25 9.2 3 A Nontoxic Peoples (1964)
5.5ppm 4.85 3.79 Acuta Riviere et al. (1981)
Forage Cont. 2.6-12.6 k) Na Arsenite Fatal Riviere et al. (l1981)
9.3 13 Fatal Riviere et al. (1981)
3.2 6 Fatal Weaver (1962)
Poisoned 18.5 15.7 1 Lead Arsenate Fatal McParland and Thompson (1971)
Poisoned 31.1 1 Lead Arsenatz Fatal McParland and Thompson (1971)
10mg/kgMSMAD 64.2 24.9 1.7 4.9(rib) 1 D Fatal Dickson (1972)
10mg/kgMsMaD 23.2 je.3 1.7 2.5(rib) 1 D Fatal Dickson (1972)
19mg/kgMsMAD 458 17.7 1 D Fatal Dickson (1972)
19mg/kgMSMA 3.5 1.6 1 D Facal Dickson (1972)
10mg/kgMSMAD - 7.2 1 D Acute Dickson (1972)
SHEEP
l.4mg/kg 1w .28 2,53 3 Aquatic Veg Healthy Lancaster et al. (1971
1.4mg/kg 2w 3.68 3.38 3 Aquatic veg Healthy Lancaster et al. (1971)
l.4mg/kg 3w 2,76 l.o? 2.21(hoof) 1 Aquatic Veg Healthy Lancaster et al. (1971)
22mg/kg/mo 1.33 : 5 Pb Arsenate ll mo Nontoxic Bennett and Schwartz (1971)
44mg/kg/mo 3.57 S Pb Arsenate ll mo Nontoxic Bennett and Schwartz (1971)
88mg/kg/mo 20.71 4 Pb Arsenate ll mo Toxic Bennett and Schwartz (1971)
3N B p.05% 7.8 6.8 1 B Toxic Bucy et al. (1955)
0.1% 7.9 13.3 1 B Toxic Bucy et al. (1955)
9.2% 9.8 13.3 1 B Toxic Bucy et al. (1955)
9.4% 10.5 9.3 1 B Toxic Bucy et al. (1955)
AA A g.05% 13.5 12.3 1 A Toxic Bucy et al. (1955)
0.1% 7.5 9.3 1 A Toxic Bucy et al. (1955)
9.2% 8.4 12.3 1 A Toxic/Fatal Bucy et al. (1955)
0.4% 7.1 8.3 1 A Toxic/Fatal Bucy et al. (1955)
kA € s.05% 7.7 le.0 L c Toxic Bucy et al. (1955)
9.1% 9.8 9.0 1 C Toxic Bucy et al. (1955)
8.2% 13.5 12.3 L C Toxic Bucy et al. (1955)
2.4% 5.9 8.5 1 C Feed Refusal
Toxic Bucy et al. (1955)
A/arsanilic Acid B/3N-3-Nitro-4-Hydroxyphenylarsonic Acid C/KA-Potassium Arsenite

D/Monosodium Acid Methanearsonate, 10 Day Treatment



ranged from 6.09 to #.26 ppm (mean @.15) in six lambs analyzed by
Bucy et al. (1955). Puls (1981, 1985) has given a range of @.01 to
@.3 ppm for normal arsenic levels in sheep kidney tissue,

Arsenic levels in normal liver tissue from cattle have been
reported as @6.013 ppm (n = 19¢) and 0.66 ppm (n = 160) by Flanjak
and Lee (1979) and Doyle and Spaulding (1978), respectively.
Normal ranges for cattle liver have been given as 9.03-0.40 ppm
(Puls 1981) and less than ¢.5 ppm (NRC 1977). Buck et al. (1976)
has stated normal levels are usually less than @.5 ppm. Background
arsenic levels in sheep liver have been reported as @.03 ppm for
449 animals tested by Spaulding (1975), and @.05 to 0.2l ppm (mean
@.15 ppm) for six lambs studied by Bucy et al. (1955). Normal
sheep liver levels given by Puls (198l1) are 0.03 to 9.20 ppm.
Horse liver and kidney background levels of less than ¢.4 ppm have
been reported by Puls (1981).

Insufficient data exist to determine background levels of
arsenic in spleen tissue, but limited data suggest that in some
cases elevated arsenic concentrations in the spleen may be higher
than in liver or kidney tissue (Table 4).

Elevated arsenic levels in kidney, liver and spleen have been
demonstrated in a number of experimental and accidental situa-
tions. Peoples (1964) found concentrations greatest in the spleen
(2.0 ppm) and liver (1.2 ppm) of cattle fed 1.25 mg/kg arsenic
acid for eight weeks. Bucy et al. (1955) fouﬁd arsenic concentra-
tions nearly equal in the kidneys and liver of lambs fed up to 0.4
percent of their diet as organic arsenic compounds. Levels were
sharply elevated from background concentrations with diets of 500
ppm organic arsenic content. Cattle kidney levels as high as 53
ppm have been reported by Underwood (1977).

The level at which chronic poisoning occurs has not been well
documented. Reduced weight gains, which are only rarely noticed,
are generally the first signs of chronic arsenic poisoning.
Increasing levels to 1900 ppm arsanilic acid in the diet of swine
produced posterior paresis or quadriplegia in 15 days (Ledet et
al. 1973). Levels of 7.5 to 7.8 and 6.8 to 12.3 ppm (wet weight)

for kidneys and liver, respectively, were noted in sheep fed 0.@5
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percent organic arsenic compounds compared to @.15 ppm found in
the same organs of controls (Bucy et al. 1955). Buck et al.
(1976) cited a level of 10 ppm in kidney and liver.tissues as
diagnostic of arsenic poisoning. Peoples (1964) found 0.35 ppm
arsenic in the kidneys of cows receiving up to 1.25 ppm arsanilic
acid diet and noted no toxic effects. A study by Bennett and
Schwartz (1971) found sheep liver arsenic levels equal to or
greater than 10.6 ppm in all experimental sheep that died from
lead arsenate poisoning. The same study also revealed that all
surviving sheep had liver concentrations of less than 3.8 ppm
arsenic. Kidney and liver tissue arsenic levels associated with
chronic arsenic poisoning in cattle were reported as 5.6 to S3 ppm
and 7.0 to 70 ppm, respectively (Puls 1981). It should be noted
however that under acute conditions, clinical toxicity has been
reported in cattle exhibiting liver arsenic concentrations as low
as 1.6 ppm (Dickinson 1972) and numerous clinical toxicity cases
have been documented in the 1.6 to 5 ppm range (Edwards and Clay
1979, Rosiles 1977, Knapp et al. 1977, Hatch and Funnell 1969,
Bergeland et al. 1976, Riviere et al. 1981). Puls (198l) reported
toxic levels in horse kidney at 10.¢ ppm and 7.6 to 15 ppm in
liver. Bucy et al. (1955) noted arsenic levels in sheep kidney
tissue decreased rapidly following removal of arsenic from the
diet. Dickinson (1972) has suggested that cattle could deplete an
elevated kidney arsenic content to a value less than that of
diagnostic significance but still succumb to irreversible tubular
damage.

The affinity of arsenic for sulfhydryl groups results in high
arsenic concentrations in sulfhydryl rich keratinized tissues such
as skin and hair (Riviere et al. 198l1l). The arsenic content of
hair has been used to determine exposure of humans to this element
{Bencko and Symon 1977). Normal levels found in cattle hair have
been published by Riviere et al. (1981), Dickinson (1972) and
Orheim et al. (1974) at values of €6.09 to 0.10¢ ppm 9.81 to 2.7 ppm
and 0.13 to 6.84 ppm, respectively. The publication of Dickinson
(1972) is not clear with respect to the sampling time for "before

treatment" results which would appear to be anomalously high at
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1.1 to 2.7 ppm arsenic, compared to the control animal at #.81 ppm
arsenic, therefore the 2.7 ppm value has not been included in the
background range. Edwards and Clay (1979) foﬁnd a range of @.11
to #.55 ppm (mean .36 ppm) in 1@ control cows they sampled. Lewis
(1972) found no arsenic in the hair of nonexposed horses he
studied. Puls (1981) has reported a normal range of arsenic
concentration in cattle hair of 6.5 to 3.0 ppm.

Cattle and horses exposed to industrial pollution have been
found to have elevated arsenic levels in the hair. Orheim et al.
(1974) reported values of 3.7 to 19.0 ppm arsenic in cattle
exposed to smelter emissions. Cattle poisoned from arsenic in
feed and water (mining waste) exhibited hair arsenic values of 6.3
to 21.0 ppm with a mean of 13.6 ppm (Bergeland et al. 1976).
Cattle consuming 5.5 ppm arsenic in feed suffered acute toxicosis
and were found to have 0.8 to 3.40 ppm arsenic in their hair
(Riviere et al. 198l1). Bergeland et al. (1976) reported
subclinical poisoning ("unthrifty") in cattle exhibiting hair
arsenic concentrations as low as 2.4 ppm.

Insufficient data exist on normal arsenic levels in wool or
horse hair to properly interpfet concentrations produced by
chronic low level arsenic exposure., It has been shown that the
amount of arsenic in human hair increases with age and that sex
may have some influence on concentrations observed (Ohmori et al.
1975). To what degree these parameters affect arsenic in live-
stock hair is not well documented. The literature suggests that
arsenic levels in hair above 3.5 ppm may indicate exposure to some
arsenic source and that levels above 2 ppm are suspect. An
investigation by Edwards and Clay (1979) indicated that arsenic
levels in cattle hair can be expected to return to normal levels
one year after exposure has ceased. 1Individual variations among
animals may make large group analyses necessary if one assumes
that the variations in arsenic levels in livestock hair are
similar to those observed in humans (Bencko and Symon 1977).

Urine, blood and milk arsenic data for livestock are not
commonly found in the literature. Peoples (1964) found arsenic

acid was eliminated in the urine of dairy cattle in proportion to
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intake. Lakso and Peoples (1975) noted both trivalent and
pentavalent forms of arsenic were methylated in the body and
largely excreted via the urine. Urinary excretion in cattle is
rapid with 54 to 98 percent of the daily intake eliminated in the
urine (Peoples 1964). Normal urine arsenic levels for cattle and
horses are reported as 9.5 and @.4 ppm, respectively (Puls 1981).
Lakso and Peoples (1975) found a range of #.17 to @.31 ppm arsenic
in urine of control cattle that they tested. Selby and Dorn (1974)
found 1400 ug/1900 ml of arsenic in the urine of acutely poisoned
steers. Puls (1981) noted urine levels of 2 to 14 ppm and 100 to
150 ppm as indicative of acute toxicosis in cattle and sheep,
respectively.

Background arsenic concentrations in cattle blcod have been
reported as 6.03 to 0.67 ppm (Edwards and Clay 1979). Blood
arsenic levels may be more insensitive to intake at low levels
than are arsenic levels in urine. Peoples (1964) found no change
in arsenic blood levels among cattle fed 0.0 to 1.25 mg/kg body
weight arsenic acid. Shariatpanahi and Anderson (1984a, 1984b)
found blood arsenic levels increased rapidly following ingestion
of monosodium methanearsonate in'sheep and goats. A near steady
state approximately 3 orders of magnitude above background levels
was observed within 1@ days under daily ingestion of 10 mg/kg body
weight of arsenic. These authors also reported a rapid decline in
blood arsenic levels following removal of arsenic from the diet.
Edwards and Clay (1979) found low concentrations of arsenic (0.03
to 0.12 ppm) in the blood of cattle exposed to toxic concentra-
tions of arsenic in contaminated forage one year prior to sam-
pling. The concentration range was not significantly different
from non-exposed cattle. Puls (1981) has given normal blood
arsenic levels as 0.05 and 0.01 ppm for cattle and swine, respec-
tively. High blood levels for sheep were reported as ¢.04 to 0.08
ppm and toxic levels were given as 6.17 to 1.0 and 5.0 ppm for
cattle and sheep, respectively (Puls 1981).

Levels of arsenic in normal milk have been reported to range
from 0.06065 to #.17 ppm (NRC 1977, Iyengar 1982). Peoples (1964)
found no significant correlation between arsenic in milk and
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arsenic in the diet of cattle. Weaver (1962) found no significant
arsenic in the milk from a cow showing symptoms of arsenic
poisoning. Calvert and Smith (1972) found arsenic in cattle milk
increased from @.0615 to 8.026 ppm only at the highest diet level
fed (3.2 mg As/kg body weight). Lesser amounts produced no
increase in milk arsenic levels. Underwood (1977) has reported
milk arsenic levels of 9.67 to 1.5 ppm in chronically poisoned
cattle. The literature suggests that while small quantities of
arsenic may appear in milk of exposed individuals, it is doubtful
that any significance with respect to arsenic exposure can be
attached to it.

In conclusion, arsenic concentration of the kidney, liver and
possibly the spleen have been shown to correlate with arsenic
intake. Elevated levels of arsenic in hair, urine and blood have
also been shown to occur in exposed individuals. Due to individ-
ual variations, large groups of subjects should be used to
determine the significance of hair and blood arsenic levels. Both
blood and urine arsenic levels have been shown to fluctuate
quickly in response to arsenic intake. Urine levels are gene:aliy
about one order of magnitude greater than those found in blood and
are therefore subject to less sampling and analytical error than
the lower levels found in blood. It is the opinion of the authors
that exposure to arsenic can be adequately determined through the
use of hair and blood samples providing appropriate analytical
methods can be developed for the latter. The additional accuracy
provided by urine analysis would be unlikely to justify the
additional expense of sample collection and urine analysis for an
initial livestock survey but could be very useful for more
detailed studies. The utility of milk may be of questionable
value.

2.1.2 Livestock arsenic hazard levels

Background and elevated levels of arsenic have been docu-
mented in many studies (Tables 1, 2, 3 and 4). This data base has
been used to select arsenic hazard levels documented in the

following sections.
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2.1.2.1 Toxic arsenic hazard levels for cattle

The toxic concentration of arsenic in cattle blood was
reported as ¢.17 - 1.0 ppm by Puls (1981) (Table 5). No other
data were found in the reviewed literature on elevated arsenic
levels in cattle blood. Puls (198l) reported arsenic concentra-
tions of 2-14 ppm in cattle urine was indicative of arsenic
toxicosis. Peoples (1964) found up to 7.95 ppm in the urine of
cows which consumed a diet of 1.25 mg/kg "arsenic acid"” without
apparent toxicity. Lakso and Peoples (1975) reported total
arsenic in cattle urine of 4.86 and 6.35 ppm for cows fed 2.75
mg/kg sodium arsenate and 1.75 mg/kg potassium arsenite respec-
tively without any toxicity symptoms. The lack of cases of
documented toxicity in the 2 to 8 ppm urine arsenic range suggests
that a toxic hazard level of 8 to 14 ppm arsenic in cattle urine
may be more appropriate but, due to the limited data base, Puls'
(1981) range of 2 to 14 ppm has been recommended for this parame-
ter.

Toxic arsenic levels 1.5 and 5 ppm in cattle kidney and liver
tissue respectively have been recommended (Table 5) . all kidney
arsenic levels above 1.5 ppm found in the reviewed literature were
associated with toxicity. 'In most of these cases, poisoning was
acute and therefore observed concentrations were relatively low.
Kidney concentration criteria for chronic arsenic poisoning in
cattle was reported as 5.0 to 53 ppm (Puls 198l1). Few data were
found in the review to determine the accuracy of this range. Acute
arsenic toxicity was reported for cattle with liver arsenic levels
as low as 1.6 ppm (Dickinson 1972), and toxicity was common in the
2 to 5 ppm range (Table 4). The highest nontoxic value for cattle
liver arsenic content found in the literature was 1.2 ppm (Peoples
1964). The range from 1.6 to 5 ppm represents the range in which
acute poisoning has been documented (Dickinson 1972, Rosiles 1977)
but is below typical values reported for chronic poisoning (Puls
1981). Puls (1981) reported toxic cattle liver concentration
ranges of 2.0 to 15 and 7.0 - 70 ppm for acute and chronic

poisoning, respectively. The higher animal tissue concentrations
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Taole 5. Diagnostic Levels of Arsenic in Cattle,

Blocd Hazard
Levels/Source

Urine Hazard
Levels/Source

Kidney Hazard
Levels/Source

Liver Hazard
Levels/Source

Hair Hazard
Levels/Source

Milk Hazard
Levels/Source

Background Tolerable Uncertain Toxic
(ppm, wet weight)
8.03 - 6.07 .17 - 1.0
Edwards and Clay (1979) = e=e=msceee 0 esce==- Puls (1981)
@.17 - @.5 2 - 14
Lakso and Peoples (1975) - Puls (198l) =  —ccoceeae  ceemee- Puls (1981)
8.018 - 1.1 8.135 >1.5 and >S5
Flanjak and Lee (1979) - Dickinson (1972) Peoples (1964) = ccce--- Hatch and Funnell (1969)
Puls (1981)
9.613 - 0.82 1.6 - S. >6 7 and 16
Flanjak and Lee (1979) - Dickimson (1972) =  —cce-a-- Dickinson (1972) Rosiles (1977) Puls (1981)
Rosiles (1977) and Buck et al. (1976)
2.¢9 - 1.1 1.4 - 1. >3.0
Riviere et al. (198l) - Dickinson (1972) = «ccccecaw- Dickingson (1972), Bergeland et al. (1976)
Bergeland et al. (1976) Ocrheim et al. (1974)
9.0005 - 6.17 1.5
NRC (1977) - Schroeder and Vinton (1962) - =  —eeceucae ccce--- Undecrwood (1977)

Iyengar (1982)




found for many metals under chronic exposure conditions as opposed
to acute poisoning are due to the fact that in acute poisoning,
the animal usually dies before a large tissue metal accumulation
can occur. Buck et al. (1976) suggested 10 ppm in liver and
kidney tissue as diagnostic of arsenic poisoning. The 5 ppm cattle
liver arsenic hazard level recommended for the Helena Valley is
therefore most applicable to chronic arsenic poisoning.

The toxic hazard level for cattle hair (Table 5) was selected
based on: 1) the maximum normal or background concentration
reported in the reviewed literature (2.7 ppm arsenic), and 2)
toxicity was observed at concentrations as low as 0.8 ppm (Riviere
et al. 198l1). Toxic arsenic concentrations in cattle hair tended
to be low (1-3 ppm) in acute poisoning and higher (2.4 - 21.0 ppm)
in prolonged or chronic exposure (Table 3). The differences in
hair arsenic accumulation between acute and chronic cases has
resulted in a range of values (1.4 to 3 ppm) which may be toxic in
acute cases but not toxic in chronic cases. The toxic hazard
level of >3 ppm in cattle hair, if stafistically significant,
should be an indication of excessive exposure to this element.

Milk arsenic levels remained low (<1 ppm) even under moderate
exposure to arsenic (Peoples 1964). The toxic hazard level for
cattle milk (1.5 ppm) was based on this level observed in a
chronic toxicity case reported by Underwood (1977).

2.1.2.2 Toxic arsenic hazard levels for horses

Few arsenic toxicity data for horses were found in the
literature. The toxic hazard levels for horse kidney and liver
tissues, 10 ppm and 7-15 ppm respectively, were concentrations
reported by Puls (198l) (Table 6). The toxic level for arsenic in
horse hair, 4 ppm, was based on a study by Lewis (1972) of horses
in the Helena Valley. Arsenic content of mane hair in affected
horses ranged from 8 to 4.5 ppm. The mane hair of one horse that
died of the "smoked syndrome" contained 4.4 ppm arsenic. Two out
of the three affected animals had mane hair arsenic levels greater
than 4 ppm. No subclinical evaluation was attempted in this study
and the affected animals also exhibited high concentrations of
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Table 6. Diagnostic Levels of Arsenic

in Horses.

Blood Hazaxd
Levels/Source

Urine Hazard
Levels/Source

Kidney Hazarxd
Levels/Source

Liver Hazard
Levels/Source

Hair Hazard
Levels/Source

Mi1lk Hazard
Levels/Source

Background

Tolecable

Uncertain

(ppm, wet weight)

Toxic

<.4
Puls (1981)

<.4
Puls (1981)

1.0 - 5.0 ("High")

Puls (1981)

16
Pulg (1981)

7 - 15
Puls (1981)

4.¢
Lewis (1972)




lead and cadmium. Thus, the suggested horse hair arsenic hazard
level represents a level of excessive exposure based on a very

limited amount of data. It should be used with caution.

2.1.2.3 Toxic arsenic hazard levels for sheep

The toxic blood and urine arsenic concentrations for sheep
were reported as >5 ppm and >100 ppm, respectively (Puls 1981)
(Table 7). Values for blood and urine (14.5 ppm and 341 ppm) in
two related studies by Shariatpanahi and Anderson (1984a, 1984b)
generally supported the toxic concentrations reported by Puls
(1981). No additional support was found in the literature.

Sheep kidney and liver toxic arsenic concentrations of >7 ppm
and >8 ppm, respectively were based on data from Bucy et al.
(1955). They found similar toxic effects produced by arsanilic
acid, 3N-3-Nitro-4-Hydroxyphenylarsonic acid and potassium
arsenite at these levels. These hazard levels were in general
agreement with the toxic level of >18 ppm for both organs reported
by Puls (1981).

The toxic hazard level of 0.18 ppm arsenic in sheep milk was
based on one study (Shariatpanahi and Anderson 1984a). Animals in
this study exhibited mild clinical symptoms of arsenic poisoning
(Anderson 1985). The hazard level should be used with caution
until additional data are available.

2.1.2.4 Toxic arsenic hazard levels for goats

All toxic hazard levels for goats were based on the study of
Shariatpanahi and Anderson (1984b) (Table 7). These values should
be used with caution until additional data are available.

2.2 Cadmium

2.2.1 Cadmium Literature Review

Most experimental data regarding cadmium toxicity have
utilized dietary cadmium levels far exceeding those commonly found
in nature (Hinesly et al. 1985). Hinesly et al. (1985) concluded
1l ppm (dry weight) of biologically incorporated dietary cadmium
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Table 7.

Diagnostic Levels of Arsenic in Sheep and Goacts.

Blood Hazard
Levels/Source

Urine Hazarxd
Levels/Source

Kidney Hazard
Levels/Source

Liver Hazard
Levels/Source

Hair Hazard
Levels/Source

Milk Hazard
Levels/Source

Blood Hazard
Levels/Source

Urine Hazard
Levels/Source

Milk Hazard
Levels/Source

Background Tolerable Uncertain Tox1lc
(ppm, wet weight)
SHEEP
6.92 - 0.04 0.04 - 6.08 ("high"™) > 5 and 14.5
Andersgon (1985) 0000000000 ——me———a Puls (1981) Puls (198l), Shariatpan-
ahi and Anderson (1984a)
0.0¢ - 9.07 . >100 and 341
Shariatpanahi and Anderson (1984b) =0 oceccaaa- m—— - Puls (1981), Shariatpan-~
ahi and Anderson (1984b)
0.03 - 0.26 3.6 >7 and > 1@
Spaulding (197S5) - Bucy et al. (1955) Lancaster et al. (1971) =  <=e===-- Bucy et al. (1955),
Puls (1981)
0.0 - 9.48 3.5 4 - 8 ("High") >8 aand >l@
Lancaster et al. (1971) - Bennett and Bennett and Schwartz (1971) Puls (1981) Bucy et al. (1955),
Schwartz (1971) Puls (1981)
0.00 - 9,04 0.18

Shariatpanahi and Anderson (1984b)

——————-

Shariatpanahi and
Anderson (1984a)

GOATS

8.02 - 6.04
Anderson (19895)

6.80 - 0.64
Shariatpanahi and ‘Anderson (1984b)

9.00 - 0.04
Shariaptanahi1 and Anderson (1984b)

>16
Shariatpanahi{ and
Anderson (1984b)

219
Shariatpanahi and
Anderson (1984b)

8. - 0.16
Shariatpanahi and
Anderson (1984b)




"will have little if any effect on the health and performance of
poultry." Exposure of livestock to excessive cadmium may result
more from ingesting contaminated soils than from contaminated
forage.

The liver and kidneys are the main reservoirs of cadmium in
vertebrates (Tables 8-11). Concentrations in muscle tissue are
always quite low (Doyle et al. 1974, Osuna et al. 1981, Mills and
Dalgarno 1972), but elevated forage cadmium levels will cause
slight increases in muscle concentrations as well as significant
increases in liver and kidney cadmium levels (Johnson et al.
198l1). All studies of elevated cadmium in diet or water refer-
enced in Table 11 produced increased cadmium levels in liver and
kidneys. Other pathogenic states or abnormalities were produced by
varying additions of dietary cadmium. In studies of lambs and the
Long Evans strain of laboratory rats, 5 mg/kg in the diet or
drinking water caused reduced growth-or hypertension (Doyle et al.
1974, Schroeder and Vinton 1962). The experimental periods were
long in both examples, 163 days for lambs and 1 year for rats.
Production of metallothionein by internal organs protects the
animal from damage by the elevated concentration of the toxic
metal until this protective mechanism is thwarted by prolonged
overexposure. This mechanism is discussed more fully in Appendix
section 6.1.2.

The determination of the exposure of livestock to cadmium is
difficult because of the scarcity of data on cadmium in readily
available samples such as hair, blood or urine. The few documents
available indicate that animal hair is a controversial tool for
this assessment. Limited data suggest the background range for
cattle hair cadmium concentrations will be 6.6 ppm or less (Poweli
et al. 1964, Wright et al. 1977). Available data suggest that
cadmium in animal hair will likely be significantly correlated to
dietary intake at diet levels above 5@ ppm. Interpretation of
hair data from lower diet levels may be difficult. Hammer et al,
(1971) showed a relationship between cadmium in human hair and the
exposure ranking of the samples. He also found a similar rela-

tionship in East Helena, Montana (Hammer et al. 1972). The work

23



Background cadmium levels

in livestock fluids and hair.

Refarence

Blood Ucrine Mi1lk Hair
ppm (wet weight) ppm (dry wt.)
unless noted
CATTLE
<g.01
8.006
<0.05 8.5
9.612-0.0820
6.617-0.030
0.9026
0.0820-0.937
@.0001-0.004
@.004
0.0013
¢.003 A
<@.15 @.6ppm
(rib area)
9.88s
0.01

U.S. Cities
U.S. Average
Cincinnati Area

Bertrand et al, 1981)
Bruhn and Franke (1976)
Powell et al. (1964)
Kubota et al. (1968)
Murthy and Rhea (1968)
Murthy and Rhea (1968)
Murthy and Rhea (1963)
Cornell and Pallansch (1973)
Dorn et al. (1975)

Dorn et al. (1975)
Casey (1976)

Wwright et al. (1977)

Penumarthy et al. (1980)
Lynch et al. (1976b)

A

0.006-¢.012
9.603-0.213 A

Penumarthy et al. (1988)
Elinder et al. (1981)

§.0015 Elinder et al., (1981)
0.2-0.6 Lewis (1972)

a.17 4 Mills and Dalgarno (1972)
8.062 <¢.91-0.03 <1.@ 2 Wright et al. (1977)
g.007 B 9.55-6.83 6 Doyle et al. (1974)
8.005 B 0.94 6 Doyle et al. (1974)
d.004 B 8.74 6 Doyle et al. (1974)
g.086 B 9.87 6 Doyle et al. (1974)
9.9006 B 8.79 6 Doyle et al. (1974)
8.0¢63 B 6 Doyle et al. (1974)

9.006-0.024 dw Telford et al. (1984a)

9.611-9.017 dw Telford et al. (1984b)
8.611-90.36 dw <9.005-0.013 dw Dowdy et al. (1983)

A/Reported in ug/liter B/Reported in ng/ml
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Table 9. Background cadmium levels in livestock tissues.
Diet Kidney Liver Spleen Heact Brain Pancreas Muscle Bone n Notes Refarence
ppm (wet welght) pom (dry wt.)
unless noted
CATTLE
.27 9.04 8 dectrand et al. (l981)
@.29 9.18 2 After 6 mo Sharma et al. (1982)
@.18ppm 6.4d6 1 Sharma et al. (1979)
0.18ppm 8.74 8.41 4 Verma et al. (1978)
0.55 8.21 2150 usoba (1975)
.34 e.19 149 Krauzer ot al. (1975)
2.907ppm 0.22 0.906 6 Munshower (1977)
9.15ppm 8.27 0.64 <9.01 3 168 Days Bertrand et al. (1981)
@.27 dwh >199 Doyle and Spaulding (1978)
@.32ppm €2.090 Qw 4.90 dw L Doyl2 and Spaulding (1978)
1.58ppm 1.40 Cortex 0.24 1 Doyle and Spaulding (1978)
9.48 8.24 - Doyle and Spaulding (1978)
1.50 Cortex 0:50 1 Doyle and Spaulding (1978)
0.lppm 7.4 dw 1.2 dw 8 Hereford Cows Baxter et al. (1982)
@.lppm 3.5 dw 8.9 dw 8 Hetreford Steers Baxter et al., (1982)
@.32ppm <2. dw 4. dw <1l dw 9.3 Powell et al. (1964)
9.075-2.500 9.034-0.430 0.096 85-92 Penumarthy et al. (198@)
13.4 dw 1.06 dw 29 Range Cattle Baxter et al. (1981)
2.8 dw 9.74 dw 15 Dairy Cattle Baxter et al. (1981)
1.36 dw 9.43 dw Anqus Cows/Steers Decker et al. (1989)
7.4 dw 8 Hereford Cows Baxter et al. (1983)
3.5 dw 8 Herefore Steers Baxter et al. (1983)
HORSES
11-186 Cortex 69 Some Histo-
Pathological
Changes Elinder et al. (1981)
11.9 Cortex 1 No Pathologi-
cal Changes Elinder et al. (1981)
2.5 3.45 a.11@ 20-21 Mean Penumarthy et al. (1986}
6.840-5.000 0.830-4.100 9.8608-
9.300 28-21 Range Elinder et al. (1981)
31.9 Cortex S @-4 Years old Elinder et al. (1981)
49.2 Cortex 13 5-9 Years old Elinder et al. (1981)
61.8 Cortex 16 1@-14 Years old Elinder et al. (1981)
75.9 Cortex 15 15-19 Years old  Elinder et al. (1981)
72.3 Cortex 18 20 + Years old Elinder et al. (1981)
' SHEEP
@.29ppm 2.91 dw 6.30 dw 9.082 10 Telford et al, (1982)
9. 2ppm 4.42 dw 1.69 dw 6 Doyle et al. (1974)
@.7ppm .95 dw 4 Mills and Dalgactno (1972)
9.06ppm 8.32 dw 0.89 dw 5 Telford et al, (1984a)
0.06ppm @.28 dw 0.09 dw 5 Telford et al. (1984a)
0.16ppm  4.42 dw 1.69 dw .14 dw .06 dw 6.925 6 Doyle and Pfander (1975)
4.30 2.00 1 wWright et al. (19277)
9.09 Aaw 1 Ooyle and Pfander (1975)
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Table §. Background cadmium levels in livestock tissues, continued.

Diet Kidney Liver Spleen Heart Brain Pancreas Muscle Rone n Notes Reference
opm (Wet weruht) ppm (dry wt.)
unless noted
8.05ppm 5.4 dw 1.2 dw 9.04 dw 0.0l dw 0.01 dw 9.001-0.005 0.01 S Hefferon et al. (1980)
9.31 ppm 1.02-2.77dw 0.-0.323 dw <9.012 10 Range Dalgarno (1980)
9.31ppm 1.76 dw 9.119 dw 10  Mean Dalgarno (1989)
GOATS
8.l4ppm 1.06 dw 0.10 dw S5 Adults Telford et al. (1984b)
8.l4ppm 9.03 dw 9.05 dw 2 Kids Telford et al., (1984Db)
SWINE
9.01-1.00 0.01-0.39 21 USDA (1975)
8.39 .14 14 Munshower (1977)

A/ Dry weight basis
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Table 10, Elevated cadmium levels in livestock fluids and hair,

Diet Blood Urine Milk Hairt n Agent Notes/ Reference
ppm (wet welght) ppm (dry wt.) Response
CATTLE
40.1ppm
12w 4 cacly Depressed Perf. Powell et al. (1964)
168.3ppm
12w 4 cdclj Depressed Perf. pPowell et al. (1964}
648.3ppm
12w <9.05 9-11 3 cacl, Toxic Powell et al. (1964)
256@ppm
":2\: <@.108 9-13 4 cacly Fatal Powell et al. (1964}
568ppm 0.94 e.7 2 Cadminate Fatal Wright et al. (1977)
56ppm 15 rib
acgea 2 Cadminate Inhibited Reproduction Wright et al. (1977)
120ppm 21 rib
area 2 Cadminate Reproduction Failure Wright et al. (1977)
238ppm 57 rib
area 2 Cadminate Toxic Wright et al. (1977)
3Jo0ppm 63 rib
area 2 Cadminate Toxic/Fatal Wright et al. (1977)
509ppm B8 rib
area 2 Cadminate Toxic/Fatal Wwright et al. (1977)
HORSES
1.8 1 Ind. Exp. Fatal Lewis (1972)
SHEEP
3.5ppm .17 B 4 cdso, Not Noted Mills and Dalgarno (1972)
7.1lppm .17 B ] Decreased
cdsoy Blood Zn,Cu Mills and Dalgarno (1972)
12.3ppm 9.13 8 4 Decreased
s c4s0y Blood 2Zn,Co Mills and Dalgarno (1972)
ppm
lslsad 0.004 A 1.20 6 cdcl, Reduced Growth Doyle et al. (1974)
ppm
JBISJd #.0803 A a.84 6 Cdcl; Reduced Growth Doyle et al. (1974)
ppm .
. 163d g.608 A 1.22 6 cdcl; Reduced Growth Doyle et al. (1974)
dppm
1634 ¢.025 A 26-47ug/day a.70 6 CdCl; Reduced Growth Doyle et al. (1974)
58-5@8ppm e.1 10 Cadminate tiot Notad Wright et al. (1977)
S@8ppm 0.2-2.0 1.0 >2e.9 2 Cadminate Toxjc/Fatal Wright et al, (1977)
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Table 10. Elevated cadmiun levels in livestock fluids and hair, contLinued

Diet Blood Urine Milk Hair n Agent

: Notes, Reference
ppu (wet weight) ppm (dry wt.) Response

GOATS

3.8lppm 0.088-0.a52 19 Not Noted Telford et al. (1984b)
SWINE

83ppm No Sig.

Increase Lowered Feed Osuna et al. (1981)
0.¢ Effic.

A/Reported in ng/ml B/Reported in ug/ml
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rable 11.

Elevated cadmiun lavels

tn livestock tissues.

et H1dnav Livee Hoart Rrain Pancreas Muscle Bonea n Agent  Notes/ teforence
(Wwet weight) ppm  (dry wt.) Response
uniess noted
CATTLE
0.484
mg/kg/bwt 19.25 3.3 9.45 Not Noted Sharma et al., (1982)
2.40ppm 9.07 4 Nontaxic over Sharma et al, (1979)
12 wks.
11.29ppm 2.1 4 Nontoxic over Sharma et al. (1979)
12 wks.
2,40ppm 3.58 €.73 4 12 wks. Verma et al. (1978)
11.29 8.8) 3j.21 4 12 wks, Verma et al. (1978)
1.02ppm 1.59 9.51 15 Nontoxic Rundle et al. (1984)
423-451 days
1.02ppm 0.09 9.05-0.09 0.32 H) Nontoxic Rundle et al., (1984)
423-451 days
1.7ppm 1.67 0.34 9 Polluted Area Munshower (1977)
9.36ppm 0.28 0.06 <8.01 8 168 Days Bertrand et al, (1981)
0.78ppm 0.24 0.07 <9.01 8 168 Days Bertrand et al. (1981)
11.5ppm{9mo) 54 dwB 19 4 guw 9.27 dw 8 Sludge Nontoxic Baxter et al, (1982)
Cows
10.7ppm{9m0) 57 dw 19.9 dw 0.43 aw 8 Sludge Nontoxic Boxter et al. (1982)
Cows
649ppm 12w 479~ 137~ 2-5 3 cdcly Toxic Powell et al. (1964)
19035 dw 102) dw
2569ppm 12w 146~ 116~ 1-4 4 cacly Patal Powell et al. (1964)
718 dw 858 dw
Seppm 117.e- A 13, 9- 2 Cadminate Reproduction
228.3 34.0 Inhibited Wright et al. (1977)
108ppm 210.0- A sg g 2 Cadminate Reproduction
218.5 A 1.3 Prevented Wright et al., (1977)
20dppm 168.0- A  ¢1.3- 2 Cadminate Toxic Wright et al. (1977)
232.5 A 97,5
leeppm 176.6- A 41.8-~ 2 Cadminate Toxic/Patal wright et al. (1977)
227.5 85.0
5@0ppm 115.0- 35.5- 2 Cadminate Toxic/Fatal Wright et al. (1977)
280.0 l60.0
HORSES
Contam, 228-410 89. 2.4 1.9 1.0 1 Ind. Exp. Fatal Lewis (1972}
Forage
SHEEP
3.88ppm 17.84 dw 3.19 dw 9.92 10 Sludge Slight Liver Telford et al. (1982)
Damage
Séppm 139.0- 39.% 2 Cadminate Reduced Feed Wright et al., (1977)
227.5 147.5 Efficiency
108ppm 207.5- 197.5- 2  Cadminate Reduced Feed Wright et al. (1977)
209,90 145.0 Efficiency
200ppm 236.5- 170- 2 Cadminate Raduced Feed Wright et al. (1977)
189.¢a 249.0 Efficiency
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Table V1. Elevated cadniur levels in livestock tissues, continued,
Diet Kidney Liver Spleen Heart Brain Pancreas Muscle Bone n Agent Notes Reference
ppm (wet weight) pPpm (dry wt.) Response
unless noted
3eeppr 52.5- 462.5- 2 Cadminate Reproduction Wright et al. {1977}
118.0 492.5 Prevented
Se@ppm 96.5~ 550.0- 2 Cadminate Fatal Wright et al. (1977)
184.5 600.0
3.5ppn 2.91 dw 4 Cds0oy4 Not Noted Mills and Dalgarno (1972)
7.1ppn 3.50 dw 4 CdsS04 Decreased Mills and Dalgarno (1972)
Blood 2n,Cu
12.3opa 11.20 dw 4 Cdsoy Decreased Mills and Dalgarno (1972)
Blood 2n,Cu
Sppm 1914 58.85 Cw 14.92 dw 9.36 dw 0.24% cw 6 €CdCl; Increased organ Cd Doyle and pPfander (1975)
15pzma 1914 187.62 dw 51.72 dw 2.15 dw 0.43 dw 6 CdCl; 1Increased organ Cd Doyle and Pfander (1975)
3epp= .191d 426.81 ¢w 62.73 dw 7.14 dw . 1.28 Adw 6 Cdcl, Reduced Growth Doyle and Pfander (1975)
68pp- 1914 768.84 dw 275.94 dw 13.34 dw 2.66 dw 6 cdcl, Reduced Growth Doyle and Pfander (1975)
8. izom Cd 1.22 ¢w 6.46 dw 8.92 dw 5 Nontoxic Rams Telford et al. (1984a)
0.7 ppm Cd 0.94 dw 8.8 dw 0.02 dw 5 Nontoxic Ewes Telford et al. (1984a)
3.4ppz 286d 18.59- 2.27- <9.012 dw 11 Cdsoy Nontoxic Lambs Dalgarxno (1980)
34.09 dw 7.58 dw
6.4ppm 280d 32.6- 5.04- <0.912 dw 11 CdsOog4 Nontoxic Lambs Dalgarno (1988)
60.1 dw 16.89 dw
1.%zpa 2744 18.5 dw 5.8 dw 9.23 dw 0.03 2« 9.02 dw 9.91 dw 6.02 dw c Nontoxic Lambs Hefferon et al., (1980)
GOATS
J.Elpe~ 1.65 dw €.39 dw @.084 dw 3 Nontoxic Adults Telford et al. (1984a)
J.Blsp= 0.65 dw 9.07 dw 0.83 dw 3 Nontoxic Kids Telford et al. (1984a)
SWINE
83op= 61.95 12.98 12 Sludge Depressed Growth Osuna et al. (1981)
8.99 .24 6 Pollution Not Noted Munshower (1977)
A/ Coziex B/Dry weight basis C/Sludge Grown Forage



of Dorn et al. (1974) in Missouri revealed seasonal variation of
cadmium concentrations in cattle hair. Elevated levels of cadmium
in hair have been detected in animals exposed to dust from lead
ore trucks and smelter emissions. Wright et al. (1977) found a
good correlation between cadmium in cattle hair and cadmium (as
cadminate) in feed for the range of @ to 500 ppm. These authors
found subclinical toxicosis associated with 15 to 21 ppm cadmium
in hair resulted in reproduction problems (abnormal or dead
calves). Lewis (1972) found an association between cadmium levels
in horse mane hair with distance from a primary lead smelter.
Diets containing 5 to 60 ppm cadmium did not produce any signifi-
cant differences in cadmium levels found in sheep wool (Doyle et
al. 1974). Combs et al. (1983) found cadmium in rat and goat hair
was not significantly correlated to dietary cadmium at levels up
to 15.9 and 18.5 mg/kg.

Typical background concentrations of cadmium in the urine of
livestock are less than @.15 ppm for cattle (Wright et al. 1977)
0.0003 to 0.0213 ppm for horses (Elinder et al. 198l1) and 0.01 to
0.03 ppm for sheep (Wright et al. 1977). . Urinary excretion of
cadmium does not appear to increase significantly in animals until
proteinuria occurs, at which time cadmium excretion increases
dramatically (Friberg 1952). Thus, increased urinary cadmium is
an indication of kidney damage probably caused by the metal and
does not indicate the extent of subclinical cadmium exposure.
However, Roels et al. (198l1) found a significant relationship
between the total body burden of cadmium and urine cadmium levels
in humans that lacked any renal dysfunction. Background cadmium
concentrations in livestock blood are 0.005 to <@0.05, <@.606 to
0.012 and 0.003 to 0.17 for cattle, horses, and sheep respectively
(Penumarthy et al,. 1980, Powell et al. 1964, Doyle et al. 1974,
Mills and Dalgarno 1972). Roels et al. (1981) found a relation-
ship between blood cadmium levels and total body burden but the
correlation coefficient was 0.45. Doyle et al. (1972) reported
increased blood cadmium when lambs were fed a diet containing 60
ppm; no significant blood effects were observed at lower dietary

levels. Osuna et al. (198l1) found no significant increase in the
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blood cadmium level in swine fed 83 ppm cadmium in the diet. There
were no significant differences in blood cadmium levels of lambs
fed diets containing @.7, 3.5 and 7.1 ppm cadmium (Mills and
Dalgarno 1972). Similar results were obtained for goats that were
fed 5.3 ppm cadmium (Dowdy et al. 1983). Cousins et al. (1973)
reported that reduced hematocrit, due to induced iron deficiency,
was the most sensitive indicator of cadmium toxicity in swine.

Few data were found in the literature for hematocrit values and
cadmium exposure relationships for other livestock species. Wright
et al. (1977) reported little difference between blood cadmium
concentrations in controls and cattle feed diets up to 50¢ ppm
cadmium (clinical toxicosis). These authors found blood cadmium
concentrations averaged 6.64 for all 12 of their test animals on
diets of @ to 500 ppm cadmium. Puls (198l1) also reported that
blood cadmium levels are not diagnostically elevated even in toxic
environments. The cadmium content of cattle milk has been found
to vary seasonally, generally being highest during the spring and
summer (Murthy and Rhea 1968). Market milk tested by the same
authors ranged from #.817 to 0.030 ppm (mean of @.026 ppm) and
they found a range of 0.020 to 0.637 ppm in 32 individual animals
tested in the Cincinnati area. Typical background values found in
the literature ranged from 0.0001 ppm (Cornell and Pallansch 1973)
to the 0.637 found by Murthy and Rhea (1968). Sharma et al., (1979)
found no significant increase in milk cadmium levels from cattle
fed up to 11.3 ppm cadmium in the diet. Levels of cadmium milk
from three Holstein cows that were kept on a diet of 250-300 ppm
cadmium for 2 weeks remained below the 0.1 ppm detection limit
(Miller et al. 1967). Similarly, a study by Dowdy et al. (1983)
found no increase in the cadmium levels in milk from goats that
were fed up to 5.3 ppm cadmium,

The most reliable indicator of cadmium exposure in livestock
is the determination of metal levels in the liver and/or kidney.
Mean cadmium concentrations in these organs from two-year-old
slaughter cattle from non-polluted areas of the Northern Great
Plains were reported to be 0.06 and ¢.22 ppm (wet weight), respec-

tively (Munshower 1977). These values were lower than the levels

32



reported by Kreuzer et al. (1975) or the U.S. Department of
Agriculture (USDA 1975), but these later surveys included older
animals of uncertain age and background. The maximum ranges found
in the literature for cattle kidney and liver tissue were 6¢.0675 to
4 ppm (Penumarthy et al. 1980, Baxter et al. 1983) and 0.034 to
0.84 ppm (Penumarthy et al. 1980, Doyle and Spaulding 1978) re-
specﬁively. It should be noted that both maximums were converted
from the reported dry weight figures using the conversions found
by Munshower and Neuman (1979). The highest apparently nontoxic
concentration of cadmium in cattle kidney tissue found in the
reviewed literature is the 57 ppm (dry weight basis) found by
Baxter et al. (1982). The effect of 19 ppm cadmium in cattle
kidney tissue (Sharma et al. 1982) was not clearly stated.
Penumarthy et al. (198@) found cattle background kidney and liver
cadmium levels of 0.075 to 2.50@ ppm and 06.834 to 0.4308 ppm, re-
spectively. Similar values for horses were given as 0.840 to
5.000 ppm and @.830 to 4.109 ppm. Because of the difficulty and
expense involved in the acquisition of liver or kidney samples
from animals in the field, a survey of animal hair may be a more
realistic approach to determining cadmium exposure in a large
group of animals. Urine may have some future potential, but
little background data are available for interpretation. Cadmium

in feces may provide an estimate of dietary intake (Chaney 19840).

2.2.2 Livestock cadmium hazard levels

Documented cadmium levels in livestock fluids, tissues and
hair are presented in Table 8, 9, 19 and 11. Cadmium hazard
levels were derived from this data base.

2.2.2.1 Toxic cadmium hazard levels for cattle

Cadmium levels in cattle blood are not a good diagnostic
indicator of cadmium toxicity (Puls 1981) (Table 12). Powell et
al. (1964) found the blood cadmium level in bull calves on a diet
of 2560 ppm cadmium (toxic) to be <0.19 ppm. This value was
within the same order of magnitude as most background blood
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Table 12.

Blood Hazard
Levels/Soutrce

Urine Hazard
Levels/Soutce
Kidney Hazard

Levels/Source

Li7er Hazard
Levels/Soutce

Hair Hazaed
Levels/Source

Milk Hazard
Levels /Source

Diagnostic Levels of cCadmium tn Carele,

Backqground Tolarable Uncectsiln Toxic
pom wet weiqght
V005 - 29,45 0.04A
Penumarthy 2t al. (12?80 = eeeemee eeeeeee Wright et al. (1977)
Powell a2t al. (1264} Puls (1981)
<. 15 0.7
Wright =t al. (»?29)  eceeeee eemeee. Wwright et al. (1977)
9.975 - 18 178 19 448
Penumarthy 2t 3al. (194Y9) - Baxtar 2t al. (1982) Sharma 2t al. (1982) Powell et al. (1964)
Raxtac 2t al., (12H13)
G.u034 - 0,340 4C 25C
Penumacthy ar al. {1%H3) - Doyle wd Baxrer =t al., (l982) = +------ Powell et al. (1964)
Spaulding (1978), Powell 2t al. (1964) Weight et al. (1977)
“3.6 >9
Wright =v at. (1y77y eeeeeao Powell et al. (1964),
9.0 - 9,037 )
Cornell and Pallansch (1273) - *wethy 0 c=weeee cmeeeee eccdeas
and Rthea (1961)

A There 15 genarilly 3 poor corr=xlation betwesen tadmium intake and concentrations of cadmium in blood. Values reported for blood
cadmium concentrations under observad oclinicil texicosis are very similar to reported background levels, and this parameter should
not be consider2d as 3 -hhygnostic tool .

B Fiqurs convertad fram dry weight basis rssuming kidney tissue dry matter content of 30 percent as reported by Munshower ana Neuman
(1979) and Spector (1956).

C Figurte converted €rom dry ~etght bBasis assuming
(1979).

liver tissue dry matter content of 21 percent as reported by Munshower and Neuman



cadmium concentrations (8.605 to <0.05 ppm) (Table 8). The
diagnostic use of cadmium in blood is not recommended.

Cadmium concentrations in cattle urine are also of limited
diagnositc use. The narrow range between background values (<#.1l5
ppm) and the only toxic concentration reported in the reviewed
literature (9.7 ppm, Wright et al. 1977) (Table 10) suggests urine
may not be a reliable indicator of cadmium toxicity.

Toxic hazard levels selected for cadmium levels in cattle
kidneys and liver are 44 ppm and 25 ppm respectively. The kidney
hazard level is based on studies by Powell et al. (1964) and
Wright et al. (1977) in which all concentrations equal or greater
than 44 ppm cadmium in cattle kidneys were associated with toxico-
sis. Similar results were obtained by these authors for cadmium
concentrations in cattle liver, meaning all values in excess of
24.4 ppm were associated with toxicity. Puls (1981) reported
values of 100 to 250 ppm and 50 to 160 ppm cadmium in cattle
kidneys and liver, respectively, as toxic under chronic condi-
tions.

The recommended toxic hazard level for cadmium concentrations
in cattle hair is >9 ppm cadmium. This hazard level was derived
from the work of Powell et al. (1964) who found cadmium concentra-
tions from 9 to 13 ppm in cattle hair to be associated with
toxicosis. Wright et al. (1977) found levels of 15 to 21 ppm to
be associated with subclinical toxicosis and levels of 57 to 88
ppm to be associated with clinical toxicosis. These authors found
cadmium concentrations in cattle hair usually reached 10¢ ppm
before death. Puls (1981) reported 40 to 106 ppm cadmium in
cattle hair as toxic. The >9 ppm toxic cadmium hazard level
should be an indication of possible subclinical toxicosis and
should only be applied to large herds of cattle where statistical-
ly valid and representative data can be obtained. Large varia-
tions in hair cadmium concentrations between individual animals
make an absolute application of this hazard level meaningless.
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2.2.2.2 Toxic cadmium hazard levels for horses

Data for toxic cadmium concentrations in the tissues of
horses were very limited (Table 13). The recommended toxic
cadmium hazard level for horse kidneys (75 ppm) is based on the
results of Elinder et al. (1981). These authors found a signifi-
cant (<2.05) relationship between cadmium concentration and
histopathological changes in horse kidhey cortex, and noted an
increase in the frequency of the histopathological changes at
cortex concentrations exceeding 75 ppm.

The 80 ppm toxic hazard level for horse liver cadmium concen-
tration is based on one sample from a horse that died from
apparently being "smoked" from smelter emissions (Lewis 1972). To
what extent other metals may have affected this animals is
unknown. This hazard level should be used with extreme caution
until additional data are obtained.

The hazard level for toxic concentrations of cadmium in horse
hair is also based on the very limited data of Lewis (1972). This
author reported a poor correlation between mane hair cadmium
concentrations and cadmium concentrations in liver and kidney
tissues. The use of this parameter is not recommended until
additional support data are obtained.

2.2.2.3 Toxic cadmium hazard levels for sheep

The toxic hazard level reported for cadmium in sheep blood is
6.1 to 9.2 ppm (Puls 1981) (Table 14). This range overlaped the
background range for this parameter and is not considered diagnos-
tic.

The diagnostic level for toxic concentrations of cadmium in
sheep kidney tissue (53 ppm) is based on the study of Wright et
al. (1977) who found this level was associated with reproductive
failure in sheep. With one exception, all sheep kidney tissue
levels in excess of 53 ppm were associated with a degree of
toxicity, where as all levels less than 53 ppm, with one excep-
tion, were not associated with toxicity. The 53 ppm hazard level
agrees well with the 50 to 400 ppm criteria reported by Puls

(1981) for toxic concentration of cadmium in sheep kidney tissue.
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Table 13. Diagnostic Levels of Cadmium in Horses.

Blood Hazard
Levels /Source

Urine yazard
Levels/Source

Kidney jazard
Levels/Source

tiver Hazard
Levels/Source

Hair Hazard
Levels/Source

Milk Hazard
Levels/Source

Background

Tolerable

pom wet weight

Uncertain

Toxic

<0.0806 - 9.012
Penumarthy et al. (1986)

0.6063 - 0.0213
Elinder et al. (1981)

9.84 - 5.00
Penumarthy et al. (1984)

9.83 - 4.100
Penumarthy et al. (1980)

9.2 -~ 6.6
Lewis (1972)

————— -

1.2 - 23
Puls (1981)

22
Puls (1981)

75 (Cortex), >200
Elinder et al. (1981}
Puls (1981)

8a
Lewis (1972)
.9 - 1.0 *
Lewis (1972)

* Not diagnostic
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Table 14 .

Blood Hazard
Levels/Source

Urine Hazard
Levels/Source

Kidney Hazard
Levels/Source

Liver Hazard
Levels/Source

Hair Criteria
Levels/Source

Blood Hazard
Levels/Source

Kidney Hazard
Levels/Source

LLiver Hazard
Levels/Source

Milk Hazard
Levels/Source

Diagnostic Levels of Cadmium in Sheep and Goats,

Background Tolarable Uncecrtain Toxic
pprm wek weight
SHEEP
0.0063 - 0.17 9.1 - g.2"
Doyle et al. (1974) - Mills and = «eccen-— eeacoe- Puls (1981)
Dalgarno (1972)
.01 - @9.03
Wright et al. (l97) = secswe- eeemece=s edeeeaa
6.084 - 4.30 4 - 50 53 and 56
Telford et al. (1982) - Wright et al. (1977)  ----=u- Puls (1981) Wright et al. (1977)
and Puls (1981)
9.019 - 2.00 13 and S6
Telford et al. (1984a) - Wright et al. (1977) =~=cece-=- = coccaao Doyle and Peander (197S)
and Puls (1981)
8.55 - 6.94 >20
Doyle et al. (1974} = =====eeo  mmemaa- Wright et al. (1977)
and Puls (1981)
GOATS
2.011 - 0.036 dw
Dowdy et al. (1983) = s=-e-ee o mseseee. emmeeea
0.1 - 9.32 8.50
Telford et al. (1984b) Telford et al. (1984b) = ~-wcee-  eemeeeo
6.1 - 9.02 g.08

Telford et al, (1984b)

<@.045 - 0.024 dw

Dowdy et al. (1983), Telford et al.

Telford et al. (1984b) = --—-----
0.008 - 0,052
(1984b) Telford et al. (1984b)

* Not diagnostic



A sheep liver concentration of 13 ppm cadmium was selected
based on the study of Doyle and Pfander (1975). These authors
“have reported reduced growth in lambs was associated with 13.2 ppm
cadmium in liver tissue. Reduced feed efficiency and reduced
growth were reported for sheep with liver cadmium concentrations
in the 40 to 60 ppm range (Table 12), and Puls (198l) reported a
toxic concentration of cadmium in sheep liver to be 50 to 600 ppm.
The 13 ppm hazard level for this parameter should be used with
caution until additional data are obtained.

The toxic hazard level (>20 ppm) of cadmium in sheep wool
(hair) is based on the >20 ppm cadmium Wright et al. (1977) found
in the wool of sheep fed toxic levels of cadmium (as cadminate)
over a 49 week period. Doyle and Pfander (1975) noted cadmium
levels of 0.7 to 1.22 ppm in the wool of sheep fed 5 to 60 ppm
cadmium (as CdCl;) over a 163 day period, but these levels also
overlap typical background values (Table 9).

2.3 Lead

2.3.1 Lead literature review

The literature search revealed a considerable amount of data
on lead levels in various animal tissues and other substances
(Tables 15-18). These data suggest that lead levels in kidney and
liver, which accumulate lead, and blood are good indicators of
lead toxicosis. Concentrations of lead in these three tissues are
elevated in all documented cases of lead toxicity. Furthermore, a
considerable volume of data on background or control levels is
also available (Ruhr 1984, Doyle and Younger 1984, Zmudski et al.
1983, Burrows and Borchard 1982, Schmitt et al. 1971, Dollahite et
al. 1978, Buck et al. 1976). Fewer data are available on lead
levels in spleen, heart, brain, pancreas, bone and hair (Tables
15-18).

Blood lead levels appear to be a good indicator of chronic
toxicosis but are not as dependable for diagnosis in acute or
subacute cases. This lack of diagnostic accuracy may result from
an initial rapid rise of blood lead following metal ingestion and

39



v

Table 15. Background lead levels in livestock fluiés and hair.
Diec* Blood Urine M1lk Hair Feces n Notes Reference
pom {(wet weight) oom (drv wt.}
CATTLE
9.157 0.802 4 sampies Sharwma et al. (1982)
0.01-0.21 l1e4 Ruhr (1984)
0.077 130 2lakley and Brockman (1976)
9.16 20 Edwards ancd Clay (1977)
e.10 e2 Buck et al. (1976)
1.42ppnm 0.069 4 Locner ot al. (1981)
8.127-0.2262 3 Calves Lynch et al. (1576b)
8.040, 9.2 max 270 Mazxetr Milk Mitchell an2 Aldous (1974)
€.030-2.950 10 Lakso and Peoples (197S)
0.420 33 Cincinacti Murthy (1974)
e.130 8 Winter Dorn et al. (1975)
e.13 B 1 Cals Rllcroft (1951)
.98 3 1 Calf Allcroft (1951)
0.391 350 CA Milk Bruhn and franke (1976)
2.292-3.04 3 Kehoe et al. (1948)
8.023-0.079 59 Murthy ec al. (1967)
9.0847 76 Murthy et al. (1967)
8.02 85 Penumazthy et al. (1986)
5.63 50 Neaz L.A. CSDA (1975)
2.083 S Calves Zmudski et al. (19813)
8.28 8 Calves Edwards and Dooley (1984)
0.129 B 3¢ Calves Allcroft (1950)
9.98-0.22 13 Calves Allcroft (1950)
.15 2 Lynch et al. (1976b)
9.265 < 12 Calves George and Duncan (1981}
<9.10 48 Bertrand et al. (1981)
1.7 Bel:sville MD Chaney (1983)
3.628-9.4030 3 Near washington D.C. Wvhite et al. (1943)
0.00856-0.0584 12 Calves Logner et al (1984)
§.9-3.12 6 Schmitt et al. (1971)
HORSES
8.32-0.10 20 Penumarthy et al. {1988)
6.04 20 Mean Penumarthy et al. {19880)
0.04 20 Penumarthy et al. (1980)
@.26 1 Dollahite et al. (1978)
0.23 1 Dollahjte et al. (1978)
9.14 1 Dollahite et al. (1978)
1.4 4 Lewis (1972)
@.18 2 Buck et al. (1976)
8.951 C 25 Creston BC Schmitt et al. (1971)
0.045-3.57 25 Mean Schmitt et al. (1971)
0.119 C 40 Ottawa Schmitt et al. (1971)
0.26-0.21 40 Schmitt et al. (1%71)
<9.05 0.290 A 6 Schmitt et al. (1971)
@.140 B2 2 Allcroft (1950)
@.0015 43 Sweden Elinder et al. (1981)



Table 15. Background lead levels in livestock fluids and hair, continued.

Diet!* Blood

Urine Milk Hair Feces n Notes

ppm_ {(wet weight)

ppm_(dry wt.)

Reference

SHEEP
0.003-06.0623 8 Naplatarova et al. (1968)
g.138 2 Blaxter (1959a)
0.09 E 7 Pearl et al. (1983)
2.89 2 Buck et al., (197¢)
6.19 4 Fick et al. (197¢)
g.ea7 B 6 Blaxter (195@a)
6.04-0.99 Range {6) Blaxter (1958a)
6.04-0.86 g.11-¢.15 B 2 Blaxter (1950a)
9.139 B 12 Allcroft (1950)
B.0B-8.206 4 samples Blaxter {(1956a)
1.8-2.1 mg/day 9.87-6.089 4 Blaxter (1950a)
0.85-06.09 1,6 samples Blaxter (195@a)
6.19 0.68-06.12 1,4 samples Blaxter (195@a)
0.15-8.20 0.84-0.05 3 Knight and Burau (1973)
GOATS
.13 B 4 Allcroft (1958)

* mg/Kg body weight

A/Reported as ug/liter

D/Reported as ug/l@8ml E/Reported as ug/ml

B/Reported in mg/Kg C/Reported as mg/l@8g



A}

Table 16. Background l=2ad levels 1n livescock t:issues,

Diec* Kidnev Liver Spleen Heart Brain Pancreas 3cne n Notes Raference
ppm (wat Jeigntg) oom (ary wt.)
CATTLE
< 1.83 < 8.32 8 Steers Bertrand et al. (1981)
1.21 1.12 92 Buck et al. (1976)
8.62 8.54 2145,2156 USDA (1975)
9.36 0.72 130 3lakiey and Brockman (1976)
<2.05-2.29 <0.05-0.85 190 flanjak and Lae (1979)
.157 0.62-0.71 [ 2 Animals Sharma et al. (1982)
3.6 cw 1.8 2w 29 Range Cattle 3ax:er et al. (1983)
1.9 éw 1.0 3w 15 Cairy Cattle 3axter et al. (1983)
3.19 0.1:% 85,92 Pencmarzayv et al. (1980)
3.67-1.77 9.4€-1.43s £2,54 Prizr (19786)
@.11 0.13 6.o8 6.87 0.65-0.10 v.07 e.22 S Caives Zmuéski ez al (1981)
8.29-0.12 2.29-0.18 0.25-0.10 0.95-3.10 9.33-0.09 0.1£-2.32 5 Calves Znudski et al (1983)
a.5@ 0.58 8 Calves Zdwards and Dooley (1980)
1.42ppm  2.46 dw 0.17 dw 8.57 dw 9.55 4 Logner et al. (1984)
1.8oom 1.1 dw <0.5 cw 8 Steers Baxter et al. (1982)
g.4-1.0 8.4~1.0 18 Calves Allcroft (1958)
8.3-1. €.2-1.5 13 Cows /Heifers Allcroft (1950)
1.3ppm 1.4 Gw J.6 dw 8 Cows Baxter et al. (1982)
3.6 dw 1.9 3§ Angus Cows/
Steers Jdecker et al. (1980)
HORSES
.05 8.32 20 Penuma:thy et al. (1980)
0.93 0.82 2 3uck et a.. (1976)
1.3 1.4 1.1 1.08 0.6 1 Dollahite et al. (1978)
8.1 0.3 3.0-2.6 6 Schmitt et al. (1971)
d.3 38.8 3 Pony Burrows and dorchard (1982)
5.6 1.2 1.5 3 Pony 3urrows and B3orchard (1982)
l.0 9.8 20 Eamens et al. (1983)
M-1-1 <1.5 Cortex) 45 Swaden Elinder ez al. (1981)
scpm 8.5
{Medulla) :.0 e.0 1 Willovghby et 2al. (1972b)
soom 1.8 (Corsex) 1 Willoughky et al. (1972b)
SHEE?
0.72 e.72 2 Buck et al. (1976)
0.21 6.39 0.7 dw 6.2 dw 1.8 dw 9.6 4 Fick et al. (1976)
0.3-2.8 6.6-1.2 5 Allcroft (1950)
<1.8 <l1.0 3 Lambs Allcrofr (19%@)
.18 3 Bennett and Schwartz (1971)
SWINE
9.85 8.73 49,51 Prior (1976)

* mg/k3; Bocdy Weight, Day Unless Noted
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Table 17. Elevated lead levels in livestock fluids and hajr.

Diet* Blood Urine Milk Hair Feces n Agent Notes/ Reference
ppm (wet welght) (dry wt.) Response
CATTLE
1.35 6.29 A 4 Pb Acetate Not Noted Sharma et al. (1932)
@.395 6.06 Pb Acetate Not Noted Sharma et al. (1982)
S¢lppm 8.54 A 4 PbSO4 Not Noted Logner et al. (1984)
1581ppm .66 A 4 PbsSOg4 Clin Tox Logner et al. (1984)
6@,000ppm 1. 1 Paint Fatal Every (1981)
0.98 90 Fatal Blakley and Brockman (1976)
0.83 12 Ind. ExpD Not Noted Edwards and Clay (1977)
9.81 Clin Tox Buck et al. (1976)
se? 2.26 1 Pb304 Toxic White et al. (1943)
5¢7 8.15 1 Pb304 Mild Symptoms
of Pb poisoning White et al. (194))
9.0628-6.030 3 Pb30y4 . 16 mo.
following
poisoning White et al. (1943)
0.59 1 Galena Toxic Wardrope and Graham (1982)
1.89 1 Galena Fatal wardcrope and Graham (1982)
1.93 1 Galena Toxic Wardrope and Graham (1982)
2.00 1 Galena Fatal Wardrope and Graham (1982)
2.7 0.47 5 LD 20 @
7 Days Calves Zmudski et al. (1983)
5.0 1.57 i1 LD 36 @
7 Days Calves Zmudski et al. (1983)
20.9 2.41 1 Fatal Calves Zmudski et al. (1983)
1.0 5 Clin Tox Calves Buck et al. ({1976)
1.11 1 Fatal Wardrope and Graham (1982)
0.94 1 Clin Tox Wwardrope and Graham (1982)
8.88 1 Clin Tox wardrope and Graham (1982)
1.5, 9.6wE .91 € 5 PbCO3 Decreased
Gains Calves Lynch et al. (1976a)
3.6, 9.0w 1.36 € H PbCO3 Decreased
Gains Calves Lynch et al. (1976a)
6.9, 10.8w 1.69 € 5 PbCO3 Decreased
. Gains Calves Lynch et al. (1976a)
8.44-1.16 C 24 Toxic Osweiler and Ruhr (1978)
40.7 Ind Exp Chaney (1983}
28.6 Ind Exp Chaney (1983)
Accidental 1.4 1 Acute Tox Christian and Tcyphonas (1971}
3g total
over 12 days 0.7 1 Toxic Christian and Tryphonas (1971)
20.48ppm <.l@ 48 Nontoxic BRertrand et al. (1981)
HORSES
168 mg/kg body wt .92 1 PbCOy Clin Tox Willoughby et al. (1972b)
188 mg/kg body wt .75 1 PbCO) Clin Tox willoughby et al. (1972b)
.39 6 Clin Tox Buck et al (1976)
2084 1.27-1.28 2 Pb Ace LOgqg @
190 Days Dollahite et al. (1978)
1526 1.04 1 Pb Ace Fatal Dollahite et al. (1978)
343 1.26 1 Pb Ace Fatal Dollahite e% al. (1978)
2122 1.77 1 Pb Ace Clin Tox pollahite et al. (1978)
30899 1.89 1 Pb Ace Fatal Dollahite et al. (1978)
2444 2.18 1 Pb Ace Clin Tox Dollahite e al. (1978)
1699 1.48 1 Pb Ace Clin Tox Dollahite et al. (1978)
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Table 17 Elevated lead levels in livesitock fluids and hair, continued,

Diet* Blood vrine Hilk Hair Feces n Agent Notes/ R
ppm (wet weight) (dry wt.) Response eference
1 mi - .
smelter 8.1 3 ind ExpD LD33 Lewis (1972)
2.9 m -
smelter 5.2 11 Ind Exp Not Noted Lewls (1972}
2.6 mi -
smelter 18,2 2 Ind Exp Naot Noked Lewis (1972)
5.3 mi -
smeltecr 6.8 H] Ind Exp Not Noted Lewis (1972)
2.9 mi -
smelter 35.1 1 Ind Exp Not Noted Lewis (1972)
1.9 mi -
smelter 19.4 1 Ind Exp "Smoked™ Lewis (1972)
1.0 mi -
smelter 7.4 3 Ind Exp Not Noted tewis (1972)
¢.6111 1 Env Exp Histopathological Elinder et al. (1981)
8.021¢ 1 Env Exp Changes Elinder et al. (1981)
1.4 mi -
smelter 11.8 2 Ind ExpD "Stifled"™ Lewis (1972)
2.3 mi -
smelter 3.4 1 Ind Exp Not Noted Lewis (1972)
7.6 mi -
smeltetr 7.0 2 Ind Exp Not Noted Lewis (1972}
3.6 mi -
smelter 4.1 3 Ind Exp Not Noted tewis (1972}
4.7 mi -
smelter 3.2 1 Ind Exp Not Noted Lewis (1972)
8.56 B 2.300 1 Ind Exp Fatal Foal schmitt et al. (1971)
8.1315 6.340 1 Ind Exp Clin Tox Fosal Schmirtt et al. (1971)
@.25 0.1490 L Ind Exp Clin Tox Foal Schmitet et al. (1971)
e.34 1.108 1 Ind Exp Clin Tox Schmitt et al. (1371)
.20 2.100 1 Ind Exp Clin Tox Yearling Schmitt et al. {1971}
a.75 1l Ind Exp Clin Tox Schmitt et al. (1971)
8.16-0.175 25 Iind Exp Partial Clin Tox Schmitt et al. (1971)
423ppm 13.4 4 Pb Ace Fatal Pony Burrows and Borchard (1982)
$23ppm 12.2 4 Contaminated
Hay Fatal Pony Burrows and Borchard (1982)
SHEEP
13.4 ppm .18 4 Pb Acetate Non Toxic Fick et al. (1976)
163.4 ppm 8.22 4 Pb Acetate Non Toxic Pick et al, (1976)
563.4 ppm B.24 4 Pb Acetate Non Toxic Fick et al. (1976)
1983.49 ppm 0.28 4 Pb Acetate Toxic Fick et al. (1976}
1008.@ ppm 1.42 A . 6 Pb Acetate Not Noted Pearl et al. (1983)
158 mg 9.45-36.9 6.13-5.15 1 Pb Acetate Fatal Blaxter (19586a)

* mg/Kg Body Weight/day A/Reported in ug/ml B/Reported in ug/ldeg
E/W = week

C/reported in ug/ D Ind. Exp = Industrial exposure
1é8ml unless noted
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Table 18.

Elevated lead levels in livestock tissues.

Diet* Kidney Liver Spleen Heart Brain Pancreas Bone n Agent Notes/ Referen
ppm (wet weight) ppm (dry wt.) Response ce
unless noted
CATTLE
9.1395 1.24 4 PbAcetate Nontoxic Daity Cows Sharma et al. (1982)
1.348 4.4 4 PbAcetate Nontoxic Daity Cows Shar=ia ot al. (1942)
selppm 7,27 dw  6.68 dwA 1.13 dw 8.717 4 PbSO4 NS Gain Reduction Logrer ot al. (1984}
15¢1ppm  21.28 c¢w 16.68 dw 4.28 dw 31.53 4 PbS04 Acute Toxicity/Fatal Lograr et al. (1984)
6.3 97.5 dw 320.0 dw 11.9 dw 3.38 dw  3.65 dw 4 Pchcetate Fatal Doy.2 3nd ‘tounger (1994
7.8 211.9 dw 728.8 dw 27.5 dw 2.63 dw 2.63 dw 4 PbAcetate Fatal Doy.e and (ounqer (1q34,
9.8 135.8 dw 396.7 dw  208.8 dw 2.92 dw  2.27 dw 3 PbAcetate Fatal Doy.e and Younger (1934)
12.2 121.9 dw 361.9 dw 25.0 dw 3.96 dw 2.94 Aw 4 PbAcetate Fatal Doy.e and ‘tounger (1934)
60,000  351. 1 Paint '
ppm Dust Fatal Ev
69,800 3.3 12.8 1 Paint oty (1981
ppm Dust Fatal Ever
60,000 12. 1 Paint v (198D
ppm Dust Fatal ave[y {1981)
88.6 17.3 1.63 90 Fatal Blakley and
$0.3 26.4 Clin Tox Buck e{ al. 7;;3:Tan (1976)
43 170 Clin Tox Buck et al., (1976)
137 158 Clin Tox Buck et al. (1976)
50ppm
9 mo 4.3 dw 4.9 dw 8 Sludge Nontoxic Cows Baxter et al. (1982)
5dppm
9 mo 5.2 dw 4.1 dw 8 Sludge Nontoxic Steers Baxter et al. (1982)
Galena 18.6 32.9 1 Fatal Warcrope and Graham (1982)
Galena 4.1 32.5 1 Fatal Warirope and Graham (1982)
Galena 16.5, 12.3, 1 Fatal diriznz2 and Graham (1952
Galena 22.4 8.9 1 Fatal Wardzope and Graham (1982)
2.7 49.49 19.0 8.73 9.33 @.38-0.89 3.14 49 .02 S PbAcetate LDp€7 days Calves Zmudsk:i et al. (1983) ]
5.0 88.0 39.51 1.67 .59 6.41-1.18 6.11 54.92 11 Pbacetate LD3g@7 days Calves 2mudski et al. (1983)
20.0 82.92 37.11 2.52 1.64 1.41-1.43 5.66 108.52 1 pbAcetate Fatal Calves Zmudisxki et al. (1983)
Galena 10.2 12.1 1 Fatal Heifer Wardrope -and Graham (1982)
11.03 < 1.39 <0.31 8 Sludge/ Nontoxic Bertrand et al. (1981)
Forage
20.48ppm < 0.76 <0.49 8 studge/ Nontoxic Ber<ran? et al. (1981)
Forage
HORSES
2884ppnm $3.4 11.4 7.9 0.7 4.6 7.1 1 PbAcetate Nontoxic Joilan.te et al. (1978)
2884ppm 107.5 9).9% 4.7 3.7 18.9 11.4 1 PbAcetate Fatal te et al‘ (1978
1526ppm  104.4 45.8 17.3 5.2 13.9 17.5 1 pbAcetate Fatal te et al. (1978)
343ppm  168.0 SB.6 4.5 2.2 14.0 18.0 11.3 1 PbAcetate Fatal : <2 et al. (1978)
2122ppm 188,0 79.9 12.6 2.1 16.0 27.0 11.3 1 PbAcatate Clin Tox Z2llimits e al. (1973)
3094ppa 151 .4 2.9 9.9 u.6 3.0 11.4 5.6 1 FbAcotate Fatal Tollatte ot oar. (1978)
233850m 23e.@ 1ol 115.5 7.7 35.0 14.2 15.1 1 phicetate Clin Tox 22l.tn.te im oA, (1978)
1699ppm 2.1 ol 142 5.2 7.9 1.4 1.8 1 roAcetate Clin Tox 301.1m.t2 =t al. (1978
14.0 anl i a8-190 L Ind Ixp Fatal F1al Scatite 2t i, (1971
4.5 16.2 43-110 1 Ind Exp  Clin Tox Fsal  scnmit- et a1, (1971)
5.1 9.6 28-80 1 Ind Exp Clin Tox Foal Schritt et al. (1971
20.0 9.0 1.6 119-2689 1 Ind Exp  Clin Tox schm1tc ot al. (1971
7.7 9.1 48-55 1 Ind Exp Clin Tox Schritt et al. (1971
13.2 15.2 1 Ind €Exp  Clin Tox schaitt et al. (1971)
45-350ppm 11.8-17.2 4 Ind Exp Clin Tox :

in foraqe

“niGght and Burau (1973)



Table 18. Elevated lead levels in livestock tissues, continued,

Diet* Kidney Liver Spleen Heartt Brain Pancreas Bone n Agent Notes/ Reference
ppm (wet weight) ppm (dry wt.) Response
unless noted

HORSES - Continued

423ppm 35.3 50.2 6 8. 2.6 63.2 4 Contaminated
Feed Fatal Ponies Burrows and Borchard (1982)
423ppm 21.7 82.2 12.7 4.6 202 4 PbAcetate Fatal Ponies Burrows and Borchard (1982)
8.0 10.0 1 Ind Exp Clin Tox Eamens et al. (1984)
8e0ppm 20-25 20-13 200-210 2 PbCO;y Fatal Willoughby et al. (1972b)
SHEEP

4908mg 118.0 75.6 2.9 L1 PbAcetate Fatal Blaxter (1950a)

40 mg 195.8 37.9 2.1 1 PbAcetate Fatal Blaxter (1950a)

22mg/

kg/mo 1.62 5 Pb Arsenate Nontoxic Bennett and Schwartz (1971)

44mg/
=~ kg/mo 2.62 S Pb Arsenate Nontoxic Bennett and Schwartz (1971)
N8 &mg/

kg/mo 4.290 4 Pb Arsenate Not Noted Bennett and Schwartz (1971)

13.4ppm 2.0 1.8 8.7 0.1 1.3 15.4 q PbAcetate Nontoxic Fick et al. (1976)

103.4ppm 9.4 5.3 1.0 0.2 2.0 33.6 4 PbAcetate Nontoxic Fick et al. (1976)

5@3.4ppm 25.1 11.6 1.9 8.4 4.1 89.6 [ PbAcetate Nontoxic Féck et s8l. (1976)

1603 .4ppm 230.6 14.4 2.6 0.8 5.4 121.% 4 PbAcetate Reduced Feed Intake Fick et al. (1976)

* mg/kg Body Weight/Day Unless Noted A/dw - dry weight basis B/ Industrial exposure



a moderate decline within a few hours. Allcroft (1951) found
blood lead levels in calves up to 4 ppm within 12 hours of
ingestion, a value which fell to 1 to 1.5 ppm in the following 48
to 72 hours, but remained elevated above background levels for one
to two months. 2mudski et al. (1983) found that maximum blood
lead levels in calves occurred six hours after intake of the
metal. After 12 hours only about one half of the peak concentra-
tion remained, but this level was still in excess of 10 times
background. Sheep blood lead levels were shown to peak 4 hours
following ingestion of lead acetate (Blaxter, 1956b). Buck et al.
(1976) suggested that bovine blood levels from 0.10 to 0.35,ppm
were significant as a primary etiological agent or as a predis-
posing or contributory factor in lead toxicity. Background blood
lead levels up to 6.21 ppm in cattle have been reported by Ruhr
(1984). Similar background levels for horses range from 6.04 to
@.26 ppm. These values compare favorably with those reported for
cattle (8.02 to 0.20 ppm), horses (0.04 to 0.25 ppm) and sheep
(6.02 to 0.25 ppm) by Puls (1981).

Burrows et al. (198l) found blood lead concentrations of 8.35
ppm or greater in nine percent of 118 horses and ponies he sampled
in the North Idaho silver/lead belt. Two of these horses had
blood lead levels of 6.7 ppm, but none of the horses exhibited
signs of clinical toxicosis. It has been shown that high to toxic
levels of zinc intake will prevent clinical signs of lead toxico-
sis in horses. This may help explain observed cases of high blood
lead levels where no signs of clinical toxicosis were observed
(Willoughby et al. 1972b). Several horses investigated by Schmitt
et al. (1971) displayed symptoms of advanced lead toxicosis at
blood lead levels ranging from 0.20 to @.34 ppm. It is evident
from the literature that a great deal of variation exists in indi-
vidual animal absorption, excretion or metabolism of lead
(Dollahite et al. 1978, Zmudski et al. 1983). Attempts to use
more specific blood parameters such as delta-aminolevulinic
dehydratase (ALA-D) and blood-free erythrocyte porphyrins (FEP) to
determine the level of blood lead have met with limited success.
Osweiler and Ruhr (1978) found a good correlation (r = 0.9) of FEP
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with blood lead levels in calves, but poor correlation of ALA-D
with blood lead or with FEP. A study by George and Duncan (1981)
found levels of FEP in blood of experimental calves to be more
uniform than blood lead levels and that FEP levels continued to
rise 3 months following deletion of lead from the diet. These
authors suggested the FEP test could be more sensitive than blood '
lead levels for subclinical lead exposure. Ruhr (1984) found no
significant correlation of FEP or ALA-D with blood lead levels in
normal cattle. This may have been due to the low blood lead
levels in the nonexposed cattle he sampled. Blumenthal et al.
1972 found a correlation coefficient (r) of 6.11 between the ALA-D
test and blood lead levels in children. These authors calculated
that the ALA-D test would miss 33 percent of the positive cases.
Furthermore, there are too few data to establish lead dose and
ALA-D response in cattle (Bratton and Zmudski 1984).

Lead levels in kidney and liver tissues, both background and
elevated levels, are well defined for most livestock. Background
levels for cattle kidneys range from 0.11 ppm (calves) to 1.77 ppm
(Zmudski et al. 1983, Prior 1976). Similar levels for cattle
liver range from #.11 ppm (Penumarthy et al. 1980) to l1l.44 ppm
(Prior. 1976). Background levels reported for horses range from
@.03 ppm to 1.3 ppm and #.08 ppm to 1.4 ppm (Penumarthy et al.
1980) for kidnéy and liver tissues, respectively (fable 16). Puls
(1981) has reported normal lead levels for horse kidney and liver
at 6.5 ppm (wet weight). The tissue lead levels which are diag-
nostically significant for lead poisoning have been reported by
numerous authors. Fenstermacher et al. (1946) concluded that 10
ppm (dry weight) in liver tissue was a likely indication of lead
toxicosis. Buck et al. (1976) stated that kidney or liver levels
equal to or greater than 10 ppm (wet weight) were diagnostically
significant for ruminants. Lead levels of 3.8 to 5.0 ppm and 5.0
to 14¢ ppm (wet weight) in kidney tissue have been considered an
indication of lead exposure or chronic lead toxicity, respec-
tively, in horses (Puls 1981). Acute lead poisoning has been
characterized in cattle by kidney cortex levels above 25 ppm (dry
weight) (Todd 1962, Garner and Papworth 1967), whole kidney levels
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of 10 to 700 ppm (wet weight) (Puls 1981) and liver levels of 5 to
300 ppm (wet weight) (Puls 1981). Chronic lead exposure may
produce kidney and liver lead levels 50 ppm (wet weight) (Table
18) . Kidney tissues with 12 ppm lead have been reported in cattle
killed from lead toxicosis (Every 198l) and levels as low as 4.5
ppm in foal kidney have been associated with chronic lead poison-
ing (Schmitt et al. 1971). Levels of lead have been reported for
spleen, heart, brain, bone, pancreas, hair and milk for several
species (Tables 15-18). These values are generally an order of
magnitude less than corresponding levels in kidney and liver
tissues and are thus, subject to greater analytical error in de-
termining thé degree of lead toxicosis. Elevated lead levels in
hair have been associated with chronic lead toxicosis in horses
(Lewis 1972). A study of elements in cattle hair has determined
that there are large variations in elemental concentrations among
individuals within the same group and that lead levels in cattle
hair show only a slight correlation to other metals (Ronneau et
al. 1983). Significant correlations (p = 6.01) between hair and
liver concentrations of cattle were found by Russell and Schoberl
(1976). Dorn et al. (1974) found one to two orders of magnitude
increase in lead concentrations in hair of cows exposed to
industrial pollution when compared to controls.

Levels of lead in milk are generally low, but have been used
to estimate the degree of chronic lead poisoning. Milk lead
levels are usually about two orders of magnitude less than kidney
and liver samples and thus milk samples are less sensitive and
more prone to contamination. Murthy et al. (1967) reported
background levels of lead in milk from cattle ranged from €.023 to
0.079 ppm with a mean of 0.047 ppm. Hammond and Aronson (1964)
reported a mean and range of 0.00¢9 and 0.006 to ¢.613, respec-
tively, in 8 animals. Lead levels in cattle milk indicative of
toxicosis have been given as 0¢.108 to .25 ppm (Puls 1981). This
author also indicated that a dietary intake of 100 ppm lead was
associated with lead toxicosis.

In summary, it appears that kidney and liver tissues offer
the best indication of lead toxicosis. Because of the expense and
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limited opportunity to obtain these samples, the analysis of blood
may provide a good alternative. Blood lead levels are moderately
well defined in the literature and sampling and analysis are
relatively simple. The specific blood parameters of ALA-D and FEP
may provide a means of determining lead intoxication in the
future, but at the present, insufficient data exist to fully
utilize these parameters for livestock toxicological evaluation.
Hair samples may be used to indicate long term chronic lead
exposure if a sufficiently large sample base is obtained. A hair
lead content of 10 ppm has been reported as indicative of exces-
sive lead exposure (Puls 198l). More detailed studies could make
use of biopsy tissues of liver and bone, and feces can be analyzed
to determine dietaiy exposure (Decker et al. 1988).

2.3.2 Livestock lead hazard level

The data contained in Table 15, 16, 17, and 18 and other
publications were used to develop lead hazard levels in the
following sections,

2.3.2.1 Toxic lead hazard levels for cattle

The 0.35 ppm toxic blood level selected for cattle is based
on several publications (Table 19)., Buck et al. (1976) suggested
the level was indicative of probable clinical toxicosis. Buck
(1975) stated "Concentrations >@.35 ppm in cattle should be

considered as evidence of unusual exposure." That statement was
based on the observation of 142 animals, of which 52 exhibited
symptoms of clinical lead toxicosis and had blood lead levels
ranging from 6.19 to 3.80¢ ppm, with a mean of ¢.81 ppm lead.
Hammond and Aronson (1964) observed that, in acute lead poisoning
in cattle, blood lead levels were never less than 0.35 mg/l. The
@.35 ppm blood lead concentration was reported by Puls (1981) as
indicative of toxicosis in cattle. The value is supported by
other data from the reviewed literature (Tables 15 and 17). The
highest concentration of lead in cattle blood at which toxicosis

has not been noted is the @.29 ppm reported by Sharma et al.
(1982).
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Table 19.

Blood Hazard
Levels/Source

Urine Hazard
Levels/Source

Kidney Hazard
Levels/Source

Liver Hazard
Levels/Source

Hair Hazard
Levels/Source

Milk Hazard
Levels/Source

Diagnostic Levels of Lead in Cattle.

Background

Tolerable

Uncertain Toxic

ppm wet weight

9.062 - 0.21
Sharma et al., (1982) - Ruhr (1984)

£09.05 - 2.29
Flanjak and Lee (1979)

_ £ 0.05 ~ 1.44
Flanjak and Lee (1979) - Prior (1976)

6.5 - 5.9
Puls (1981)

.02 - 0,420
Kehoe et al. (19406) - Murthy (1974)

8.29
Sharma et al.

4.04
Sharma et al.

5.00

UsDA (1975)

9.35
Buck (1975), Buck (1976

(1982)
Puls (1981), Hammond an
Aronson (1964)
6 - 19
(1982) =  ~cecc-ee- Logner et al. (1984), Sharm

et al. (1982), Buck et al,.
(1976) and Puls (1981)

5 - 12
Puls (1981), Zmudski et a
(1983), Buck et al. (1976)
Wardrope and Grahm (1982)
and Every (1981)

3.5A -5
Logner et al. (1984)

10
....... Puls (1981)
0.15 and 0.10 - @.25
white et al. (1943)
Puls (1981)

A value converted from dry weight basis utilizing conversion factor reported by Munshower and Neuman (1979).



Background concentrations for lead in cattle kidney tissue
range from <¢.65 ppm to 2.29 ppm (Flanjak and Lee 1979). The
highest nontoxic value reported for this parameter was 4.9¢4 ppm
found in the kidneys of dairy cattle fed lead acetate (Sharma et
al. 1982). The toxic lead hazard level of 6 ppm for cattle kidney
tissue is based on the study of Logner et al. (l984). These
authors fed elevated lead (as lead sulfate) to calves for 7 weeks
and noted acute toxicity symptoms and one fatality in the 4 calves
receiving a diet with 1501 ppm lead. The surviving calves
exhibited a mean kidney lead concentration of 6.38 ppm. This
level agrees with other data in the reviewed literature in that
all levels >6 ppm were associated with toxicity and all levels <6
ppm were nontoxic. A 10 ppm lead concentration in cattle kidney
tissue was reported as toxic by Puls (198l) and Buck (1976).

Background lead concentrations in cattle liver tissue range
from <@.05 to 1.44 ppm (Flanjak and Lee 1979, Prior 1976). The
toxic lead hazard level for liver tissue of 5-12 ppm is based on
the 5 to 300 ppm criteria reported by Puls (1981). All cattle
liver lead levels in excess of 5 ppm reported in the reviewed
literature were associated with toxicosis. All values less than
the 5 ppm, with the exception of a 3.5 ppm value reported by
Logner et al. (1984), were nontoxic. Buck et al. (1976) stated
that liver levels >10 ppm lead were diagnostically significant for
ruminants.

The typical background range for lead in cattle hair has been
reported as 0.5 to 5.0 ppm (Puls 1981) and apparently may average
close to 5 ppm near highly developed areas such as Los Angeles
(USDA 1975). The toxic hazard level of 10 ppm lead in cattle hair
is the value given by Puls (198l1). No other data were found in
the reviewed literature to substantiate this hazard level,

Background values for lead in cattle milk range from .82 to
0.420 ppm (Keheo et al. 1940, Murthy 1974). The toxic hazard
level for cattle milk (@.15 ppm) is based on the work of White et
al. (1943) who noted mild lead poisoning symptoms associated with
this level. The 0.15 ppm level is in agreement with the toxic
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level of 0.10 to 0.25 ppm lead reported by Puls (1981) for cattle
milk.

2.3.2.2 Toxic lead hazard level for horses

The basis of the toxic hazard level for lead in horse blood
(>0.34 ppm) is, in part, the report of Schmitt et al. (1971)
(Table 20). These authors found toxicosis in horses with blood
lead levels that ranged from 8.20 to 6.75 ppm. Some of the
observed toxicity symptoms in this study were likely due to zinc
contamination. Burrows and Borchard (1982) noted that after
feeding contaminated hay containing lead acetate (423 ppm) for S
to 6 weeks, ponies exhibited blood levels consistently >0.3 ppm.
These authors found that blood lead concentrations "did not
increase consistently at onset of clinical toxicologic signs or
just before death". Blood lead levels in four ponies fed lead
acetate did not decrease below #.39 ppm after clinical toxicosis
‘was noted and most concentrations were >@.5 ppm (Burrows and
Borchard, 1982). The 0.34 ppm level is the lowest toxic value
found in the reviewed literature that is still above maximum
baékgroﬁhd values. Puls (1981) reported a toxic range of 0.33 to
.50 ppm for this parameter.

The toxic hazard level for lead in horse urine (0.50-5.0 ppm)
is the range noted by Puls (198l). Few data were found from the
literature to substantiate this range but it was generally
supported by the report of Schmitt et al. (1971).

The selected lead hazard value of 10 ppm for horse kidney
tissue is based on the findings of Buck et al. (1976) and Schmitt
et al. (1971). Schmitt et al. (1971) observed toxicity in foals
with kidney levels ranging from 4.5 to 20 ppm. The apparent
toxicity in this study was likely due in part to high levels of
zinc., Eamens et al. (1984) reported one case of clinical toxicity
with a kidney tissue level of 8 ppm lead. Puls (1981) noted
toxicity ranges for horse kidney tissue of 5.0 to 140 ppm and 20
to 200 ppm for chronic and acute poisoning, respectively. Buck et
al. (1976) suggested 10 ppm in kidney tissue as diagnostic

criteria for lead poisoning.
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Table 20, o0Diagnostic Levels of Lead in Horses.

Blood Hazard
Levels/Source

Urine Hazard
Levels/Source

Kidney Hazard
Levels/Source

Liver Hazard
tevels/Source

Hair Hazard
Levels/Source

Milk Hazard

Level%/Source.

Background

Tolerable Uncertain Toxic

pem wet weight

Penuinatthy et

Penumarthy et

8.62 - 0.26

al. (1980) - Dollahite

0.64 - 0.20
Puls (1981)

.03 - 1.3
al. (1980) - Schmitt

6.08 - 1.4

Penumarthy et al. (198d) - Schmitt

0.87 - 2.5
Lewis (1972)

9.006 - 0.013
Puls (1981)

8.20 - 0.26 >3.34
-------- Schmitt et al. (1971) Schmitt et al. (l1971)
Dollahite et al. (1978)
9.56 - 5.0
Schmitt et al. (1971) = -—-wce--- Puls (1981)

16, 5.0 - 140
------- Schmitt et al. (1971) Buck
et al. (1976) Puls (1981)

10, 4.0 - SO
------- Eamens et al. (1984) Buck
'gt al. (1976) Ppuls (1981}

10 - 12
....... Lewis (1972), Burrows and
Boarchard (1982)

0.28 - 0.54

--------------- Puls (1981)




The 10 ppm toxic hazard level for horse liver tissue is
based on Schmitt et al. (1971), Eamens et al. (1984) and Buck et
al. (1976). Schmitt et al. (1971) found a range of 9.0 to 48 ppm
lead in horse liver tissue of animals exposed to industrial
pollution near Trail, British Columbia. Eamens et al. (1984)
found 16.9 ppm lead in liver tissue of a horse exhibiting
clinical toxicity symptoms. Similar levels (11.8-17.2 ppm) were
found associated with clinical toxicity by Knight and Burau
(1973). With the exception of one horse with a liver tissue lead
concentration of 11.4 ppm (Dollahite et al. 1978), all horse
liver tissue samples with >1@ ppm lead were associated with
toxicity. Puls (198l) gave ranges of 4 to 50 ppm and 16 to 500
ppm in horse liver tissue as indicative of chronic and acute
toxicosis, respectively Buck et al. (1976) indicated that the 10
ppm lead concentration in liver tissues was diagnostic of lead
poisoning,

The reports of Lewis (1972) and Burrows and Borchard (1982)
are the basis of the toxic hazard level for horse hair. Lewis
(1972) found elevated lead concentrations (9.6 to 25.8 ppm) in 3
of 4 affected horses studied in the Helena Valley. The effects
of the interaction of elevated levels of other metals on the
apparent toxicity noted in this study were not documented.
Burrows and Borchard (1982) studied ponies on diets of contami-
nated hay (from the Coeur d'Alene River Basin, Idaho) and on
diets with added lead acetate and found hair lead concentrations
of 12.2 and 13.4 ppm for the two groups respectively. These
authors suggested that the interaction of cadmium in the contami-
nated hay "markedly increased...the severity and rapidity of
development of the clinical toxicologic signs and hematologic
changes"”.

No elevated horse milk data were found in the reviewed
literature (Table 17). The toxic hazard level is the level
published by Puls (1981),

2.3.2.3 Toxic lead hazard levels for sheep

Fick et al. (1976) found concentrations of lead in sheep
blood from 9.18 to 0.28 were nontoxic. Blaxter (1950a) noted
sheep blood lead levels of > 0.45 ppm were associated with

toxicosis, which was the basis of the toxic hazard level for this
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parameter (Table 21). Puls (198l) reported sheep blood lead
levels in the range of 1.0 to 5.0 ppm were toxic.

Toxic lead concentrations in sheep urine were noted by
Blaxter (1950a) and ranged from 0.28 to 90.81 ppm. The .28 to
0.32 ppm toxic hazard level for lead in sheep urine should be used
with caution until more data are available.

Toxic lead levels in sheep kidney and liver tissues were
reported as 5 to 200 ppm and 10 to 100 ppm respectively (Puls
1981). With minor exceptions, data in the reviewed literature
tended to support these ranges.

The toxic hazard level for lead concentrations in sheep wool
(25 ppm).was reported by Puls (1981). No data were found in this
review to substantiate this value.

2.4 Zinc

2.4.1 Zinc literature review

Zinc is an essential element and most animals can tolerate
relatively high dietary levels. Few cases of natural zinc .
poisoning of livestock have been reported in the literature., Most
episodes of poisoning involve contamination of livestock feed
(Allen 1968, Grimmett et al. 1937, Sampson et al. 1942, Davies et
al. 1977). Experimental zinc toxicosis in livestock has been
studied and described in several reports and much of these data
are reviewed here.

The uptake of toxic amounts of zinc affects many organs
directly or interferes with the metabolism of several other
elements, notably iron, copper, calcium and cadmium. Cadmium acts
synergisticly with high levels of zinc, enhancing the toxic
effects of zinc (Thawley et al. 1977). Cadmium also tends to
reduce the absorption and retention of zinc (Miller 1969). 2Zinc
absorption is higher in young animals than in older animals,
making them more susceptible to zinc poisoning (Davies et al.
1977). The degree to which the diet composition affects this re-
lationship remains unresolved. Diets containing 200-40606 ppm zinc

have been shown to produce clinical copper deficiency in diets
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Table 21 .

Blood Hazard
Levels/Source

Utine Hazard
LeVels/Source

Kidney Hazard
Levels/Source

Liver Hazard
LeveIS/%ource

Hair Hazard
Levels/Source

Milk Hazard
Levels/Source

Blood Hazard
Levelg/Sou:ce

Diagnostic fevels of Lead in Sheep and Goats.

Background

Tolerable Uncertain

pom wet weight

Toxic

SHEEP

9.08 - 0.29
Blaxter (1950a)

0.04 - 6.12
Blaxter (195da)

0.21 - 1.0
Fick et al. (1976) - Allcroft (1950)

9.18 - 1.2

Bennett and Schwartz (1971) - Allcroft

4 - 1
Puls (1981)

9.003 - 9.15
Naplatarova et al. (1968) - Blaxter

11.%
Fick et al. (1976}

12 - 18
........ Puls (1981)

0.45
Blaxter (19583)

9.28 - 0.32
Blaxter (1950a)

S - 200 and 231
Puls (1981) and Fick
et al. (1976)

10 - 100 and 14
Puls (1981) and Fick
et al. (1976)

25
Puls (1981)

GOATS

g.130
Allcroft (1959)




with low copper content (Hill and Matrone 1970). Campbell and
Mills (1979) produced a severe copper deficiency in pregnant ewes
on diets of 750 ppm zinc.

The form of zinc is another important factor in zinc toxic-
ity. Smith (1977) found that zinc sulfate was more rapidly
excreted in the urine of sheep than was zinc oxide. Zinc sulfate
has also been shown to accumuléte less in tissues when given at
the same concentration as zinc oxide (Miller et al. 1970). The
sex of beef cattle has been shown to affect the amount of zinc ac-
cumulated in tissues, but the threshold level of zinc (900 ppm Zn
diet) necessary to produce toxicosis was found to be similar for
both heifers and steers (Ott et al. 1966Db).

It is apparent from this discussion that a given amount of
zinc, within limits, may or may not produce toxicosis. Many
studies have attempted to determine threshold toxic levels of zinc
in various animals. These studies are summarized in Tables 22-25.

Excessive absorption of zinc is controlled up to a certain
dietary level by the body's homeostatic mechanisms. 1In lambs,
this system is effective up to a dietary concentraction of ap-
proximately 1000 ppm (Ott et al. 1966c). For calves, the level is
somewhat lower, as large increases in tissue zinc content have
been observed at dietary levels of 638 ppm (Miller et al. 1971).
Higher levels of zinc overwhelm the homeostatic mechanisms and
significant increases of zinc have been observed in liver, kidney,
pancreas and blood serum (Tables 24 and 25). Miller et al, (1971)
found that zinc levels in whole blood did not correlate with
dietary zinc levels up to 638 ppm. Similarly, normal skeletal
muscle has been shown to be highly insensitive to dietary zinc.
These two livestock tissues would be of little use in monitoring
zinc exposure. Zinc levels in blood serum, liver, kidney and
pancreas have been shown to correlate with dietary levels of the
element. These three organs tend to accumulate similar metal
levels and are about two orders of magnitude greater than levels
found in serum, Allen et al. (1983) found that the pancreas is
the only organ consistently affected by zinc toxicosis and

suggested that pathological changes observed in the pancreas could
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Table 22,

Background zinc levels in livestock fluids and hair.

Diet

Serum Urine Milk Hair n Notes/ Reference
ppm (wet weight) ppm (dry wt.) Response
CATTLE
18.¢-2¢.9 2.98-1.93 122-220 150 Hereford Steers Beeson et al. (1979)
44ppm Plasma 2.1 4.2 6 Dairy Cows Miller et al. (1965a)
79.2-135.5 5-24 Calves Miller et al. (1965b)
33ppm 1.47 116.4 4 Calves Miller et al. (197@)
108ppm 5 wks 1.9 4 Calves ott et al. (19669)
180ppm 5 wks 1.2-1.7 137-142 ie Heifers and Steers Ott et al. (19664d)
. 3.8408 B 18 parkash and Jenness (1967)
4.780 B 14 parkash and Jenness (1967)
3.438 8 Dorn et al. (1975)
2.8080 8 Dorn et al. (1975)
3.98¢ B 7 Casey (1976)
27.49ppm 3.74 whole blood 48 Bertrand et al. (1981)
.1g/kg=180ppm 1.02-2.32 whole blood
mean 1.63 4 Calves Miller et al. (1968)
6.67-1.51 Plasma
mean 1.26 [ Calves Miller et al. (1968)
HORSES
Normal 140-230 4 Lewis (1972)
3.500 10 Ullrey et al. (1974)
2.400 10 Ullrey et al. (1974)
6.400 8 Colostrum Ullrey et al. (1974)
3.600 10 Trans'itional Ullrey et al. (1974)
Plasma 1.08 16 Eamens et al. (1984)
SHEEP
8.95 A 97 6 Lambs ott et al. (1966c)
1.36 119 19 Lambs ott et al. (1966c)
43ppm 1.11-1.24 A 8 Bremner et al. (1976)
7.200 6 UK Ashton et al. (1977)
7.3¢00 6 UK Ashten et al. (1977)
e3a-1.vd4 8 RUL. Naplatarova et al. (1968)
GOATS
22.0 - Dittrich (1974)
. S In1a Handa and Johri (1972)
4.01 1¢ Nluor1a Ak1nsoyinu et al. (1979)
0.46-1.00 (x=0.66) 3 Mitler et al. (1968)
,1.25-2.16 (x=1.76)
" (whole blood) 3 Miller et al. (1968)

A/Reported in ug/ml

B/Reported in ug/liter
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23. Background zinc levels in livestock tissues,

Table
Diet Kidney Liver Spleen Heart Brain Pancreas Bone n Notes Reference
ppn {wet welght) ppm (dry wt.)
unless noted
CATTLE
12.9-31.6 13.4-39.2 196 New South Wales Flanjak and Lce
(1929)
44ppm 5-6 mo 73 dwh 187 dw 146 dw 69-85 - Calves Miller et al.
(1969)
38ppm 21d 73 dw 101 dw 71-85 - Calves -
33ppm 15d 92.1 dw 118.4 dw 79.4 dw 10¢.8 Adw 69.2-73.5 4 Calves Miller et at.
(1970)
I8ppm 214 61.8 dw 88.2 dw 71.9 dw 3 Calves -
188ppm S wks 22.-24 41, 25.-25 20.-21 49, 70.-74 4 Calves oty et al.
(1966d)
88.4 dw 132 dw 29 Range Cattle Baxter et al.
11983)
96. dw 118 dw 1s Dajry Cattle "
22.48 18.48 8 Steers Bertrand et al.
{1981)
76. dw 99 duw Angus Cows/Steercs Decker et al.
(1980)
188ppm S5 wks 48 2 Steer Calves 0Ott et al.
(13966d)
18@8ppm S5 wks 35 2 Heifer Calves -
82.2 dw 102.2 dw 631.8 dw 69.5 dw 41.5 dw 4 2-3 Yr Old Cows Doyle and
and 1 Steer Younger (1984)
HORSES
0.45 Q.88 49 Eamens et al.
(1984)
35.7 {(Cortex) 5 B-4 Years 0Old Elinder et al.
(1981
45.4 (Cortex) 13 5-9 Years 0ld -
46.9 (Cortex) 16 10-14 Years 0ld "
50.0 (Cortex) 15 15-19 Years 0l1d "
49.3 (Cortex) 18 28 + Years 014 "
SHEEP
1.93 dw 9.35 dw Lambs Lee and Jones
. (1976)
17 as 24 17 11 1s 75 6 Lambs ott et al.
(1966c)
136 dw . Davies et al.
cortex 1 Lambs (1977)
123~ 159- Allen et al.
167 dw 176 dw 84-97 dw k) (19813)
3l1.3 3 Rrumher @b al,
(i70a)
148. dw bl hllen and
128. dw 74. dw 4 Mastors (1983)
3271 dw 1523 dw 182 dw 59 Ow 53 dw 625 S Betf{eron =t al.
[RRLEMN
19ppm 111.8 dw  125.8 dw 113,75 dw 69.83 dw 6 Male Lanmbs Daoyle an.d
pfanorr (1975}

A/ Dry weight basis
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rable 24. Elevated zinc levels in livestock tluids and hair.
Diet Serum Urine Milk Haix n Agent Notes/ Reference
ppm (wet welght) ppm (dry wt.) Response
CATTLE
372 ppwm Plasma 6.7 6 Zn Oxide pairy Cows
3.2 Nontoxic Miller at al. (1965a)
319.4ppm Serum 154-176 8 Zn Oxide Hereford Steers
1.93-2.57 Nontoxic Beeson et al. (1977)
639.4ppm . ggr:mg 195-199 8 Zn Oxide Hereford Steers
. .93 Nontoxic Beeson et al. {(1977)
692ppm Plasma 8.0 6 Zn Oxide paity Cows
. Nontoxic Miller et al. (1965a)
1279ppm Plasma 8.4 6 Zn Oxide pairy Cows
7.5 slight Reduction in
Milk Production Miller et al. (1965a)
233ppm 1.89 134.0 4 zZn Oxide calves
Nontoxic Miller et al. (1970)
633ppm 3.61 157.9 4 Zn Oxide calves Miller et al. (1970)
633ppm 3.59 149.8 4 Zn Sulfate Calves Miller et al. (1979)
238ppm 1.26 3 zn Oxide Calves
Nontoxic Miller et al. (1971)
638ppm 2.42 3 Zn Oxide Calves
Nontoxic Miller et al. (1971)
1188ppm 5 wks. 15.6 4 Zn Oxide Nontoxic ott et al. (19664d)
2188ppm 5 wks. 14.7 4 Zn Oxide Reduced Gains Otk et al. (19664d)
31@0ppm 5 wks. 15.4 ) zn Oxide Toxic ott et al. (19664d)
S@8ppm S wks. 3.e 156 4 Zn Oxide Nontoxic Oott et al. (19664)
90dppm 5 wks. 7.6 158 4 Zn Oxide Nontoxic Ott et al. (19664d)
1388ppm 5 wks. 12.7 154 4 Zn Oxlide Tox1lc ott et al. (1966d)
1708ppm 5 wks. 14.1 162 4 Zn Oxide Toxic ott et al. (19664d)
2100ppm 5 wks. 14.6 173 4 2n Oxide Toxic ott et al. (19664d)
HORSES
Contaminated
Fotage 230 3 ind. Exp.B Not Noted Lewis (1972)
" 280 11 " " 1 Fatality Lewis (1972)
. 300 2 " - Not Noted Lewis (1972)
- 190 S " " Not Noted Lewis (1972)
" 200 1 " " Not Noted Lewis (1972)
» 210 1 " " *sSmoked” Lewis (1972)
" 229 3 " " Not Noted Lewis (1972)
" 220 2 " " “stifled"” Lewis (1972)
" 20@ 1 Ind. Exp.B Not Noted Lewis (1972)
- 230 2 Ind. Exp. Not Noted Lewls (1972)
" 210 3 Ind. Exp. Not Noted Lewis (1972)
" 220 1 Ind. Exp. Not Noted Lewis (1972)
" Plasma 1 ind. Exp. Toxic Eamens et al. (1984)
1,759
SHEEP
5eeppm
6-10 wks. 1.22 95 6 Zn Oxide Not Noted ott et al. (1966¢c)
180@ppm
6-1@ wks. 1.96 101 6 Zn Oxide Not Noted ott et al. (1966c)
2000ppm
6-10 wks. 7.08 192 6 Zan Oxide Toxic ott et al. (1966¢c)
4886ppm
6-10 wks. 17.76 115 6 Zn Oxide Toxic ott et al, {1966c)
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Table 24. Elevated zinc levels in livestock fluids and hair, continued.
Diet Serum Urine Milk Hair n Rgent Notes/ Reference
ppm (wet weight) ppm (dry wt.) Response
50@8ppm 7 wks 1.41 115 10 Zn Oxide Not Noted ott et al. (1966c)
1608ppm 7 wks 2.87 126 10 Zn Oxide Not Noted Oott et al. (1966c)
1500ppm 7 wks 5.24 122 10 Zn Oxide Red. Feed. Ef. Ooctt et al. (1966c)
2000ppm 7 wks 7.97 152 10 Zn Oxide Red. Feed. Ef. ott et al. (1966¢c)
2580ppm 7 wks 6.54 132 10 Zn Oxide Red. Feed. Ef. ottt et al. (1966c)
3000ppm 7 wks 8.40 145 10 Zn Oxide Toxic/Fatal ott et al. (1966¢c)
3500ppm 7 wks 8.67 134 10 Zn Oxide Toxic/Fatal ottt et al. (1966c)
1é06ppm 11d 1.7 2 2nS04 - 7H20 Not Noted ott et al. (1966c)
1000ppm+2g/d 3.9 2 - Red. Feed. Ef. ott et al. (1966c)
16@8ppm+4g/d 27.8 2 - Red. Feed. Ef. ott et al. (1966c)
1000ppm+69/d 43.8 2 " Fatal/Toxic ott et al. (1966¢c)
220ppm 24w 1.13 A 8 ® 29ppm cu diet
Nontoxic Bremner et al. (1976)
4408ppm 24w 1.29 A 8 - 29ppm cu diet
Nontoxic Bremner et al. (1976)

X/Reported In ug/ml B/Industrlal Exposure
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Table 25. Elevated zinc levels in livestock tissues.
Diet Kidney Liver Spleen Heart Brain Pancreas Bone n Agent Notes/ Reterence
ppm (wet weight) ppm (dry wt.) Response
unless noted
CATTLE
233ppm 104.8 dw? 212.7 dw 8l.4 dw 228.1 dw 76 .8~ 4 Zn Oxide Calves
15d 97.2 Nontoxic Miller et al. (1979)
633ppm 614.6 dw 870.5 dw 88.4 dw 1887.2 dw 84.0- 4 Zn Oxide Calves
15d 125.2 Nontoxic Miller et al. (1978)
633ppm 648.4 dw 887.4 dw 91.7 dw 1084.8 dw 83.0- 4 Zn Sulfate Calves
15d 119.0 Nontoxic Miller et al. (1970)
238ppm 79.1 dw 163.1 dw 139.9 dw k] Zn Oxide Calves .
214 Nontoxic Miller et al. (1971)
638ppm 725.8 dw 735.1 dw 1424.8 dw k) Zn Oxide Calves -
21d . Nontoxic Miller et al. (1971)
140 410-660 745 1-3 Nat. 2n Calves
Fatal Allen et al. (1983)
5@6ppm 76 86 26 21 186 72 4 Zn Oxide Calves
5 wks, Nontoxic ott et al. (1966d)
989dppm 291 159 27 3@ 249 108 4 Zn Oxide Calves
5 wks. Nontoxic ott et al. (1966d)
1300ppm 4706 298 27 45 181 150 4 Zn Oxide Calves
5 wks, Toxic ott et al. (1966d)
1780ppm 412 126 3@ 42 381 172 4 Zn Oxide Calves
5 wks. Toxic ott et al. (1966d)
210@dppm 479 326 29 5S 249 198 4 Zn Oxide Calves
Toxic ott et al. (1966d)
HORSES
652 6687 1 Clin Tox Eamens et al. (1984)
598 5716 1 Clin Tox Eamens et al. (1984)
SHEEP
S@dppm 24 38 24 17 11 18 39 6 Zn Oxide Lambs Not Noted ott et al. (l1966c)
6-10 wks.
14d6ppm 71 91 23 16 12 41 96 6 Zn Oxide  Lambs Not Noted ott et al. (1966¢c)
6-10 wks.
208dppm " 448 427 25 18 12 333 199 6 Zn Oxide Lambs Toxic ott et al. (1966¢c)
6-10 wks
400dppm 325 398 24 18 19 518 158 6 Zn Oxide Lambs Toxic ott et al. (1966c)
6-10 wks,
S@éeppm 25 45 23 19 14 26 117 19 Zn Oxide Lambs Not Noted ott et al. (1966c)
7 wks.
1000ppm 154 129 24 18 16 147 11) 10 2n Oxide Lambs Not Noted Oott et al. (1966c)
7 wks.
15806ppm 596 268 26 22 16 361 182 10 Zn Oxide Lambs Reduced Feed Ott et al. (1966c)
7 wks. Efficiency
20@0ppm 642 418 26 19 15 382 162 19 Zn Oxide Lambs Reduced Feed Ott et al. (1966c)
7 wks. Efficiency
2588ppm 491 442 28 20 16 238 168 10 Zn Oxide Lambs Reduced Feed Ott et al. (1966c)
7 wks. Efficiency
3@edppm 407 440 24 18 16 483 166 10 Zn Oxide Lambs Toxic/Fatal ott et al. (1966c)

7 wks.
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Table 5. flevated rinc lavels in livestock tissues, cont.nue?
Diat Kidnev Liver " spleen A=sazs 3cain Pancreas Bone n Agent Noces/
PPpm (WL <@l 3ac) ppa (dry wt.) Response Reterence
unless noced
SHEEZP - Coatinued
1533ppm s&8 386 29 20 L5 20) 163 10 Zn Oxide  Camos Toxic/Pacal Otr et al. (196&c:
7 wks.
1003ppa " 36 25 19 14 13 93 2 Zn Oxida + Lacbs Noagaxic Oee at al. (1966:)
114 20504 - TH20
1990ppn 193 194 26 16 16 28 133 2 - Lazos Deczassad oez ac al. (l963c)
114 Gains
$903ppa 389 346 32 24 19 487 152 2 - tLamas Toxic otc at al. (1966
114
1000ppa 183 3238 53 a1 24 616 166 2 - Lamos facal otr at al. (1965c)
114
840ppa 4730 duh 2664 dw L - Lamb Taxic Dalgacno (1973}
d Medulla
84dppn 3228 dw 2133 dw 1 - Caao Toxic Dalgacao (1978)
la
84dppa 4790 AuA 2311 dw L Zn504-TH30 Camd Toxic Davi4s at al. (1977)
145-469 69-750 1315-1565% 1-19 Natuzal Toxis Allen ez al. (19831
220ppn 38.7-33.13 8 Zn304 - 740 Noacaxlc Bcimnes at al. (1976)
24w
420pm 41.1-82.7 L] In304.7H20 Nontaxic 3comaecr et al. (l976)
v
2g/d 138 20%50- dw 1480- 3w 1009- aw 3 ZnS04.7420 Mi1ld Clin Tox Allen ec al. (1981)
3228 1208 2798
1.2q/¢ 1150~ dw 1533 Jw 1121~ dw 2 Zn Oxide Mild Clin Tox Allen et al. (19683)
49-724 i 1792 1760
1.5g/d 143 au 3139 dw L} ZnS04 - TH20 Toxic n and Maszars (1939)
2.99/d $10 dw 833 dw 4 Insdy4.7H30 Toxic n and Mascezs (1983)
729pp0, 215) dw 729 dw 13 - NoncTaIxic Taifacd @z al. (1982)
225d .
73Sppam, 2153 dw B2 dw 19 Silage ‘rom Noncaxic Tellocd ac al. (1982}
21% Sludge
A/ Dry @migat bas:s



be of use in determining the period of exposure. Very high levels
of pancreatic zinc (1887 and 2795 ppm dry weight) have been
observed by Allen et al. (1983) and Miller et al, (197¢). Maximum
levels for kidney accumulation of zinc appear to be in the 2060 to
3000 ppm (dry weight) range with liver levels usually somewhat
less. Insufficient data exist to compare organ accumulation among
different species at high intake levels. Although the pancreas,
liver and kidney of livestock provide an excellent means of
determining zinc exposure, they are rarely available on a large
scale. Blood serum levels provide an alternative and have shown a
good correlation to dietary zinc up to 15060 to 2000 ppm. Zinc
intake above this level does not produce corresponding increases
in serum zinc (Ott et al. 1966c, 1966d4).

Zinc levels in hair have been used with some success for
determining zinc exposure. A number of factors, including age,
species, color and sex may affect the zinc content of hair (Miller
et al. 1965b). These investigators also found considerable varia-
tion in hair zinc content among animals otherwise similar in age,
color, breed and sex. Ronneau et al. (1983) found that the
concentrations of the essential elements Na, K, Se, and Zn in
hair were nearly constant with age but the accumulation of certain
‘metals was primarily a characteristic of each individual. Elemen-
tal concentrations in cattle hair studied by Ronneau et al. (1983)
also demonstrated a good correlation (r = 0.69) of inter-elemental
ratios such as iron td zinc. These authors suggested that such
ratios may be more useful as a "fingerprint"™ of contamination.

A study of horse mane hair in an area with heavy metal
contamination found that high zinc levels were associated with the
highest concentrations of lead and cadmium (Lewis 1972). Individ-
ual variations at some sites studied by Lewis (1972) were also
large, but there was no attempt to compensate for age, color of
hair or other factors. Ronneau et al. (1983) concluded that
absolute concentrations of heavy metals in hair are of limited

usefulness but they may be useful for large-scale determination of
pollution.
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The zinc content of milk may indicate relative dietary zinc
exposure. Miller et al. (1965a) found a good correlation of blood
serum zinc and zinc levels in milk up to 1000 ppm dietary zinc.
Diet levels above 1000 ppm did not produce any significant
increase in milk zinc concentrations. The mammary glands appar-
ently selectively exclude zinc at higher levels. Puls (1981) has
reported criteria on zinc levels in milk for cattle, horses and
pigs. Few studies have been completed on the effects of varying
amount of heavy metals in diets on metal concentrations in milk
for horses, swine or sheep.

In summary, both milk and hair may give a gross, regional
indication of zinc exposure. More specific information may be
obtained through analyses of pancreas, kidney, liver and blood
serum, the latter being the most available and probably the
casiest to obtain. Existing experimental data should be suffi-
cient to interpret the significance of observed zinc levels in
serum.

2.4.2 Livestock zinc hazard levels
Studies reporting zinc concentrations in livestock fluids,
tissue and hair are listed in Tables 22, 23, 24 and 25. This data

base was used to determine zinc hazard levels in the following

sections.

2.4.2.1 Toxic zinc hazard levels for cattle

Background cattle serum zinc levels range from the 8.7 to 1.4
ppm reported as normal by Puls (198l1) up to the 1.9 ppm reported
by Ott et al. (1966d). There is apparently a range (5.2 to 7.6
ppm) which may be both toxic and nontoxic or in which toxicosis
may be subclinical such as the slight reduction in milk production
observed by Miller et al. (1965a)., The toxic level of zinc in the
blood serum of cattle was reported as 5.2 to 7.5 ppm (Puls 1981)
(Table 26). Data found in the reviewed literature generally
support this range. All values <7.6 ppm zinc in cattle blood
serum were reported to be nontoxic (Table 24). All values in

excess of 7.6 ppm were associated with toxicity. Background
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Table 26.

Serum Hazard
Levels/Source

Blood Hazard
Levels/Source

Kidney Hazard
Levels/Source

Liver Hazard
Levels/Source

Hair Hazard
Levels/Source

Milk Hazard
Levels/Source

Diagnostic Levels of Zinc in Cattle.

Background

Tolerable Uncertain Toxic

ppm wet weight

0.7 - 1.9
Puls (1981) - Ott et al. (19664)

1.62 - 3.74
Miller et al. (1968) - Bertrand et al.
12.9-31.6
Flanjak and Lee (1979)

13.4 - 99.2
Flanjak and Lee (1979)

79 - 142

Miller et al. (1965b) - Ott et al. (1966d)

2.8 - 4.780
Dorn et al. (1975) - Parkash and
Jenness (1967)

5.2 - 7.5 and 12.7
Puls (1981) and Ott
et al. (19664)

5.2 - 7.6
Puls (1981)
ott et al. (19664d)

(1981)

76 136 and 140
ott et al. (19664d) Puls (1981) and Allen
et al. (1983)

86 136 - 3080 300
Oott et al. (19664) Ott et al. (19664) Ott et al. (1966d)
Miller et al. (1971)
Miller et al. (1978)

154
Ott et al. (19664)

8.4
Puls (1981)

- - —— ———————




values for zinc in whole blood are apparently slightly higher than
respective values for serum. The background range for zinc in
whole blood is 1.62 to 3.74 ppm (Miller et al. 1968, Bertrand et
al. 1981).

The background range for zinc in cattle kidney tissue
reported by Flanjak and Lee (1979) (12.9 to 31.6 ppm) encompasses
all other background values found in the literature. The highest
reported nontoxic value for this parameter was 76 ppm (Ott et al.
1966d). The toxic hazard level suggested for zinc concentrations
in cattle kidney tissue is 130 to 146 ppm. This range is based on
the 130 ppm level reported to be toxic by Puls (1981) and the 140
ppm found to be toxic by Allen et al. (1983).

Flanjak and Lee (1979) reported the maximum background range
(13.4 to 99.2 ppm) of zinc in cattle liver tissue and Ott et al.
(1966d) noted that 86 and 159 ppm in calf liver tissue were
nontoxic but also noted that 136 ppm was toxic. The 86 ppm
tolerable level for this parameter is thus based on the highest
nontoxic value below the lowest reported toxic value. The toxic
hazard level of 306 ppm for cattle liver tissue is based on the
work of Ott et al. (1966d). These authors reported toxicity at
liver zinc concentrations of 136 to 326 ppm. Several authors
reported nontoxic liver zinc levels in the interval of 136 to 186
ppm. All values derived from the literature which exceeded 300
ppm were associated with zinc toxicity. Puls (1981) reported a
value of >500 ppm as the toxic concentration of zinc in cattle
liver tissue.

Background values of zinc in cattle hair have been reported
to range from 79.2 ppm (Miller et al. 1965b) to 142 ppm (Ott et
al. 1966d). Zinc concentrations in cattle hair associated with
toxicity ranged from 154 to 173 ppm (Table 24). With one excep-
tion (158 ppm), all values which exceeded the suggested 154 ppm
hazard level were toxic. Puls (1981l) reported a range of 1080 to
1560 ppm zinc in cattle hair as high ("levels elevated well above
normal but not necessarily toxic"). No other data were found in
the reviewed literature for this parameter.
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The range of background concentrations of zinc in cattle milk
is 2.8 to 4.780 ppm (Dorn et al. 1975, Parkash and Jenness 1967).
The toxic hazard level of 8.4 ppm zinc in cattle milk is the level
reported by Puls (1981) as indicative of toxicosis. This value
was derived from Miller et al. (1965a) who noted a slight reduc-
tion in milk production at that level but no other apparent
toxicity to the 24 dairy cows used in the study.

2.4.2.2 Toxic zinc hazard levels for horses

The hazard level for toxic zinc concentrations in horse blood
is based on only one study provided by Eamens et al. (1984) (Table
27). This hazard level should be used with care. The suggested
hazard level for toxic concentrations of zinc in whole blood of
horses (5-15 ppm) is the range reported by Puls (1981). No
additional support data were found in the reviewed literature.

Diagnostic levels for zinc in horse kidney and liver tissues
were reported between 295 to 580 ppm and 1300 to 1900 ppm,
respectively (Puls 198l1). The limited data of Eamens et al.
(1984) suggested ranges of 180 to 580 ppm and 1200 to 1900 ppm
zinc in horse kidney and liver tissue respectively may be more ap-
propriate.

The hazard level for the toxic concentration of zinc in horse
hair (28¢ ppm) is based on the very limited data of Lewis (1972).
The 280 ppm level was the concentration found in a single horse
that subsequently died. The hair of other horses in the study
ranged from 140 to 430 ppm zinc. Toxicity was not noted in a
number of horses with hair zinc levels above 288 ppm. This level
should best be considered as an indication of possible excessive
exposure to zinc and as with most hair data, sufficient numbers of
animals should be sampled to provide a meaningful statiétical
confidence.

2.4.2.3 Toxic zinc hazard levels for sheep and goats

The toxic hazard level reported for zinc in sheep serum is
7.1 to 44 ppm (Table 28). This range was derived from data
reported by Ott et al. (1966c). These authors reported reduced
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Table 27 . Diagnostic

Levels of Zinc in Horses.

Background

Tolaracz.e

oom wet weight

Uncertain

Toxic

Serum Hazard
Levels/Source

Blood Hazard
Levels/Source

Kidney Hazard
Levels/Source

Liver Hazard
Levels /source

Hair Hazard
Levelg/Source

Milk Hazard
Levelg/Source

1.98 (Plasma)
Eamens et al. (1984)

2. - 5.
Puls (1981)

20 -45

Puls (198l1) -~ Eamens et al. (1984)
40 - 88

Puls (198l1) - Eamens et al. (1984)

140 - 230
Lewis (1972)

2.4 - 3.5
Ullrey et al. (1974)

- - - ——

210 - 280
Lewis (1972)

1.76
Eamens et al. (1984)

6 - 15
Puls (1981)

186 and 295 - 580
Eamens et al. (1984)
Puls (19890)

1300 - 19086
Puls (1981)

280
Lewis (1972)




Table 28

Serum Hazard
Levels/Source

Blood Hazard .
Levels/Source
Kidney Hazard

Levels/Source

Liver Hazard
Levels/Soutce

Hair Hazard
Levels/Source

Milk Hazard
Levelg/Source

Diagnostic Levels of Zinc in Sheep.

Background

Tolerable Uncertain

ppm wet weight

Toxic

9.95 - 1.36
Nttt et al. (1966c¢)

17 - 5@
ott et al. (1966c) - Allen et al. (1983)

28 - 75
Allen et al. (198¢) - Puls (1981)

<110
Ottt et al. (1966¢c)

0.9 - 7.5
Naplatarova et al. (1968) - Ashton
et al. (1977)

4 - 5 ("High")
ott et al. (1966c),
Puls (1981)

145 -~ 645
Allen et al. (1981),
Telford et al. (1982)

73 - 175
Allen and Masters (1984),
Telford et al. (1982)

102 - 115
ott et al. (1966c)

7.1
ott
and

ott

ott

~ 44 and 30 -~ S0
et ai. (1966c)
Puls (1l981)

185 - 325
et al. (1966c¢c)

400
et al. (1966¢c)




feed efficiency in sheep with serum zinc concentrations as low as
5.24 ppm. All serum values in excess of 7.1 ppm, found in the
reviewed literature, were associated with severe toxicity. Puls
(1981) reported a 38 to 50 ppm toxic range for this parameter.

The toxic hazard level for zinc concentrations in sheep
kidney, 185 to 325 ppm, is based in part on the publication of Ott
et al. (1966c). Data for sheep liver zinc concentrations indi-
cated most values above 185 ppm were associated with toxicity
(Table 25). The only exception was a value of 2153 ppm (dry
weight) reported by Telford et al. (1982). Puls (198l) reported a
toxic concentration for zinc in sheep kidney tissue as 1600 ppm.
This concentration would appear too high based on the reviewed
literature.

The 400 ppm toxic hazard level for zinc in sheep liver tissue
has been derived largely from the work of Ott et al. (1966c) who
found that concentrations near or above this level were associated
with toxicosis. Data from the reviewed literature suggest
toxicity is not uncommon in the 200 to 460 ppm range for this.
parameter. All sheep liver .zinc levels in excess of 460 ppm, were
toxic. No zinc toxicity data for goats were found in the litera-
ture reviewed (Table 29).
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Table 29 . Diagnostic Levels of Zinc in Goats.

Serum Hazard
Levels/Soutrce

Blood Hazard
Levels/Source

Kidney Hazard
Levelq/Source

Liver Hazard
LeveIS/Source

Hair Hazard
Levels/Source

Milk Hazard
Levels /Source

Background

Tolerable

ppm wet weight

Uncertain

Toxic

Handa

9.46 - 1.00
Miller et al. (1968)

1.25 - 2.16
Miller et al. (1968)

23.4
Miller et al., (1968)

19.3
Miller et al. (1968)

J.a - 22.0

and Johri (1972) - Dittrich

(1974)

-— - - -




3.0 LITERATURE REVIEW AND HAZARD LEVELS FOR SOILS AND PLANTS

Heavy metal levels in soils and plants are of concern for two
primary reasons: 1) decreased crop and livestock production; and
2) the introduction of certain toxic metals into the food chain
and their consumption by humans. The "soil-plant barrier" (Chaney
1983) reduces the risk from exposure to certain elements which are
either not translocated to plant foliage (lead) or produce
phytotoxicity in the plant at concentrations safe for animals
(zinc, arsenic). Of the selected four metals evaluated in this
manuscript (arsenic, cadmium, lead and zinc) only cadmium readily
passes the soil-plant barrier. It should be noted, that ingestion
of soil and dust by livestock or humans bypasses the soil plant
barrier and increases the risk of exposure to toxic concentrations
of all pollutants.

It has been shown that extractable soil levels of lead,
cadmium and zinc generally show better correlations with plant
uptake than do total soil levels (Neuman and Gavlak, 1984).
Chelating agents such as EDTA and DTPA have been extensively used
to evaluate agronomic characteristics of soils and overburden
materials in western states. The correlation of total or extrac-
table arsenic levels with vegetation uptake has been more diffi-
cult to define and a special discussion has been included for a
review of this problem.

Numerous technical problems present themselves when universal
phytotoxic hazard levels for soils and plants are to be defined.
Some of the more important of these are: the toxic element, soil
pPH, soil organic matter content, soil cation exchange capacity
(CEC), soil texture and the plant species involved. In general,
there is an inverse relationship between microelement availability
to plants and the soil pH (Logan and Chaney 1983). Molybdenum and
selenium are the only notable exceptions, both of which become
more available at higher pH. The Soil Survey of Broadwater County
Area, Montana includes a portion of the Helena Valley study area
and all background sites. All mapped soil units, except small
areas which are poorly drained, exhibit calcareous to strongly
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calcareous conditions (U.S. Soil Conservation Service, 1977). Mean
pH values of surface soils (0-4 inch) for the background sites and
the project area are 8.0 and 7.2 respectively. The pH values in
the project area ranged from 4.7 to 8.2 and, except for an area in
and near the City of East Helena, were generally >6.5 (EPA, 1986).
A pH level of >6.5 is considered to be effective in reducing the
availability of metals (Chaney 1973, CAST 1976). The selected
phytotoxic soil criteria are generally based on soil pH levels
greater than 6.5 when these data were available. Other parameters
are discussed in the following sections on specific element
levels.

All elemental levels for plants and soils are reported in

parts per million (ppm) dry weight basis unless otherwise noted.

3.1 Arsenic in soils and plants

3.1.1 Arsenic literature review

Arsenic is present in all soils, with typical values ranging
from @.1 to 40 ppm total arsenic. In plants, background concen-
trations vary from @.61 to 5 ppm (Kabata-Pendias and Pendias
1984). Natural elevated soil values of up to 8060 ppm have been
noted in a few rare cases (Kabata-Pendias and Pendias 1984).
However, such excessive levels are usually due to soil application
of arsenic-containing pesticides, or less frequently, from
smelting operations. Inorganic arsenate of low solubility makes up
the largest fraction of soil arsenic. The availability of this
arsenic to plants and the potential for plant toxicity is depend-
ent upon many factors, some of the major ones being: soil pH,
texture, and fertility level; and plant species (Wauchope 1983).
The interactions possible from these factors complicate the
interpretation of phytotoxic soil and plant arsenic levels., In
general, soils with higher levels of easily soluble arsenic will
increase the risk of reducing plant growth (Walsh et al. 1977).
The results of a number of studies regarding toxic levels of

arsenic in sotls and plants are summarized in Tables 3@, 31 and
32.
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Table 30. Phytotoxicity of total arsenic in soils.

Chemical

Soi1l Tyoe

Concentration

o
=

Form
Applied

Type of Exoveriment

Plant Species/
Part

Hazatd
Response

Significance
Level

Hagerstown Silty Clay Loams
nuze:stovn S§ilty Clay Loan
Lakeland Loamy S5and
Lakeland Loamy 5and

Burnt Fork Cobbly Loam

Hagerstown 5ilty Clay Losms
Lakelano Loamy Sand
Hagerstown Silty Clay Loam
Lakeland Loamy Sand
Plainfi1eld Sand

Plainfield Sand

Houston Black Clay

Weswood Black Clay
Arenosa Fine Sand
Avg. 1) Ssoils
Plainfield Loamy Sand
Plainfield Loamy Sand
Plainfield Sand
Plainfield Sand
Houston Black Clay
Weswood Silt Loam
Arenosa Fine Sand
Colton Loamy Sand
Plainfield Sand

Plainfield Sand
Plainfield Loamy Sand

Plainfield Sand

Plainfield Sand

Hagerstown Silty Clay Loan
Lakeland Loamy Sand
-agerstown Silty Clay Lzam
Lakeland Loamy Sand

N ARV AWNM ROV WN
LRI I
~ = L T NT AT R YR = NNAK

[T & WNENEVET R & & 3 -

oawnouvwn w T

NazHAS04
NagHAsO4
Na2HASO4
NajHAB0,
Smel ter

Contamination

NagHASO0,4
HaHAB0,
NaHAsO4
Na 2HASO4
NaAsOy
NaAsOy

A8203

A8203
AS203
NR

NR

NR
NaAsOjy
NeAsO)
A8203
As203
A820,y
NR
NaAsOy

NaAsO;
NR
NaAsOp

NaAsQ;

NajHASO4
NazHAsSOy
NagHASO,
Na3HASO0,

Greenhouse/Soil Pots

Gresnhouse/So0il Pots
Greenhouse/S50il Pots
Greenhouse/S0il Pots

rield
Greenhouse/Soil Pots
Greenhouse/So0il Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
rield
Field

Field Pots

Field Pots
rield Pots
NR

NR

NR

Pield
Field
Field pots
Field Pots
Field Pots
NR

rield

Field
NR

Field

Field

Gteenhouse/Soil Pots’

Greenhouse/So1l Pots
Greenhouse/So0il Pots
Greenhouse/Soil Pots

Oats/Shoots
Corn/Shoots
Corn/Shoots
Oats/Shoots

Corn/Shoots
Cozrn/Shoots
Corn/Shoots
Oats/Shoots
Oats/Shoots

Peaas /Seeds
Potatoes/Tubers
Bermuda Grass/Leaves

Bermuda Grass/Leaves
Bermuda Grass/Leaves
Corn

Potato

Sweet Corn

Peas/Seed
Potatoes/Tubers
Bermuda Grass/Leaves
Bermuda Grass/Leaves
Bermuda Grass/Leaves
Blueberry

Peas/Seed

Potatoes/Tudber
Snap Beans and Peas
Peas/Seed

Potatoes/Tubers
Corn/Shoots
Corn/Shoots
Oatg/Shoots
Oats/Shoots

100 ¢ YR

100 % YR

28 V4 YR

4 L YR (N.§5.)

45 § YR

8L § YR

98 ¢ IR

94.9 % YR

75.2 L YR

5ig. Growth Reduction
(59 %)

Growth Prevented

Growth Prevented

Level of S8ig YR

Level of Sig YR

Level of S§ig YR

39.9 VYR

17.1 ¢ YR

Slight YR (10 V)

8@ t YR

NOo YR

Level of 519 YR

2.8 V Yield Increase
(N.S.)

9.6 8 YR (N.S.)

Level of Sig YR

15.9 \ Yield Increase
(8.S.)

1.7 & YR (N.S.)

Yield Increase (N.S.)

3 L YR (N.S.}

22 % YR

6 \ ¥R

9.05
8.45
9.05
9.03

NR

9.90%
9.05
9.95
.05
e.a01
9.601

NR
NR
NR
NR
NR
NR
e.19
0.19
NR
NR
NR
NR

9.19
9.1¢
NR

0.10
.10
9.95
0.35
e.05
8.35

Reference

Woolson et al. (1973)
Woolson et al. (1973)
Woolson et al. (197))
Woolson ev al. (197))

Woolson et al. (1971)
Woolson et al. (197))
Woolson et al. (197)3)
Woolson et al. (197))
Woolson et al. (197))
Steevens et al. (1972)
Steevens et al. (1972)

Weaver et al. (1984)
Weaver et al. (1984)
Weaver et al. (1984)
Walsh et al. (1977)
Walsh et sl., (1977)
Walsh et al. (1977)
Steevens et al. (1972)
Steevens et al. (1972)
Weaver et al. (1984)
Weaver et al. (1984)
Weaver et al. (1904)
Walsh et al. (1977)

Steevens et al. (1972)
Steevens et al. (1972)
Walsh et al. (1977)

Steevens et al. (1972)
Steevens et al. (1972)
Woolson et al. (1971)
Woolson et al. (197))
Woolson et al. (1971)
Woolson et al. (1971)



Table 30.

Phytotoxicity of total arsenic in sol

}s, continued.

So1l Chemical
Concentration soil Form plant Species/ Hazard significance
soil Tvpe (pom} oH Applied Type of Experiment Pact Response Level Reference
Houston Black Clay 10 7.6 A8203 Field Pots peruuda Grass/Lsaves No YR NR Weaver et al. (1984)
weswood §ilt Loam 19 7.7 A8203 Fjeld Pots Bernuda Grass/Leaves No YR MR Weaver et al. (1984)
Arenosa Fine sand 10 4.7 A8203 Field Pots Bernuda Grass/Leaves Mo YR NR Weaver et al. (1984)
Helena Valley 6 MR None Field NA Background NA Miesch and Huffman (1972)
NA 5.8 ¥R HR Field A Bsckaround HA Shacklette and Boerngen (1984
Helena Valley 8.9 NA Field LY Background NA EPN (1956) !
Weswood Silt Loam 5.6 7.7 None Field NA Background NA Weaver et oi. (1984)
Houston Black Clay 4.0 7.6 None Field HA Backqgzound NA wWeaver et al. (1984)
Plainfield Sand 3.6 5.5 None Field NA Background NA Steevens et al. (1972)
«J Afenosa Fine Sand 1.2 4.7 None Field RA gackground NA Weaver et al. (1984)
~J NR 1.862 + @.5
wet Weight NR None Field Vagetables Background NA Anderson et al 11978y




Table 31.

Phytotoxicity of extractable arsenic in soils.

so1l Chemical . )
Concentration  Soil Form pPlant Species/ Hazard Significance
soil Type {ppm) _pM Applied Type of Experiment Part Response Extractant Level Peference
Plainfield Sand 68 s.5 Na Arsenite Field Potatoas/Tubers 75.6 % YR Bray P-1A 2.10 Jacobs et al. (1970}
Plainfield Sand 53 5.5 Na Acsenite Field Peas/Seed 94.9 % YR Bray P-1 .10 Jacobs et al. (1973)
Plainfield Sand 53 5.% Na Arsenite Field Sweet Corn/Eacs 160 \ YR Bray P-1 0.19 Jacobs et al, (1979)
Plainfield Sand 53 s.5 Na Arsenite Field Snap Beans/Pods-Seed 140 \ YR Bray P-1 9.10 Jacobs et al., (1979)
Clay Loam to lLoamy Sand 8.3 4.4-6.2 NagHASO4 Greenhouse/Soil Pots Capbage/Heads S8 \ YR (Calc) @9.685N n3504 snd
@.925M HC1 r = 8.80 wvoolson (1973)
Houston Black Clay 28 NR NR NR Cotton §ig YR H20 NR Walsh ec al. (1977)
Clay Loam to Loamy Sand 25_4 4.4-6.2 NaHABO,4 Greenhouse/Scil Pots Tomato/Fruit S9 3 YR (Calc) 9.95N Hy and
~ 9.925N HC1 r = 0.87 wWoolson (19713)
Q0Silt Loam to Fine Sandy "Plant Barley
Loan 25.0 NR As203 Greenhouse/Soil Pots Barley Survived” 9.1N NH4AC NR Vandecaveye et.al (1936)
Plainfield Sand 23 5.5 NaAsOjp Field Potatoes /Tubers 21.3 4 YR (N.S.) Bray P-1 .19 Jacobs et al. (19793}
Plainfield Loamy Sand 22 NR NR NR Sweet Coin $19 YR Bray P-1 NR Walsh and Keeney (1975)
Plainfi1eld Loamy Sand 22 NR NR RR Potato S19 YR Bray P-1 NR Walsh and Kecney (1575)
Plainfield Sand 20 5.9 NaAsO; Field Peas/Seed Se.1 4 YR Bray P-1 0.19 Jacobs e al. (1970)
Plainfield Sand 20 5.5 NaAsO3 Field Sweet Corn/Ears 53.5 % YR Bra; p-1 @.19 Jacebs er al. (1978
Plainfield sand 20 5.5 NaAsOy Field Snap Becans/Pods-Seed 78.4 % YR Bray P-1 9.10 Jacobs o~ al. (:i97e:
Clay Loam to Loamy Sand 19 4.4-6.2 NapHAS04 Greenhouse/Soil Pots Radish/Tubers S8 L YR (Calc) 9.058 H) and
9.925N HC1 r = 9.81 Woolson (1973)
Houston Black Clay 12 NR NR HR Soybean Sig YR H20 NR walsh et al. (1977)
Clay toam to Loamy Sand 10.9 4.4-6.2 NajHASO, Greenhoute/Soil Poks tima Beans/Seed-Pods 50 % YR (Calc) 9.95N Hy and
9.225N KC} r = @.8) Woolson (1%973)
Clay Loam to Loamy S5and 1.6 4.4-6.2 NaHAS04 Greenhouse/So:) Pots spinach/Leaves 58 V YR (Calc) 9.05N H and
9.925N HC1 r = @9.91 wWoolson (19173)
Ave. 13 Soils 10 NR NR NR Corn sig YR 9.es5n Hy and
8.025% HC] NR Walsh and Keeney (1975)
Plainfield Loamy Sand 10 5.5 NaAsO3 Field Snap Beans/Pods-Seed S4.4 % YR (N.S.) Bray P-1 3.10 Jacobs et al, (1973}
Plainfield Loamy Sand 10 5.5 NaAsOy Field Peas/Seed 9.2V YR (N.S.) Bray P-1 ¢.1q Jacots e al. (1971)
"R 9 L] NR NR Peas-Beans "Necessary te -
Cause Injury” N NR rarsca (197¢)
- t e 7L sandy Arsenical Yoty i
5.2 R sprays tinla Gars,~ttalfa sendlnien sty 203 NR vandezavaga v t,a0 11936}
- = u ivoem 4 "R NR 3. Jorioen s N3 walsn et al, (1917)
' [ s 6.22 2.0 None Field Range/Foraue 12.3M HCL NA Lea (1986

fark 1iround
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Table 31. Phytotoxicity of extractable arsenic in soils, continued.

So1l Chenical .
Concentration Soi1l Form Plant Specires/ Hazard Significance
soil Tvoe __{pom) DH Appliad Tvoe of Experiment PatTt Response gxtractant Level Reference
Clay Loam to Loamy Sand 6.2 4.4-6.2  N22HASO4 Greenhouse/Soil Pots  Green Besns S8 V YR (Cale) 9.9SN Hy and
9.925N HC1 Tt = 0.89 Woolson (1973)
Colton Loamy Sand 6 NR NR NR Blueberry sig YR H20 NR Walsh et al. (1977)
Silt Loam To Fins Sandy N /50i1 parl stonced G h 0.1N NHeAC "
Loam 3 NR A8203 Greenhouse/50 Pots acley unte T ow . 4 L Vandecave
Plaintield Loamy Sand .9 5.% Naks0y Field Pess/Seed 9.5 % YR (N.5.) Bray P-1 9.10  Jacobs ..’:,";;,‘,7;19361
Plainfield Loamy Sand 6.9 5.S NaAsO3 Field Snap Beans/Pods-Seed 11.1 & YR (N.5.} Bray P-1 6.10  Jscobs et a1, (1915,
pPlainfield Losmy Send 4.9 5.5 ¥aAS0) Field Sweet Corn/Eais Yield Incresse Bray P-1 8.1 3acobs et al. (1970:
Amarillo Zine Sandy Clay k] uR ¥R NR Soybean sig YR Ha0 NR Walsh et al. (1977)
$ilt Losm to Pine Sandy Arsenical Ley/ALtalt 50":;'[):02:'7 0. 18 (HH¢ ) 200
Loan 3 NR Sprays Field Barley/Altalfe a a . 412003 uR 1
NR 2 R MR pray NR Barley *Necessaty to .nd.f:.'.yc et.al (1936)
Cause Injury® NR uR Ratsch (1974)
s$ilt Loam - Fine Sandy Loan 1.9 NR Arsenical
sprays Field Alfalfa Good Condition F.1N(NHg) 200y .
silt Loam - Fine Sandy Loam 1.5 HR Arsenical Vendecaveye et.al (1916)
Sprays Faield Barley/alfalts Fair Condition S.18 (NH4) 2CO T
Silt Loam - Pine Sandy Loam 0.6 NR Arsenical 3 Vandecaveye et.al (1936)
sprays Field Barley/Alfalta Good Condition 9.1N(NH4) 2C0; NR
§ilt Loam - Fine Sandy Loam 9.1-1.1 NR Argenical Vandecaveye et.al (1936)
sprays Field Alfalfa Good Condition @.1N(NH4) 200 o
silt Loam - Fine Sandy Loam Trace HR Arsenical 250 ® Vendecaveye er.al (19316)
Soravs Field Barley/Alfalfs very Good Condition 0.1N(NH4)oCO04q NR Vandecaveyve et.al
et.al (1936}
A/ pray P-1 = @.25N HCl + @,3N NH,F



08

Table 32. Phytotoxicity of arsenic in vegetation.

Chemical Form Hazard Signiticance
Plant/Tissue Concentration Experiment Applied Response Level Reference
Cotton/Plant Greenhouse/Solution Culture As303 Phytotoxic Marcus - Wyner and
Rains (1982)

Radish/Tuber Greenhouse/Soil Pots NasHAsO4 7H20 50 ¥ YR (Calc) r = 0.90 Woolson (1973
Radish/whole Plant Greenhouse/Soil Pots NasHAsSO4 7H20 58 % YR (Calc) r = 0.88 Woolson (1973)
Bermuda Grass/Leaves Field/soil Pots " AS303 Reduced Growth NR Weaver et al. (1984)
Barley/Shoots Greenhouse/Sand Culture NajsHAsSO4 7H20 10 8 YR 8.5 Davis et al. (1978)
Barley/Shoots Greenhouse/Sand Culture NaoHAsSOq4 TH20 10 § YR 8.05 Davis et al. (1978)
Spinach/Whole Plant Greenhouse/Soil Pots NasHAS04 7H20 56 8 YR (Calc) Woolson (1973)
Bermuda Grass/Whole

Plant Field/Soil Pots As01 YR in Clay Soil NR Weaver et al. (1984)
Tomato/Whole Plant Greenhouse/Soil Pots NajHASO4 7H20 50 % YR (Calc) r = 6.80 Woolson (1973)
Cotton AS203 Sig YR Deuel and Swoboda

) (1972)

Green Bean/Whole Plant Greenhouse/Soil Pots NajsHAsS04 7H20 56 § YR (Calc) r = .93 Woolson (1973)
Cabbage/Whole Plant Greenhouse/Soil Pots NaoHASO4 TH20 58 % YR (Calc) r = 8.77 Woolson (1973)
Lima Beans/whole Plant Greenhouse/Soil Pots . NasHAsO4 7H20 586 % YR (Calc) r = 0.49 Woolson (1973)
Soybean/Plant Asy03 Sig YR N De??;7;?d Swoboda
Tomato/Fruit Greenhouse/Soil Pots NasHAsSO4 7H20 5@ & YR (Calc) r = 0.29 Woolson (1973) .
wWheat None Background NA Kabata - pendias and

Pendias (1984)




It has been noted by investigators that chemical analysis of
the total soil arsenic is not a reliable indicator of potentially
phytotoxic levels in vegetation (Albert and Arndt 1931,
Vandecaveye et al. 1936, Woolson et al. 1971b). This has led to
attempts to develop soil tests for plant-available soil arsenic
that can be correlated with symptoms of plant toxicity. A
greenhouse study by Benson and Reisenauer (1951) found no satis-
factory correlation between soil extractable arsenic and plant
growth by four different extracting solutions (NaCl, NaOAc +
CH3COOH, H2S04, NH4F+HCL) Vandecaveye et al. (1936) believed that
the condition of field crops in the state of Washington was
closely related to the amount of readily soluble arsenic. However,
others have noted that such easily soluble arsenic is best used as
an indicator only for those soils that have had recent arsenic
applications (Carrow et al. 1975, Jacobs et al. 1979).

Johnston and Barnard (1979) evaluated 14 different arsenic
extracting solutions on four New York soils. The arsenic extrac-
tion ability for the 14 solutions was (in increasing order): water
= 1N NH4Cl = @.5M CH3COONH4 = @.5M NH4NO3 < @.5M (NHg4)2S04 < @.5N
NH4F = @.5M NaHCO3 < @.5M (NHg)2C03 < @.5N HCl + .@25N HSO4 <
@.5N HCl = 8.5M NayCO3 = 0.5M KHpPO4 < @.5N H3SO4 = @.1N NaOH.
They made no specific recommendations for the use of any particu-
lar solution, but noted that basic solutions were more effective
in arsenic extraction than were neutral solutions, and that phos-
phorus and arsenic reacted similarly to solutions containing
bicarbonate or hydrogen ions.

The soil chemistry of arsenic is similar to that of phospho-
rus; its principle chemical form is that of arsenate (AsO4-3)
which has been occluded or adsorbed on hydrous aluminum and iron
oxides (Ganje and Rains 1982). Like phosphorus, it is also often
present as precipitates of slightly soluble compounds of Al, Fe,
Ca and Mg. Lesser amounts of arsenic are associated with soil
clays and organic matter. This similarity between arsenic and
phosphorus has led to the use of phosphorus extracting solutions
for the determination of plant-available arsenic. Perhaps the two
most commonly used extractants for phosphorus that have been sub-
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sequently applied to arsenic extraction are: NaHCO3 (developed
for use primarily on alkaline soils); and a mixture of #.85N HCl
and @.025N H2S04 (used for neutral and acidic soils).

In a study by Woolson et al. (197la) these two methods
(NaHCO3, HCl+H2S04) and four others were evaluated for determining
arsenic availability to corn on 28 different soils from different
areas of the United States. Most of the soils were from the east
and only five had an alkaline pH, the highest being 7.58. The
NaHCO3 and mixed dilute acid solutions were both recommended for
use, because of their relative simplicity and for their good
correlations of available arsenic with reduced plant growth.

A later study by these same researchers (Woolson et al. 1973)
revealed the complexity of determining plant-available arsenic in
the soil. They found that plants growing on different soils that
contained the same extractable arsenic levels experienced varying
degrees of arsenic toxicity. This wés attributed to the variabil-
ity in the chemical and physical properties of the soils (texture,
organic matter and pH). Jacobs and Keeney (1970) also noted the
influence of soil texture on arsenic phytotoxicity, with arsenic
beihg more toxic on sandy soils than on finer-textured soils.

Such findings suggest that the general application of extractable
soil arsenic'levels to estimating phytotoxicity in field situa-
tions is limited. Ganje and Rains (1982), in their review of
methods of analysis for soil-arsenic, state that when selecting an
extracting solution to determine plant-available arsenic, no
single extractant can be used as a universal indicator of arsenic
availability and that each soil type or soil area must be treated
indepehdently.

The literature indicates that the selection of a soil-arsenic
extracting solution is a complicated decision. Present methods
have been shown to have limited applicability to field situations
where an interpretation of phytotoxic levels is desired. For the
Helena Valley study area a decision was made to employ a method
for determination of soil extractable arsenic that has been
developed and applied successfully to problems of arsenic-contami-
nated soils of this region.
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Heilman and Ekuan (1977) investigated soil extractable
arsenic levels around the ASARCO smelter near Tacoma, Washington.
They extracted soil arsenic with concentrated HCl1l in a 1:5 soil to
acid ratio; the same method was used for the Helena Valley
investigation. These investigators determined a significant
correlation (r = .625) between extractable soil arsenic and the
arsenic levels present in above ground garden biomass. The
correlation was also significant (r = .475) between extractable
soil arsenic and below ground garden biomass (roots). These
results suggest determination of extractable soil arsenic with
concentrated HC1l is indicative of the soil arsenic level that the
plant can absorb. Therefore this method has merit for the deter-
mination of plant available arsenic in soils.

As a check between soil test levels obtained from this method
and the NaHCO3 method (which may be considered a more standard
method), duplicate samples from two soils (one with high and one
with low arsenic levels) were extracted with both solutions, and
analyzed for arsenic (Table 33). All work was performed by the
Soil, Plant, and Irrigation Water Testing Laboratory at Montana
State University, Bozeman, MT.

Table 33. Comparison between concentrated HCl and NaHCO3 for
determination of extractable soil -arsenic (ppm).

Concentrated
Sample HC1 NaHCO3
2518 40.46 36.34
2518-2 37.31 No Data
STD~-C 3.01 2.67
STD-C-2 1.98 1.50

The sampleé designated STD-C are in-house laboratory stan-
dards used for quality control. The close agreement in soil-
arsenic levels provided by the two extracting solutions suggests
that the concentrated HCl method provides results similar to the
NaHCO3 method for these soils.
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The analytical method and accompanying interpretive guide was
developed by N.R. Benson (Benson and Reisenauer 1951, Benson 1968)
primarily through many years of field experience in diagnosing
arsenic toxicity problems in orchard vegetation in central and
eastern Washington (A.R. Halvorson, personal communication 1985).
Soil arsenic is extracted with concentrated HCl (12.3M) in a 1:5
soil to acid ratio for a period of one hour, and standard instru-
mentation methods are used to determine actual concentrations.
Interpretation of the results of the analysis in terms of poten-
tial phytotoxicity can be made by refering to Table 34,

Benson and Reisenauer (1951) rated the relative tolerance of
crops to arsenic (Table 35). Crops such as those found in the
Helena Valley (e.g. barley, wheat, alfalfa) were considered not
tolerant to soil arsenic. The tolerance of wheat to soil arsenic
was compared to peach and apricot fruit trees. The interpretation
is that grain and forage crops will do poorly when the concen-
trated HCl extractable soil arsenic exceeds 50 ppm (Tables 34 and
35).

This result compliments other investigations of the effect of
soil extractable arsenic on crops (Table 32). These investigators
found significant yield reduction of vegetable crop when extract-
able arsenic was in the range of 6 to 48 ppm.

3.1.2 Arsenic in soils

3.1.2,1 Total arsenic in soils

The phytotoxic and tolerable levels of total arsenic in soils
of the Helena Valley are 1060 and 25 ppm, respectively (Table 30).
The 100 ppm concentration has been selected primarily based on
data of Woolson et al. (1973) and Steevens et al. (1972) who noted
large yield reductions in ocats, corn, peas and potatoes at 100 ppm
total soil arsenic. All total soil arsenic values equal or
greater than 100 ppm in the reviewed literature were associated
with phytotoxicity. Soil characteristics, especially texture and
organic matter content, strongly influence the relative toxicity

of arsenic. Weaver et al. (1984) reported phytotoxicity of
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Table 3b. Interpretive guide for concentrated HCl 3011 ex-
tractable arsenic

So1l Depth As Level Interpretation

feet ppm

7-3 Below 25 ppm As 1is probably not a problem.
g-1 25-59 ppm May reduce growth of sensitive
1-3 Below 25 ppm trees, such as apricot and

peach. Should not seriously
affect growth of apple, pear,
and cherry.

g-3 25-50 ppm Symptoms of As toxicity may
appear on apricot and peach
during hot summer. Newly
planted apple, pear, and cherry
may be reduced in growth, but
should still grow well.

g-1 56-100 ppm Survival of apricot and peach

1-3 Below 25 ppm doubtful unless planted with
As-free soil. Symptoms of As
toxicity should be severe on
established apricot and peach.
May limit growth of newly
planted apple, pear, and
cherry.

g-3 50-106 ppm Significant reduction in growth
of any newly planted trees
should be anticipated. Avoid
planting stone fruits.

Above 160 ppm Hazardous to plant any new trees
Above 5S¢ ppm under these conditions.

A (Washington State Cooperative Extension Service, 1975).
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Table 35, Relative tolerance of crops to arsenic
Moderately Not
Tolerant Tolerant Tolerant

Tree Fruit and Berry Crops

Apples Cherries
Pears Strawberries
Grapes

Raspberries

Dewberries
Field and Truck Crops

Rye Beets
Mint Corn
Asparagus Squash
Cabbage Turnips
Carrots

Parsnips

Potatoes

Swiss chard

Tomatoes

Forage Crops

Bluegrass Crested wheat grass
Italian rye grass Timothy

Kentucky bluegrass

Meadow fescue

Orchard grass

. Red Top

Peaches
Apricots

Barley
Qats
Wheat
Beans
Cucumbers
Onions
Peas

Alfalfa
Alsike clover
Ladino clover

" Strawberry clover

Sweet clover
White clover
Vetch

Smooth brome
Sudan grass

ABenson and Reisenauer, 1951.
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bermuda grass at concentrations which ranged from 45 to 9¢ ppm in
sand and clay soils respectively. Phytotoxic criteria reported in
the literature for total arsenic in soils ranged from 15 to 50 ppm
(Kitagishi and Yamane 1981, Kloke 1979, Linzon 1978 and El-Bassam
and Tietjen 1977). Numerous cases of phytotoxicity were reported
in the 45 to 100 ppm range (Table 30). For many situations, a
phytotoxic level of 50 ppm would appear appropriate. A tolerable
level of 25 ppm total soil arsenic is based on the low or no yield
reductions that have been reported at or below this level (Table
30) . The only important exception is the 22 percent yield
reduction for oats at a 10 ppm total soil arsenic concentration
that was noted by Woolson et al. (1973).

3.1.2.2 Extractable so0il arsenic

It is highly probable: - that extractable arsenic soil concen-
trations greater than the 5@ ppm hazard level suggested for the
Helena Valley will be phytotoxic_(Table 31) . Jacobs et al. (1970)
reported 109¢ percent yield reductions (no growth) for snap beans
and peas at the 100 ppm extractable (Bray P-1l) arsenic level.
Considerable phytotoxicity was noted at levels less than 50 ppm
extractable (various methods) soil arsenic (Table 31) and a
phytotoxic concentration as low as 1@ ppm may be an appropriate
hazard level in some circumstances. It is apparent from the
reviewed data that soil factors have much less influence on
phytotoxic extractable arsenic levels as compared to phytotoxic
total arsenic levels in soils (Tables 30, 31).

The tolerable extractable soil arsenic concentration of 2 ppm
is based on the limited work of Vandecaveye et al. (1936), who
noted no toxicity in barley and alfalfa at or below that level,
and the observations of Walsh et al. (1977), who reported phyto-
toxicity to soybeans at an extractable arsenic level of 3 ppm
(Table 31).

3.1.3 Arsenic in plants

Phytotoxic arsenic levels in plant tissues have been reported
from 5 to 20 ppm (Table 32). The suggested 20 ppm hazard concen-
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tration is based on two publications, Davis et al. (1978) and
Weaver et al. (1984). Davis et al. (1978) reported arsenic
concentrations in the shoots of barley were toxic in a range of 11
to 26 ppm and determined a level of 20 ppm was the "upper critical
level" at which a 10 percent yield reduction could be expected.
Bermuda grass leaves containing 20 ppm arsenic were associated
with plants exhibiting reduced growth (Weaver et al. 1984). These
authors found bermuda grass leaves, sStems and roots often exceeded
15, 25, and 200 ppm respectively in plants grown in soils contain-
ing 45 ppm arsenic. All plant tissue arsenic concentrations >26
ppm found in the reviewed literature were associated with phyto-
toxicity. Kabata-Pendias and Pendias (1984) reported a phytotoxic
range of 5 to 20 ppm for arsenic in unspecified plant tissue.

Numerous references reported "intermediate range" arsenic
levels (those values between traces and toxicity). Typical values
for plant tops of alfalfa, red clover, and oats were reported as
.65, 6.37, and 0.62 ppm respectively (Liebig, 1966). This source
reported high range (elevated but not showing toxicity symptoms)
values for alfalfa, red clover and barley as 3.15 to 14 ppm, 6.26
ppm and- 12.3 ppm, respectively. Data from the reviewed literature
indicated that no cereal and forage crops or edible vegetable
portions contained a concentration of arsenic greater than the 3
‘ppm tolerable level suggested for the Helena Valley. Woolson
(1973) calculated, through the use of regression equations, the
phytotoxic tissue levels producing a yield reduction of 50 percent
in 6 vegetables. This study indicated only lima beans, an arsenic
sensitive crop, had a tolerance level less than 3 ppm for the
calculated yield reductions.

3.2 Cadmium in soils and plants

3.2.1 Cadmium literature review

Cadmium levels in plants and soils rarely exceed 1 ppm
(Kabata-Pendias and Pendias 1984). Areas with naturally occurring
high levels of cadmium in soils have been documerited to have up to
22 ppm total cadmium, with soil parent material up to 33 ppm total
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cadmium (Lund et al. 198l). 1In areas where soils have been
contaminated, soil concentrations may approach 100¢ ppm, and
plants may accumulate cadmium to levels in excess to 200 ppm, (dry
weight), depending on the species (Kabata-Pendias and Pendias
1984). In contaminated soils the highest cadmium concentrations
are found in surface layers and decrease rapidly with depth, due
to the low mobility of this element. Total soil cadmium levels
are not good indices of the availability of the element to the
plant, as much of the total cadmium in soil may be bound in
compounds of low solubility (Pickering 1984).

Cadmium, like many metals, is more mobile and thus more
available to plants in soils of low pH (4.5 to 5.5). Alkaline
soils exhibit low cadmium mobility, and decrease the risk of plant
toxicity even in heavily contaminated soils (Kabata-Pendias and
Pensias 1984). It has been shown, however, that whereas the
availability of cadmium for plant uptake is decreased by liming,
cadmium added to the soil does result in increased uptake by
plants (Baker et al. 1979).

Chang et al. (1982) found that the uptake of cadmium and zinc
in barley cultivars was more influenced by the soil type (and pH)
than by the specific barley cultivar. Similar findings by White
and Chaney (1980) indicated that soil types strongly influence
zinc, cadmium and manganese uptake in soybeans and that organic
matter was more effective than hydrous oxides of iron and manga-
nese in moderating the uptake of excessive soil heavy metals. A
study by Haghiri (1974) suggested that the soil cation exchange
capacity (CEC) largely determined the uptake of cadmium in oat
shoots and that organic matter had little effect on the uptake of
this element other than increasing the CEC. The study found that
the concentration of cadmium in soybean shoots increased with in-
creasing soil temperature. Chaney et al. (1976) revealed that
increased levels of soil zinc increased cadmium uptake by soy-
beans. Boggess et al. (1978) reported that significant differ-
ences existed in the susceptibility of soybeans to cadmium among
several varieties tested: These authors found that the observed

susceptibility was due more to plant uptake characteristics than
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to the tolerance of plants to cadmium, Considerable variation in
cadmium accumulation has been demonstrated for many vegetable and
grain crops grown on the same soil (Davis 1984).

In recent years interest in cadmium in soils and plants has
intensified because of its presence in sewage sludge. This aspect
has been the subject of much research and several reviews (Hansen
and Chaney 1984, Logan and Chaney 1983, Sommers 1986, Singh 1981,
Standish 1981, Webber et al. 1983, Williams %982, Rundle et al.
1984, Page 1974, Page et al. 1983, and Lutrick et al, 1982). Land
application of sludge may potentially cause phytotoxicity pro-
blems, but of greater concern is the high potential for introduc-
tion of cadmium into the food chain, where it may create health
hazards (Nriagu 1980). A summary of many scientific studies of
plant uptake of so0oil cadmium is presented in Tables 36, 37 and 38.

3.2.2 Cadmium in soils

3.2.2.1 Total cadmium in soil

A total soil cadmium hazard level of 100 ppm was selected for
the Helena Valley based on two major factors: 1) all total soil
cadmium concentrations greater than 100 ppm found in the reviewed
literature were associated with yield reductions regardless of
plant type, and 2) the lack of and variability of data, especially
with respect to higher pH levels (6-7), in the total soil cadmium
range of 40 to 100 ppm (Table 36). Other phytotoxic total soil
cadmium criteria reported in the literature ranged from 3 to 8 ppm

(Melsted 1973, Linzon 1978). However, nonsignificant or no yield
reductions were reported for several plant species at 40 ppm total
soil cadmium (John 1973). Data of Khan and Frankland (1984)
suggested highly significant yield reductions occur in the biomass
of wheat, oat and radish roots at 50 ppm total soil cadmium.
Available data may support a lower (50 ppm) total soil
cadmium phytotoxic hazard level than the 100 ppm level selected
for the Helena Valley (Table 36). It is imperative that persons
applying this hazard level be cognizant of the high concentrations
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Table 36. Phytotoxicity of total cadmium in soils.

lo

Soil Chemical
Concentration Soil Form Plant Species/ Hazarad Significance
So1l Type tppm) pH Applied Tvoe of Experiment Part Response Level Reference
pomino Silt Loam >640 7.5-7.8 Sludge/CdsOg Greenhouse/Sol1i Pors Rice/Grain 25 v YR NR Ringham et al. (1975)
Me:zrimac Fine Sandy Loam 250 6.9 Cd(NO3) 2 4H20 Greenhouse/5011 Pozs Alfalfa/Tops 30.5 ¢ YR (N.S.} c.01 Tagtar and Xllinson (1941)
Merrinac¢ Fine Sandy Loam 250 6.9 Cd(NO3) 2 4H20 Greenhouse/5011 Pocrs Alfalfa/Tops
- 2nd cutting 1.9 4 ¥R 0.c1 “aylor and Allinson (1981)
paxtoan Fine Sandy Loam 258 6.9 Cds0y (reennuuse/S501l Pots Alfalfa/Tops 21 v ¥R NR Tavlioer and Allinson (1931;
Mercimas Fane Sandy Loam 250 6.9 CdsOy Greenhouse/S01l Pots Alfalfa/Tops 62.1 4 YR NR Taylor and Allinson (1981
Paxton Fine Sandy Loam 250 6.9 ot L35 1Y Greenhouse/5011 Pots Alfalfa/Tops
- 2nd cutzting 29.0 % IR KR oler avd Cllinson (1981
Yerrimac Tine Sandy Loam 259 6.9 Cds0y Greenhouse/S011 Pots Alfalfa/Tops
- 2nd cutting 67.4 1 ¥R NR Taylor and Allinson (1981)
Hazelwood Si1lt Loam 200 5.1 CdCl2 Greenhouse/Soll Pots Oats/Grain 56.8 4 YR 9.05 John (1973)
Hazelwood Silt Loam 2008 5.1 €dcl Greenhouse/Soil Pots Oats/Leaves 10.2 v YR (N.S.) 9.05 John (1973)
Hazelwood Si1lt Loam 200 5.1 €dacl, Greenhouse/50il Pots Oats/Stalks 22.1 % YR (N.S.) 8.0s John (1973)
Hazelwood Silt Loam 200 5.1 cacl Greenhouse/Soil Pots Carrots/Tubers 96.4 1 ¥R a.es John (19713}
Hazelwood Silt Loam 200 5.1 [of: [o3 B Greenhouse/50ll Pots Radish/Tubers 93.2 % YR 9.05 John {1973)
Hazelwood Silt Loam 209 5.1 c€dCl) Greenhouse/S0il Pots Peas/Pods 92.1 % YR 8.es John (1973)
Hazelwood Silt Loam 200 5.1 €acla Greenhouse/Soil Pots Peas/Seed 99.2 V YR 8.05 John {1973)
Hazelwood Silt Loam 240 S.1 CdCl, Greenhouse/50il Pots Cauliflower/Leaves 96.9 V ¥R 9.05 John (1973)
Hazelwood Silt Loam 200 S.1 €dacl, Greenhouse/Soll Pots Broccoli/Leaves 63.3 \ YR 0.05 John (1973)
Hazelwood Silt Loam 208 5.1 €dCl) Greenhouse/50il Pots Spinach/Leaves 98.5 \ YR 0.85% John (19713)
Hazelwood Silt Loam b{-1'} 5.1 CdcCl Greenhouse/Soil Pots Leaf Lettuce/Leaves 91.1 % ¥R 0.5 John {1973)
pomino Si1lt Loam 179 7.5-7.8 Sludge/CASOy Greenhouse/Soil Pots Cabbage/Head 25 % YR NR Bingham et al. (1975)
Domino Silt Loam 160 7.5 Sludge/CAS0y Greenhouse/S0:1 Pots Bermuda Grass/Tops 25 % YR NR Bingham et al. (197¢)
Domino Silt Loam 160 7.5-7.8 Sludge/CdAsO, Greenhouse/30il Pots Tomato/Ripe Fruit 25 % YR NR Bingham et al. (1979)
Domino Silt Loam 160 7.5-7.8 Sludge/CdsO, Greenhouse/Soil Pots Zucchini /Fruit 25 4 YR NR Bingham et al. (1975)
Domino Si1lt Loam 169 7.5 Sludge/Cds0y Greenhouse/30il Pots Sudan Grass/Tops 9d % YR NR Bingham et al. (1976)
pomiro S:1t Loam 168 7.5 Sludge/Cdso, Greenhouse/Soll Pots White Clover/Tops 59 § YR NR Bingham et al. (1976)
Domi1vo 3.1t Loam 168 7.5 Sludge /CdSO, Greenhouse/Scil Po:s Alfalfa/Tops 56 V% YR NR Bingham et al. (1976)
Somand oam 168 7.5 Sludge/CaS0y Creenhouse/5011 Pots Tall Fescue/Tops 30 % YR NR Bingham et al. (197¢)
Radédin; Tine Sandy Loam 125 5.7 Sludae/CdS0, Greenhouse/Soil Pots Letcuce/Shoots 25 v (R 8.85 Mitchell et al. (1978)
“derzi1nac Fine Sandy Loam 125 6.9 Cd(NO3) ) 4H0 Sreenhouse/So1l Pots Alfalfa/ToDs 15.8 3 YR (N.S.) 0.01 Taylor and Allinson (1981)
Merrimac Fine Sandy Loam 125 6.9 Cd(NO3j) 2 4H30 Greenhouse/S501l Pots Altalfa/Tops
- 2nd cutting 56.2 § YR a8.01 Taylor and Allinson (1981)
Paxton Fine Sandy Loam 125 6.9 CdsS0,4 Greenhouse/So1l Pots Al falfa/Tops 8.7 \ Yield Increase NR Taylor and #llinson (198))
Merrinac fine Sandy Loam 125 6.9 Cds0y Greenhouse/So1l Ports Alfalfa/7Tops 23.6 % R NR Taylor and Allinson (1981}
Paxion Tine Sandy Loam 125 6.9 €ds0, Greenhouse/5011 Pots Altalfa/Tods
- 2nd cutting 13.6 \ VR NR Taylor and Allinson {i%8})
vorriTars Five faady Loan 125 Tasay sreennouse/501l Peis slfaliaTans
- 2nd cattang 21.2 % IR NR Taylor and aliinson (1981)
flaie aLs A& - 0L Talla Dot 7 Sriiien Lot 2 Almos: Tortal
viaats Mortaticy R v Md s (137y)
¢ Loarw 100 €. CECl ) IoPos vheat/Teps 73.0 v .2 NR siaghary (147233
v olLuam e G. CdCiy 1 ®ots Sovocans/Togs 35.6 & i NR Sashiry (1972,
e “n 1A D Cé n ! dnes AR A A E 0ol Rnan anc trans.cnd 11984,
' L e . .aC NIEL -7t av c oLl 1 T R .03 Khan nd Frenk.aand (1684)
Ltale Far Farwn 180 Nit Cdsuy racntnouin/Soll Pota iMeat /iksocs 67.7 v ¥R 0.01 Khan anc Frank.and (198¢)
teals farrx Prawn Eatth 160 NR cdcl s Grecniiouse 5011 Pots Rad:sh/Poots 42.6 % ¥R a.01 Khan and Frankland (1934)
Weald Fars Brown Earch 180 NR cdcl; Greenhouse/301i vots Wa2at/Roots 67.7 v IR 0.61 khan and Frankland (1984)
Dytchie,s 5rown Earth 1e0 NR Cdcl, Creenhouse/So1l Pots Oats/Rootrs 76.7.V ¥R 2.91 Khan and Frankland (1984)
oomtnz E:lt {oam 96 7.5-7.8 Sludge/CdsT, Srewnnuuse/Sa:l Pots Radish/Tubec 25 Y ¥R NR Bingham et al. (1973
Domino L.cam an Sludge/Cdso, G:eenhouse/ 5011 Pots Sudan Crass/Tops 59 V YR NR Bingham et al. (197¢)
oomine fiit [Loam a0 Sludge/Cdsc Greenhouse/5011 Pots White Clover/Tops 43 VL YR NR Binghan et al. (1976)
Domind S1.t Loam 80 Sludge/Cds0, GCreenhouse/Soil Ports Alfalfa/Tops 40 % YR NR Bingham et al. (197¢)
Domind S1't Loam ao Sludge/CdASOy Creenhouse/So1l Pots Tall Fescue/Tops 24 V YR NR Bingham et al. (1976)
pomino Silt Loam LT Sludge/Cds0y Greenhouse/Soil Pots Bermuda Grass/Tops 12 ¢ YR NR Bingham et al. (197
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Table 36. Phytotoxicity of total cadmium in soils, continued.

Chemical
. Concentcation form Plant Species/ ard signiticance
$011 Tvpe ) _Appliecd Type of Experiment Part Response Reterence
Redding Fine $andy Losm Sludge/CAs0, GCreenhouse/Soi) Pota Wheat /Leaves 2% % YR nitchell et a1, {1970)
Panton Fine Sandy Losm Cdsog Greanhouse/solil Pots Alfalfa/Tops 9.8 % Yield Increase Taylor and Allfason (1981)
Merrioasc Fine Sandy Loarm Cds04 Greenhouss/Soil Pots Alfala/Tops 3.6 4 YR Taylor and Allinson (}501)
Paxton Fine Sandy Loam €480, Crecnhouse/Soil Pots Alfalta/tTops
- 20d cukting 3.% % Yield Increasc Taylor snd Allinson (1381)
Kerrimac Fine Sandy Loae Cds0, Creenhouse/soil Pots Alfalfa/Tops
- 2nd cutking 4.3 A Yiald Increase Taylor and Allinson (1901)
Weald Park Brovn Facth Cécly Gieanhouse/soil Pots Radish/Ro0tS n.9 v Yu xhan snd Frankland (1984)
wWeald Psrh Brown Larch cdcl) Greanhouse/Soll Pots Whest/Roots 61.) % YR khan and Franklend (1984)
Dytchleys Brown Easth CdCliz Creanhouse/Roil Pots Oats/Roots &4.5 ¢ ¥ Khan and Frankland (1984}
Domino Silt Loam 7.8 $1udge/CAso, Creenhouse/Soll Pots wheat/Crain . 2% VYR Bingham et al. (1973)
necrimac Finc Sandy Loan .9 Cd(N03) 3 4n0 Greenhouse/soil Pots Alfa)ta/Tops 1 % vield lncreasc (¥.5.: Taylor and Allinsen (1981)
Herrimac Fine Sandy Loso .9 cd(uolpz M0 Greenhouse/Soil Pots Alfalta/Topn
- 2nd cetting 7.3 A YR Taylor and Allinson (1981)
Flansgan $ilt Loam 7.) cdcl, Greenhouse/sail Pots Soybeans/sShoots 9.3 ¢ YR Boggess ot sl. (1979)
Narengo $ilty Clay Losm 6.7 [.[= P Creenhouse/soil Pots sheat /Tops 498 \ YA naghicd (1917))
“azengo Silty Clay Loan 6.7 €dCl, Creenhouse/$o0il Pots Soybeans/Tops 5.3 v Raghici (197))
Hazelwood §ilt Loao s.1 CdCly Greanhouse/$oll Pacs Oats/Ceain 36.) A YR John (197))
Hazelvood §ilt Loam S.1 CdCl;y Greenhouse/s0il Pots Oats/Lesves Mo YR John {197))
Hazelvood $ilt Loan 5.1 €dCly Gresnhouse/Soil Pota Oats/Stalks Mo YR John (1973}
Hazelvood $ile Lnam S.1 CdC1) Gteenhouse/goll Pots Caccogs/Tubers 8.3 ¢ YR (M.3.) John (197))
$ilt Loaa $.1 €dcly Gteenhouse/So0i) Pora Rsdish/Todacs 27.9 A YR (N.S5.) John (197))
silt Loam s.1 CdCly Pats Peas/Pods 2%.7 L YR (N.S5.) John (1973}
silt Loam s.1 cdcl Pots Peas/Seed 8.1 8 ¥R John (1973)
Siic Loam 5.1 cdcly Pots Caulitliower/Loaves 2.7 4 IR (u.85.) John {1973)
silt Loam s.t CdCi Geeenhouse/Sail Pots 8coccoli/Leavas No YR John (192}
Hazelvood $ilt Losm S.1 CdCly Greenhouee/Soil Pots spinach/Leaves 9 VYR John (197))
Hazelwood Silt Loam 5.1 cacly Creanhouse/Soil Pots Leal Lettuce/Leaves Mo ¥R John (197))
Domino Silt Loam .3-7.68 Sludge/Cds0, Greenhouse/$0il Pocs rield Bean/Dry Bean 2% s YR Bingham et o1, (1979)
Domino $1lt Loam 7.9 51udge/Cd$0, Creenhouse/sofl Pota Sudsn Grass/Tops BRE{] Bingham et ol. (1976}
Oomino Silt Losw 7.3 $ludge/Cds0, Greenhouse/soil Pots Alfslte/Tops 29 % ¥a Binghas et al. {1976)
Domino $ilt Loam 1.8 $1udge/Cds0, Pots white Clover/Tops 21 VYR Bingham et al. (1976)
Domino Silt Loam 7.8 $ludge/CAs50, Pote 19 % ¥a Bingham et »l. {(1976)
Domino Silt Loam 7.9 $ludge/CdAsOy pots 12 8 Ya Bingham et al. (1976)
narengo Silty Clay Loam 6.7 cdcly Greenhouse/Soil Pots Wheat /Tops 9.8 YR waghici (197))
R:l:nqo Silty Clay Losm 6.7 cdcly Greenhouse/Soil Pots Soybeans/tops 8.8 % YR Heghici (1970)
Plainfield Sand .
. s 4.8 (<[ ¥ Greenhouse/S0il Pots n;m:{ Bluegcass/ 00.1 1 ¥8 niles and Perker (1979)
Plaintield sand . [ 13
tield sa 4.0 (14 ¥ Greenhouse/3ol) Pots u::‘l,:‘:l- o/ Wit ye Miles and Packer (1979)
Plainfield sand .8 [ 1] Greenhouse, t n sleszi ster
: /80i1 Pots '°==..:. ™ / 00.5 V ¥R niles and Parker (1979)
Plainfield sard 4.0 cdcly GCreenhouse/Soll Pots Poison Ivy/Shoots 6€3.3 ¢ YR nilee and Parker (1979)
Plainfield Sand 4.9 cacly Greenhousa/Soll Pots Black-oyed Susan/
shoots 9.5 v YA niles and Pagher (1979)
Plainfield Sand a0 cdcly GCreenhouse/soil Pots wild Bergsmot/Shoots 7.9 % YR niles and Parker (1979)
Plaintield sond 4.0 cacCly Greenhouse/Soil Pots Long-Fruited Thimble
Wesd/shoots 30.4 \ YR niles and Pacher (1979)
Harengo Silty Clay Loam 6.7 [~ [ FY Cresnhouse/Soil Pots Whest /Tops Haghird (1973)
Harenqo Silty Clay Losm 6.7 cdcl, GCreenhouse/soll Pota Soybesas/Tops Haghiri (1973)
Domino $ilt Losm 7.5-7.8 $ludge/Cds0, Pots tutalp/Tubec 2% YR Bingham et al. (197%)
Flansgan Si1lt Lo.m 7.3 cdCl; Pots Soybeans/Shoots 9.8 \ TR Boggess et al. (1978)
Jowino Silt lLecam 7.5-7.8 S$ludge/Cd30, Pots Catrots/Tuber 2% v YA Binghan et al. (197%)
7 .hleys Brown Larth a cdCly Greenhouse/Soil Pots Oats/Roots 8.7 ¢ YR Kban snd Frankland (1984)
Merengo Siley Clay Lcam 6.7 [ [ B Greenhouse/$oil Pots Wheat /Tops - Haghiri (197)3)
Marengo Silty Clay lLoan 6.7 cacly ‘Creenhouse/Soll Pots Soybean/Tops Maghici (197))
Nomins $ilt Loam 7.5-7.8 81udge/Cd50, GCteenhousc/Soil Pots Cotn/Kernsl % YR 8ingham et al. (1973)
Maren;o Silty Cluy Loam 6.7 [ 1 PY Greenhonse/Soll Pota Wheast /Tope 34.9 \ YR Maghard (197))
Raraaze Shity 7Vaw oam 6.7 [« [ B Ceecnhoune/Soil Pota Soybean/Tops 65.2 v 1R Haghiri (i"T)
Dom.no Siit l.ac .8$=7.8  fludge/CdsoOy Grocnhouse/Sotl Pots Lottuce/Iwad 2% v R Binoham et al (19751

Luams

Fienld

Potatn/Tuder

TRatinlacrory vields”

Chumisi ey aml inein (1987)
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Table 36,

Phytotoxicity of total cadmium in soils, continued.

-
Soal Chemical h
Concanccarion soul fora Plant Specres/ Hazacd Significance
201l Tvoe {om) ot ADol1ed Tyos of Luperiment Pagt i-leenn- Lovel Reforence

Plaintieid Sand 1.1 3. Cacly Geeanhouss/5011 Pots kgntucy Bluegrass/

Shoots 18.7 v YA NR niles and Pazher [1%39)
vinntiald Sand 9.3 .8 cacly Gremnhouss/30i1 Pots Little Bluesten/ -

Shoots .1 R L L] niles and Pactker (13%79)
Plainfrald Sand 1¢.) 4.8 cdcl GCreenhouse/sSoll pots Rouyh Blasing Star/

Shoots 29.6 v ¥x NR Hiles and Parker (1979)
Plainlielé sand 10.) 4.8 CaCly Greenhouse/Soil pats Poizan Lvy/shoats 2.9 A Yield locresses NR fiiles and Packer (197%)
Platafield Sand 8.2 .3 Caciy Gresnhouse/Sol) Pats Black-Eyed Susan/

shoats ™. v YR ~a niles and Pacher (197%)
Pisintield Sand 10.) 4.0 cdacly Greanhouse/Soll pots Wild Bergamot/Shoots 23.3 % ¥R LL] snd Pacher (1973)
Plainfisld Sand 1o.} -8 €dacly Greenhousa/full Pots Long-Pruited tThimbie

Wasd/Shoats 8.7 % ¥a HR riles and Packar (1979}
Dytchleys Brown Earth 10 [ L] CaCly Creanbouse/Soil Pots Qats/Roats 24.%5 v YR 9.0 khan and Frankland [138¢)
Oosino Eilt Loam 13 1.3 Sludge/Cds0y Greenhausa/Solt Pots White Clover/tope 23 % YR R Bingham et al. (1976)
Domino 5iit Loam 19 7.5 Studge/Cds0, Graenhouse/Sail Pots Sudan Grass/Tops % % HR Singhen et al. (1976}
Doaine Siit Loanm 1¢ 7.5 Studge/Casa, Gregnhousa/Soil Pots Alfalls/Taps 127 % IR HA Bingham et al. (1976)
Domino Silk Loam 18 7.3 Sludge/Cd30, Gesgnhouse/sall fots Bermuds Graws/Tops 6% YR bl Binghas et al. (1976}
Doming Silt Loao 18 7.8 $1udge/Cdso, nhouse/Sall Pate Tell Pescua/tops Ll Bingham et sl. (1426)
Flanagan Silt Loam 1] 7.3 cacly Pots Soybean/Shoots e.0n Boggess wt al. (1370}
Mazengo Slilty Clay Loaa 19 6.7 CdCly Greenhousa/foil fots Whesc/Tops NR Haghizi (197))
nerengo Silty Clay Loas 10 6.7 Cdacly Greenhousa/soll pots Soybeans/Tops uR Raghirl {1923}
Loams 9.3 . sludge rield Spcing Gresns/Lesves atistactory Yields* uR Chumbley and Unwin [1982)
Loans 7.9 . sludge rield Lettuce/Laat “satistactory Yields® wR Chumbley and Unwin {1982)
Loams 7.0 . $ludge rield Sweet Coga/Grain “satislectocy Thelds* L Chumblay and Unuin (A982)
Losms 6.5 . Sludge rield Beat Root/Tuber "satislactocy ¥ields” nR Chupbley and Unvin (1982)
Grenville Loaa 0-15 ce 5.6 6.6 cacly Graenhouse/Soil Pots Lettuce/Tops 7.8 % ve (u.$.} o.93 Singh (1981)
Geanville Loss 0-13 cm 5.6 6.3 cacly Craanhouse/$oll Pots Lettuce/Tops 13.9 & R (n.5.}) 0.83 Singh (1981)
Geenville Loam 9-15 cm 5.6 6.3 Pe Precip CdCly Greenhouse/Soll Pots Lettuce/Tops 9.9 8 YR (W.8.) 0.983 Singh (1981)
Crenville Loss 0~15 c» 5.6 6.5 Fe Precip CdCl) Graenhouse/Soil Pots Lettuce/Tops 21.9 v 1R 0 Singh (1981)
Grenviile Loam 3-13 cm 5.6 .7 Al Precip CdaCly Greenhouta/Soil Pots Lettuce/Tops 12.7 4 TR (w.5.) 9.0 Siogn (1981)
Grenville Losm 915 c» 3.6 6.6 Al Pracip CdCl) house/Soil Lettuce/Tops 15.2 v ™ 9.03 Singh (1381)
Crenville Loam 0-LS o= 5.6 6.6 nn Peeclp CdClg Lettuce/Taps 5.7 % Y8 (w.8.) a.03 Siagh (1901)
Gemaville Loza 9-15 om 5.8 (%) nn Precip CIC)p Lettuce/Tops 18.% ¢ ¥R 9.5 Singh (1981)
Geenville Loaw 0-1i% cm 8.6 7.1 Cal0) + CACly Gemwnhouse/Scil Pats Lettuce/Tops 16.6 % YR 0.45 Singh
Gennville Losa @-15 cm 5.6 7.0 CaC0} ¢ £4C13 Greenbouse/Soll Pots Lettuce/Tops 27.2 VYR 8.05 Singh
Crenvalie Losm 0-15 om 3.6 7.8 CdCly » Cac0) Greenhousn/Soll Pots Lectuce/Tops 14.6 + 18 .08 Singh
Grenvilie Losm ¥-13 cm 3.6 6.9 Cacly +» caco ficeanhouse/50ll Pots Lettuce/Topé 23.2 v I 9.03% singh
Geenville Loam ~15 cm 3.6 6.8 sludge Greenhouse/30il Fats Lettuce/Tops 9.3 v 9.05% Singh
Ceenville Losn #-15 cw 5.6 6.7 Sludge Greeahouse/Soil Pors Lattuce/Tops $2.3 % vield Inccease e.03 Singh
Cecanvillie Loam #-15 cm .6 1.8 Sludge Creaahouse/Soil Pots Lettuce/Tops 12.1 % ¥ 9.ds Siagh
Grenviile 15 o= 5.6 7.0 sludge Grownhouse/Soil Pots Lettuce/Tops $95.0 % Yield Increase 9.903 Singh (1981}
Geanville Sandy Loam 9+l c» 3.60 7.4 CacCi; Creenhou Soil Pots Lettuca/Tops .7 % I R naclean (1976)
Romana Sandy Loam 5.57 6.0 $ludge Greenhouse/Soil Pors Barley-Bacsoy/T0ps IS § YA (N.S.) 9.01 Chang et al, (1982)
Rompuna Sandy Losm 3.57 6.0 Sludge GCreenhouse/Soil Poks Barliey-8ciggs/10ps 7 % ¥n gm.5.} 4.01 Chang et al, (1902)
Romaond Sandy Losm 5.57 &0 3ludge Geoanhouse/Soil Poxs Barley-flogads 183/

Tops 14 % Yield tnccease °.01 Chang et al. (1982)
Romona Sandy Loam $.5 6€.a Studge Barley-Lasker/Tops It % Yield incceans e.0
uplands Sand 0-1% cw $.5¢ 3.3 CdCly Lectuce/Tops 3.0 v e NR
uplands Sand 9-15 c» $.50 1.6 CdCig Lettuce/Tops 3.9 % YR NR
Wida Clay Q0-1% o .59 6.1 cAcly Gragohouse/$011 Pote Lettuce/Tops 3.4 % Yield Inccease NR
Ridesuy Clay 6-1% cm $.5%8 6.8 caciy Greeohouse/Soil Pots Lettuce/Tops 7.6 v YR L1d
Granby Sandy Losm 0-1% ca 5.43 6.7 cdciy Greenhouse/Soll Pots Lettuce/Tops 41 N TR e
uUplanda Sand 15-30 = $. 39 5.2 CaCly Creeqnhouse/Soil Pots Latcuce/Taps 31.) v vm NR
iiplands Sand 15-30 ca $. 38 6.0 €aCly Creenhousa/foil Pats Lettuce/Tops 2.4 % vR NA Macl.ean
necengo Siity Clay Loam S 6.7 [ 11 % Creenhouse/Soil fors wheat/Tops 7.9 V ¥R HR e
Harenyn Silty Clay Losm s 6.7 cally Creanhouse/Soil Pots Soybeans/Tops 18.3 v Y HR Haghapy [1%7)}
Mefcimac Fine Sandy Losa s 6.9 Cd(NO313 4H30 Creenhause/Soil Pots Alfsifa/Tops 25.7 % YR (.85.) 9.9} Taylac and Alhinson
Aetcimac Finw Sandy Loem s 6.9 Cdinoy) 3 em0 Creenhouse/Soil Poks Alfelfa/Tops 16.5 % YR a.901 Tayior and allinsan
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Table 36.

Phytotoxocity of total cadmium in soils, continued.

Soil Chemical )
Concenteatcion So1l Form Plart Szacaes 31971 ficance
Soil _Tvoe {pom) PH Apolied Troe Of . Time=- Par: 28810 "5 Level Reference
nomino Silt Loam s 7.5-7.8 Sludge/CdSO, Greenivn. .ofSa1l Fots sovhean Sry Bean 25 e SH Bingham et sl. (1975)
Pomino Silt Loam 7.9 Sludge/CdSO, Greenhousc/Soil 2ots Sudan Grass/Tops 10 % R HR Bingham et al. (1976)
Domino §ilt Losm 5 7.8 Sludge/CdsO, Creenhousa/5011 Pots Alfalfa/Tops 8 1 YR NR Bingham et al. (1976)
Domino Silt Loam s 7.5 $1udge/Cds50, Greenhouse/Soil Pots Tall Fescue/Tops 6 % YR NR Bingham at al. ll9;:'
Domino $ilt Loam - 7.8 8ludge/CAS0, Greenhouse/Soil Pots Berauda Grass/Tops 2% YR NR Bingham et al. (1976)
Domino Silt Loas s 7.9 $1udqge/CdS0, Greenhouse/Soil Pots white Clover/Tops 6 % Yield Incresse NR Bingham et al. (1976)
Paxton Pine Sandy Loam S 6.9 €450, Greenhouse/Soil Pots Altalfa/Tops 20.3 A Yield iIncresse NR Taylor and H:!"'o" l::gl)
Mercimac Fine Sandy Loam s 6.9 Ccdsoy Greenhouse/Soil Pots A::-{:a;'rops 13.6 § YR NR Taylor snd Allinson { ¥}
] ne ndy Loam . dSO, nho ts Alfalta/Tops
Paxton Pi Sandy s 6.9 CdsO, Cree use/sSoil Po falfs cugtlng 3 % Yield Ilnccesse wa tayloc and Allinson (1381)
. s Alfaltsa/tops
Mercrimac Pine Sandy Loam s 6.9 CdSs0, Greenhouse/Soil Pot f znd/cdstlng 1.4 % ¥R R ,: }or and :ll::;gt;'u’ll)
Blooatfield Loasmy Sand -] 6.9 Cds0, eenhouse/Soil Pots Cotrn/Shoots 46.8 % 1R 9.01 niller ot al.
Losms Y 4.0 $.-68.1 ;)u‘;. gi.u / Salad Onions/Buld "Satisfactory Yields® uR Chumbley and Unuin (1902)
Loaas 4.6 5.-8.1 slodge rield Spinach/Leaves “Satisfactory Ylelds”® uR Chumblaey and Unwin (1902)
Loams 6.4 §.-8.1 Sludge rield Cabbdage/Heads "Satisfactory Yields® nR Chumbley and Unvin (1982)
Donino Silt Loss . 7.5-7.8 Sludge/Cd80s  Greenhouse/Soil Pots Spinach/ghoot % 4 R L1 Bingham et al. (1973)
Loans 3.5 5.-8.1 Sludge rield Cauliflowver “Satisfactory Tield® R Clwabley and Unwin (1992)
Grenville Loas 6-15 c= 3.1 6.3 c4acly Greenhouse/Soil Pots Lettuce/Tops 20.5 % IR 8.0% Singh (1981)
Grenville Loam ¢-15 cm 3.1 6.6 cacl; Gresnhouse/Soil Pots Lettuce/Tops 18 ¥R (M.5.) 0.08 Singh (1981)
Grenville Coam 6-15 cm 3.1 6.6 fe Precip CdCly Greenhouse/Soil pots Lettuce/Tops 1% YR (N.S.) 9.08 Singh (1981)
Grenville o 3.1 6.6 Fe Precip CACl) Creenhouse/Soil Pots Lettuce/Tops 23.2 % YR .08 Singh (1901)
Gtenville cm 3.1 6.6 Al Precip CdClj Greenhouse/Soil Pots Lettuce/tTops $S.7 % YR (N.S.) e.08 Singh (1901)
Grenville cm 3.1 6.5 Al Precip CACly Greenhouse/Soil Pots Lettuce/Tops 11.9 % YR (W.5.) 9.05 Singh (1981)
Grenville = 3.1 6.8 nn Precip CACly Greenhouse/Soil Pots Lettuce/Tops 9.6 % YR (N.S5.) 9.05 Singh (1981)
Crenville ] 3.1 6.6 Mo Precip CACly Greenhousa/Soil Pots tettuce/Tops 3.3 % YR (M.5.) 0.03 Singh (1991)
Grenville cm 3.1 7.0 CaC03 + CaCl3 Greenhouse/Soil Pots Lettuce/Tops 1.9 ¢ ya (w.5.) 0.0% Singh (1981)
Grenville = 3.1 7.1 CaC0) ¢ C4Cly Greenhouse/Soil Pots Lettuce/Tops 17.2 ¢ IR 0.0% Gingh (1981)
Grenville cm 3.1 7.0 CdCl +« CaCO) GCreenhouse/Soll Ppots Lettuce/Tops 4.4 % YR (w.S8.) 9.635 Singh (1901}
Grenville [ ] 3.1 7.9 C4Cly ¢+ CaCO3 Greenhouse/Soil Pots Lettuce/Tops .2 % R 0.9% Singh (1981)
Grenville (5 3.1 6.7 Sludge Greenhouse/Soil Pots Lettuce/Tops 24.2 Yield Increase 9.05 Singh (1981))
Geenville [~ 3.1 6.6 Sludge Greenhouse/Soil Pots Lettuce/Tops 11.9 % YR (¥.8.) 9.05 Singh {(1981)
Grenville . 3.1 6.9 Sludge Greenhouse/Soil Ppots Lettuce/Tops 10.2 % Yield Increase(n.S5.) 0.0 Singh (1%981)
Grenville [ ] 3.1 6.9 Sludge GCreenhouse/Soil Pots Lettuce/Tops 3.3 % Yield Increase
N.S.) 9.0% singh (1981)
Loams 3.1 $.-8.1 Sludge Field Leeks /Bulb “Satisfactoty Yiele® NR Chumbley and Unwin (1982)
Loss 2.7 $5.-8.1 Slodge rield Radish/Tudec “Satisfactory Yield” NR Chuabley and Unwin (1982)
Harengo Silty Clay Loan 2.8 6.7 cdcly Greenhouse/Soil Pots Wheat/Tops 19.1 ¢ YR ua Maghiri (1973)
Hazengo 5ilty Clay Loam 2.5 6.7 cdacly Greenhouse/Soil Pots Soybeans /Tops 18.6 % YR NR Haghirl (197))
Oomino $Silt Loam 2.5 7.5 Sludge/CdSO, GCteenhouse/Soil Ppots white Clover/Tops 11 % ¥R NR Binghawm et al. (1976)
Doaino Silt Loam 2.8 7.5 5ludge/CAS0, Creenhouse/So1l Pots Sudan Grass/Tops 6 % YR NR Binghan et al. (1976)
Domino Silt Loam 2.5 7.3 Sludge/CAS04 Greenhouse/Soil Pots Alfalta/Tops 2% ¥R NR Bingham et al. (1976)
Domino Si1lt Loanm 2.5 7.5 Sludge/CdS0og Greenhouse/Soil pPots Tall Pescue/Tops No YR NR Bingham et al. (1976)
Domino Silt Loam 2.5 7.5 Sludge/CdS0, GCreenhouse/So1l pPots Recnuda Grass/Tops No YR ‘NR Bingham et al. (1976)
Bloomfield Loamy Sand 2.9 6.0 cdacl Greenhouse/So1l Pots Cotn/Shoats 28.2 % YR .01 Miller et ol. (1977)
Bloomfield Loamy Sang 2.0 5.5 cdcl, GCreenhouse/501l1 pPots Soyheans ‘Shoots 37.8 4 YR from 3.5 ppm
Sl Laevel 9.01 J09cess et 1. (1v78)
Plainfield Loamy Sand 2.9 6.5 €acl, Greenhouse/Soil Pots Soybeans/Shaots 27.2 VA YR from 0.5 ppm
Soil Level .91 Roggess et al. (1973)
Romona Sandy Loam 1.57 6.9 Sludge Greenhouse/50il pots Bacrley-Bacsoy/Tops 4 1 YR (N.S.) 9.01 Chang et al. (1982)
Pomona Sandy Loam 1.97 6.9 Sludge GCeceenhouse/Soil Pots Barley-Bciggs/Tops 2 %V YR (N.§5.) 0.01 Chang et al {1982)
Romona Sandy Loam 1.57 6.9 Sludge Greenhouseé/Soil pots Bacley-Flocida 10}/
Tops 2 1 Yield taccease 0.01 Chang et al. (1982)
Romona Sandy Loam 1.57 6.0 Sludge Grteenhouse/So1l Pots Bacley-Lackec/Tops 11 % Yield Inccease
{N.S.) ¢.01 Chang ez ai. (1982)



Table 36.

Phytotoxicity of total cadmium In soils, continued.

Soil Chemical
Concentration Soil Form Plant Species/ Hazard Significance
Soil Type {ppm) oM Applied Type of Experiment Part Response Level Reference
Bloomfield Loany Sand 1.9 5.9 CdCly Greenhouse/Soil Pots Soybeans/Shoots .19.6 A YR from 0.5 ppm
So11 Level 0.01 Boggess et al. (1976)

3) Praser Valley Ag. Soils 0.88 None Pield Farmland Backgzound NR John et al. (1972)
Helena Valley Soils 9.8 MR None Pield NA Background L) Hiesch and Huffoman (1972)
Grenville Loam 0-15 c» 0.60 6.7 None Greenhouse/Soil Pots Lettuce Background NR Singh (1981)
U.S. Soils 9.1-9.8 NR None Field A Background MNA Meyer et al. (1982)
16 Minn. Surface Soils 2.3 5.3-8.2 None field NR Background NA Pierce et al. (1982)
Plainfield Sand 9.33 4.8 None Field "Uncontaminated Site” Background NA Miles and Parker (1982)
Domino Silt Loam 9.3 7.8 * None Field Crop Land 3ackground NR Chang et al. (1982)
Helena Valley Soils 9.24 8.9 None Field Forage/Range sackground A EPA (1986)
16 minn. Subsoils 8.2 5.3-8.2 None field NR Background NA Piecce ot al. (1982)
Greenfield Sandy Loam 9.1 7.1 None Field Crop Land Background NR Chang et al. (1982)
Romona Sandy Loan 9.1 6.0 None Field Crop Land » Background NR Chang et al. (1982)

O
n
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Table 37.

Phytotoxicity of extractable cadmium in soils.

Soil Chemical
Concentration  Soil Form Plant Species/ Hazazd Signiticant
Soil Type {ppm) oH Applied 3ype of Bxperiment pare Response Exteractant Level Reference
Redding Pine Sandy Loam 524 5.7 Sludge/CAS0,4 Greenhouse/50i1 Pots Wheat/Grain 94 VYR DTPA-TEA 0.95 Mitchell et al. (1978)
Redding Fine Sandy Loam 524 5.7 Sludge/CdS04 Greenhouse/Soil Pots  Lettuce/Tops 97 % YR DTPA-TEA 9.03 Mitchell et al. (1978)
pomino Silt Loam 416 7.9 Sludge/Cd504 Greenhouse/50il1 Pots Wheat/Grain 95 \ YR DTPA-TEA 9.95 Mitchell et al. (1978)
pomino §ilt Loam >384.9 7.%-7.8 S1ludge/CAS0, GCreenhouse/Scil Pots Rice/Grain 25 VYR DTPA MR Binghan et al. (1975)
pomino Silt Loan 208 7.5 §ludge/CdA50,4 Greenhouse/Soil Pots Wheat/Grain 91 A YR DTPA-TEA 0.0% Mitchell ot al. (1978)
Domino §ilt Loam 208 7.5 £ludge/CA50, Gzeenhouse/50il Pots Lettuce/Tops 82 ¢ IR DTPA-TEA 9.95 nitchell ot sl. {1978)
Redding Fine Sandy Loam 168 s.? 8ludge/CA80,4 Greenhouse/Soil Pots  Wheat/Grain 82 \ YR DTPA-TEA .05 Hitchell et al. (1978)
Redding rine Sandy Loam 168 5.7 81udge/CA50, Groenhouss/50i} Pots  Letruce/Tops €9 \ IR OTPA-TEA 0.95 Mitchell ot sl. (1978)
Redding Fine Sandy Loam 122 $.7 8ludge/CAS0, Greenhouse/Scil Pots  Wheat/Grain 66 § IR OTPA-TEA 6.85 Mitchell et al. {1978)
Redding Fine Sandy Loam 122 $.7 5ludge/Cd80, Greaenhouse/Soil Pots Lettuce/Tops S VYR DTPA-TEA 9.05 Mitchell et al. (1978)
pomino 511t Loam 107 7.8 81udge/CA80, Greenhouse/soil Pots permuds Grass/Tops 2% A YR DTPA uR Bingham et al. (1976)
bowmino §ilt Loanm 102.8 7.5-1.8 §1udge/CA804 Greenhouse/Scil Pots Cabbage/Hesd 25 8 YR oTPA | 1] Bingham et al. (1975)
‘pomino 5ilt Losn 96.9 7.5-7.8 8ludqge/CiS04 Greenhouse/50i1 Pots succhini/Fruit 25 VYR OTPA WR Bingham et al. (1973}
Domino 5ilt Loam 96.6 7.5-7.8  Sludge/C4504 Greenhouse/Soi) Pots  Tomsto/Ripe Pruit 25 0 YR OTPA MR Bingham et al. (197%)
bomino 5ilt Loam 96.6 7.% 8ludge/CdSO4 Greenhouse/Soil Pots  Wheat/Grain 79 8 1R DTPA-TEA 9.03 nitchell et sl. (1978)
Domino 5ilt Loam 96.9 7.5 . 8ludge/CdSO4 Greenhouse/S0il Pots  Lettuce/Tops 64 VYR DTPA-TEA .05 Mitchell et al. (1978)
|pomine §ilt Loam n 7.% 51udge/Ca50, Greenhouse/Soil Pots  Tall Fescue/Tops 2% \ IR DTPA L3 Binghsm et al. {1976)
Redding Fine Sandy Loam 58 5.7 51udge/Cds504 Greenhouse/soil Pocs wheat/Grain 42 A YR OTPA-TEA 9.95 nitchell et al. (1978)
Redding Fine Sandy Loam L1:] 5.7 8ludge/Ca50, Greenhouse/S50il Pots Lettuce/Tops 20 VYR DTPA-TEA §.05% Mitchell et al. (1979)
Domino §ilt Loam 7.6 7.5-7.8 §ludge/CdS0,4 Greenhouse/Soil pPots Radish/Tuber 25 VYR DTPA WR Binghan et al. (1975)
Domino Silt Loam 49 1.5 Sludge/CdS50, Greenhouse/Soil Pots  Wheat/Grain 61 VYR DTPA-TEA .05 Mitchell et al. (1978)
‘Domino Silt Loam 49 7.5 Sludge/CAS04 Greenhouse/S0il Pots  Lettuce/Tops 61 % YR DTPA-TEA 9.85 nitchell et al. (1978)
Redding Fine Sandy Loam 31 5.7 S§ludge/CdSO, Greenhouse/Soil Pots wWheat /Grain 18 v YR DTPA-TEA 8.905 Mitchell et al. (1978)
Redding Fine Sandy Loam 3 $.7 §ludge/CAaS04 Greenhouse/Soil Pots  Lettuce/Tops 18 ¢ YR DTPA-TEA 9.05 Mitchell et al. (1978)
bomino Silt Loam 3.9 ?.5-7.8 Sludge/CAaS0,4 Greenhouse/Soil Pots Wheat/Grain 25 ¢ ¥R OTPA NR Bingham et al. (197%)
Domino §ilt Loam 29 7.5 ‘8ludge/CA50, Greenhouse/Soil Pots  White Clover 25 VIR OTPA :: Bingham et al, (1976)
Domino Silt Loam 24.9 7.5-7.8 Sludge/CAS0, Greenhouse/Soil Pots Field Bean/Dry Bean 25 % YR OTPA P Binghao et al. (197%)
Domino Silt Loam 23 7.5 5ludge/CdSO4 Greenhouse/Soil Pots  Wheat/Grain 22 % YR OTPA-TEA M Mitchell et al. (1973)
Domino Silt Loam 23 7.5 Sludge/CASO, Greenhouse/Soil Pots Lettuce/Tops 49 VYR DTPA-TEA . Mitchell et al. (1978)
Domino Silt Loem 22 7.% Sludge/CAa504 Greenhouse/50il Pots ::!alla/'rc;pl gs‘\yzaw Increase DTPA NR Bingham et al. (1976)
at/Grain e

Redding Fine Sandy Loam 1?7 5.7 51udge/CAs0y Greenhouse/So0il Pots eat /! N.S.) DTPA-TEA 9.0s nitchell et al. (1978)
Redding Fine Sandy Loam 17 S.7 Sludge/CAdS0y Greenhouse/Soil Pots Lattuce/Tops 7 % YR (N.5.) DTPA-TEA 8.985 ngtcheu et sl. (1978)
bomino Silt Loam 16.6 7.5-7.8  Sludge/CdsOy Greenhouse/Soil Pots  Turnip/Tuber 25 VYR DTPA NR Bingham et al. (197%5)
Domino Silt Loam 13 7.5 Sludge/CASO4 Greenhouse/Soil Pots  Wheat/Grain 10  Yield lncrease

(N.S.}) OTPA-TEA 0.0% Mitchell et al. (1978)
pomino Silt Loam 13 7.5 Sludge/CAS04 Greenhouse/Scil Pots Lettuce/Tops 12 v ¥R DTPA-TEA 9.95 Mitchell et al. (1978)
Domino Silt Loam 12.¢ 7.5-7.8 Sludge/CASOy Greenhouse/Soil Pots Carrot/Tuber 25 ¢ YR DTPA NR 3ingham et al. (1975)
Domino Silt Loam 11 7.9 Sludoe/CdsOy Greenhouse/Soil Pots Sudan Grass/Tops 25 \ YR DTPA NR Bingnam at al. (1976)
Domino Silt Loam 1¢.8 7.5-7.8 Sludge/CdS0Oy Greenhouse/Scil Pots Corn/Kernal 25 b YR DTPA NR

Bingham et al. (197%)



Table 37. Phytotoxicity of extractable cadmium in solls, continued.
Soil Chemical
Concentration  Soil Form Plant Species/ Hozard Sigmficance
$01l Tyoe (pom) pH Apolied Tvoe of Experiment Parce Response Extractant Leval Reterence
Domino Si1lt Loam 7.8 7.5-7.B Sludge/CdS0y Greenhouse/Soil Pots Lettuce/Head 25 % YR DTPA NR 8ingham et al
Domino 5ilt Losm 4.8 7.5-7.8  S5ludge/Cd50, Greenhouse/S0il Pots - Curly Cress/Shoots 23 VIR DTPA MR Bingham et ',' {1975)
Market Garden Scil 4.6 7.8 Sludge Field/mini Plots Linseed/Tops No ¥R EDTA NR OevVries a d‘ i
narket Garden Sail 4.6 7.4 Sludge Field/nini Plots Rapeseed/Tops No ¥R EDTA MR OaVries 324 norey (1989)
Harket Garden Sall 4.8 7.¢ Sludge Field/ninl Plots Safflowar/Tops No ¥R EOTA "y DeVeies and Merzy (1989)
Market Garden Soil e 1.4 Sludge Field/Hini Plots Radish/Roots No YR EDTA s DeVeies ang mes.) (1989)
Harket Garden Soil 4.6 7.0 S5ludge Field/mini Plots Carrot/Roots No YR EOTA ug DeVries and Merzy (1989)
Market Garden Soil 4.6 1.4 Sludge fisld/Mini Plots gilvetbeet/Roots Ho YR EDTA HR DeVries ana neryl {1388)
Grenville Loam 0-15 m 3.76 6.7 Al Precip CACl2 Greenhouse/50il Pots Lettuce/Tops 12.7 & ¥R (N.5.) DTPA .95 Singh (1981 Meccy (1989)
Grenville Loam 9-15 o= 3.68 6.6 cacly Greenhouse/Soil Pots Lettuce/Tops 7.5 % YR (N.S5.} DTPA 9.0% Singh (198 )
Grenville Loam 8-15 o 3.54 7.1 CaC03 + CdCl; Gresenhouse/$0i1 Pots Lettuce/Tops 16.6 % IR DTFA 9.9% Singh (195:,
Grenville Loam 9-15 o 3.44 7.4 CdCly_+ CaC0jy Greenhouse/50il Pots Lettuce/Tops 14.6 8 YR DTPA e.85 Singh u,“)
Grenville Loam 9-15 c» 3.32 6.6 Al precip C4Cly Greenhouse/Soil Pots Lettuce/Tops 15.2 % YR DTPA 8.85 Singh (1901,
Grenville Loam #-13% o 3.26 6.5 C4cCl Greenhouse/S8o0ll Pots Lettuce/Tops 13.9 % YR (9.85.) DTPA 8.05 Singh (19!11
Grenville Loan 6-15 o= 3.22 6.5 Fe Precip CACl2 Greenhouse/Soil Pocs Lettuce/Tops 8.9 § YR (M.5.} DTPA 8.95 singh (l!ﬂl:
Grenville Loam 9-15 cm 3.15 7.1 CaC03 + C4aCly Greenhouse/Soil Pots Lettuce/Tops 27.2 % ¥R DTPA 0.9% Singh (1981}
Grenville Loam 9-15 ca 3.06 6.9 céclz + Caco Greenhouse/Soll Pots Lettuce/Tops 23.2 ¢ IR DTPA 8.0 Singh (1901)
Domino Silt Loam 3.9¢ 7.5-7.8 Sludge/Cdso Greenhouse/So0il Pots Soybean/Dry Bean 25 § ¥R DTPA "R Bingham et al 1
Grenville Loaz #-15 o= 2.98 6.6 Hn Precip Csclz Greenhouse/Soi) Pots Lettuce/Tops 5.7 § YR (N.5.) DTPA 0.85 Singh (1981) - Qs
Grenville Loaa 8-15 cm 2.92 6.5 Fe Precip C4Cly Greenhouse/50il Pots Lettuce/Taops 21.9 % YR DTPA .85 singh (198))
Grenville Loan 9-15 cm 2.8% 6.7 HMn Precip CACly Greeohouse/50il Pots Lettuce/Tops 18.5 § YR DTPA 0.95 Singh (1901)
Grenville Loam 8-15 cm 2.60 6.8 Sludge Greenhouse/Soil Pots  Lettuce/Tops 298.3 % Yield Increase DTPA .95 Singh (198))
Grenville Loam 9-15 cm 2.59 6.7 Sludge Greenhouse/So1] Pots Lettuce/Tops $2.3 % Yiald Increase DTPA 9.85 Singh (1981)
Domino Silt Loam 2.48 7.5-7.8 Sludge/CABO0, Greenhouae/Sci1l Pots Spinach/Shoot 25 8 YR DTPA [ L] Bingham et al 197
Grenville Loam @-15 om .11 7.4 Sludge Greenhouse/Scil Pots Lettuce/Tops 19 \ Yield Increase 0OTPA 8.0% Singh (1981) ! 3
Grenville Loam £-15 cm 2.22 7.9 Sludge Greenhouse/Scil Pots Lettuce/Tops 55 § Yield Increase DTPA e.9% Singh (1981)
Grenville Loam @-15 cm 2.40 6.6 cacl, Greenhouse/Scil Pots Lettuce/Tops 1 VYR (N.S.) DTPA 9.05 Singh (198)1)
Grenville Loam €-15 cm 1.88 7.9 CaCD3 ¢ CaClj Greenhouse/Soil Pots Lettuce/Tops .9 % ¥R (¥.S.)} DTEA 9.9 Singh (1981)
Grenville Loam §-15 cm 1.7¢ 6.6 Al Precip C4Cl; Greenhouse/Scil Pots Lettuce/Tops 5.7 8 YR (B.5.) DTPA 9.85 Singh (19g))
Grenville Loam §-15 ca 1.7% 7.0 CdCl; + CaCO3 CGreenhouse/Soil Pats Lettuca/Tops 4.4 V YR (N.5.) DTPA 8.as5 Singh (198}))
Grenville Loam §-15 cm 1.66 6.6 Fe Precip Cdé!; Greenhouse/Soil Pots Lettuce/Tops 1 % YR IN.S5.) OTPA 0.0% Singh (1981)
Grenville CLoam ¢-15 cm 1.63 6.5 Al Precip CdCla Greenhouse/Scil Pots Lettuce/Tops 11.9 & YR [N.S§.) DTPA 9.9% Singh (1981)
Grenville Loam 9-15 cm 1.69 6.5 Mo Precip C4Cly Creenhouse/501)1 Pots Lettuce/Tops 9.6 4 YR (N.5.) DTPA 8.95 Singh (1981)
Grenville Loam 6-15 om 1.69 6.5 ol 10} ) Greenhouse/Scil Pots Lettuce/Tops 20.5 IR DTPA 9.08 Singh (1981}
Grenville Losm §-1% cm 1.60 7.1 Cac0j + €ACly Greenhouse/Soil Pots  Lettuce/Tops 17.2 8 ¥R DTPA a.es Singh (1991)
Grenville Losm 0-1% cm 1.60 7.8 CdCl; + CaC03 Greenhouse/Soil Pots  Lettuce/Tops 21.2 % YR OTPA 9.95 Singh (1981)
Grenville Loam 0-15 cm 1.52 6.6 Sludge GCreenhouse/Scil Pots Lattuce/Tops 11.9 ¢ YR (N.S.) DTPA 9.905 singh (1981)
Grenville Loam 0-15 cm 1.46 6.6 Fe Precip CACl, Greenhouse/Soil Pots Lettuce/Tops 23.2 L ¥R DTPA 9.8s Singh (1931)
Grenville Loam 6-~1% cm 1.46 6.6 Mn Precip CAClz Greenhouse/Scil Pots Lettuce/Tops 3.3 % YR (N.S.) OTPA 8.9s Sinan (1981}
Grenvilie Loam 8-15 o 1.38 6.7 Sludge Greenhouse/S50il Pots Lettuce/Tops 24.2 1 Yield Increase DTPA 9.0s sinéh (1981)
Grenville Loam 9-15 cm 1.32 6.9 S5ludge Greenhouse/Soal Pots Lettuce/Tops 10.2 ¢ Yield Increase
{N.5.} OTPA 9.0s Singh (19%8;
Grenville Loam 8-15 cm 1.52 6.9 Sludge Greenhouse/So1l Pots Lettuce/Tops 3.3 % Yield Increase
(K.5.) DTPA 9.05 singh (1981)
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Table 37. Phytotoxicity of extractable cadmium in soils, continued.

soil Chemical

Concentration Soil rorm plant Species/ Hazard significance

50i1 Type {ppm} pH Applied Type of Experiment Pact Response Rxtractant Level Reference
1365 W. Ireland Soil .

Samples 9.17 NR None rield NR Background EDTA, p¥ 7.9 [ L3 Dickson and Stevens (1983)
pPaxton Fine Sandy Loam <0.1 6.9 None Greeanhouse/Soil Pots  Alfalfa/Tops Background MH OAC-pH 4.8 WR Taylor and Allinson (1981)
Merrimac Fine Sandy Loam <8.1 6.9 None Greenhouse/Soil Pots Alfalta/Tops Background MHGOAC-pH 4.8 uR Taylor and Allinson (1981)
Domino §ilt Loam <9.1 7.5 None Greenhouse/Soil Pots  Lettuce-wheat/Leaves Background OTPA NA Nitchell et al. (1978)
Redding Fine Sandy Loam <9.1 s.7 Hone Greanhouse/Soil Pots Lettuce-Wheat/Leaves Background DTPA A Mitchell et al. (1978)

A - Horjiszon NGP 9.1 6.2-8.2 None Field Native Vegetation Background COTA L1 Severson et al. (1977}
A - Horizon WGP 9.1 6.2-8.2 None Field Native Vegetation Background DTPA NR Severson et al. (1977)
Grenville Loan 9-15 om 9.19 6.6 wona Greenhouse/Scil Pots Lettuce/Tops Background DTPA 9.93 Singh (1981)
Grenville Loam 8-15 cm 9.97 6.5 None Greenhouse/Scil Pots tettuce/Tops Backqround OTPA $.95 Singh (1981)

sassafras Silt Loam 9.97 5.4 None Field Uncultivated Pield packground OTPA HR White and Chaney (1980)
Helena Valley S5o0ils 9.02 8.9 Hone rield rorsge/Range Background DTPA NR EPA (1986)

C - Horizon WGP 8.91 7.9-8.9  None rield Native Vegetation Background EDTA WR Severson et al. (1977)
A - Horizon WGP 9.0 6.2-8.2 None field Native Vegetation Background NH{OAC R Severson et al, (1977)
C - Horizon WGP 8.02 7.6-8.9 None rield Native Vegetation Background DTPA NR Severson et al. {1977)
C - Horizon NGP 9.01 7.8-8.9 None rield Native Vegetation Backqground NHOAC NR Severson et al. (1977)
pocomoke Silt Loam 9.01 4.3 None rield Forest Background DTPA MR

A/ worthern Great Plains

White and Chaney (1989)
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Table 38. phytotoxicity of cadmium in vegetation.

Tissue
Concentration Chemical Form Hazard sojl Significant
Plant/Tissue (ppm) Type of Experiment Apolied Resoonse pH tevel Reference
Altalfa/Tops 3378.2 Greenhouse/Soil Pots Cds0y 29% YR 6.9 NR Taylor and Allinson (1981)
Alfalfa/Tops 1960.9 Greenhouse/Soil Pots Cds0y 21.9 t ¥R 6.9 NR Taylor and Allinson (1981,
Altalfa/Tops 1813.5 Greeanhouse/Soil Pots Cd(NO3)2°4H20 46.5 % YR (N.S.) 6.9 9.01 Taylor and Allinson (1981)
Lettuce/Roots 1628 Greenhouse/Soil Pots CcdCl, 60 8 ¥R 5.1 0.0S John (1973)
Cabbage/Leaf 800 Greanhouse/Solution Culture C4d50,4 50 % ¥R $5.9-5.5 NR Page et al. (1972)
Lettuce/Shoots 695 Greenhouse/Soil Pots €ds0¢/Sludge 96 \ YR 5.7 a.es Mitchell et al. (1978)
Lettuce/Leaves 667.7 Greenhouse/Soil Pots cacl) 91 ¢ ¥R 5.1 8.es John (1973)
Lettuce/Shoots $93 Greenhouse/Soil Pots Cds04¢/Sludge 58 § YR 5.7 a.05 Mitchall et al. (1978)
Tomato/Leaf 576 Greenhouse/Solution Culture CA504 S@ % ¥R 5.9-5.5 NR Page et al. (L972)
Turnip/Leaf 469 Greenhouse/Solution Culture CdsO4 73 % YR 5.9-5.9% NR Page et al. (1972)
Lettuce/Shoots (3% Greenhouse/Soil Pots CAaS04/Sludge 82 \ YR 7.5 9.65 Mictchell et al, (1978)
Radish/Tops 398 Greenhouse/Soil Pots cdcly 82 % ¥R 5.1 e.905% John (1973)
turnip/Lea’ 394 Greenhouse/Solution Culture C4d504 71 % YR $.9-5.5% NR Page et al. (1972)
Lettuce/Lesf 384 Greenhouse/Solution Culture CdS04 84 YR 5.9-5.5 NR Page et al. (1972)
Alfalfa/Tops 365 Greenhouse/Soil Pots Cds04 62.1 v YR 6.9 NR Taylor and Allinson (1981)
flantain/Shoots 350 Greenhouse/Soil Pots Cd Salts 5@ \ YR 4.4 NR Dij)kshoorn et al. (1979)
Lettuce/Shoots 34 Geceenhouse/Soil Pots Cds04/Sludge 64 8 YR 7.% 9.0S% Mitchell et al. (1978)
Beet/Leaf 326 Creenhouse/Saolution Culture Cd504 76 \ YR $.0-5.5 NR Fage et al. (1972)
Beet /Leat 321 Greenhouse/Solution Culture Cd504 62 % YR 5.8-5.5 NR Page et al. (1972)
Lettuce/Leafl 320 Greenhouse/Solution Culture CdSO4 S8 % YR 5.0-5.5 NR Page et al. (1972)
Beet/Leaf 295 Greenhouse/Solution Cultucre CAS04 73 8 ¥R 5.8-5.5 NR Page et al. (1972}
Carrot/Tops 29¢.4 Greenhouse/Soil Pots R CcdCl) 92 % YR 5.1 9.95% John (19713)
Red Beet/Leaf 299 Greenhouse/Solution Culture Cd4504 58 ¢ YR 5.9-5.5 NR Page et al. (1972)
Red Beet/Leatl 200 Greaenhouse/Solution Cultuxe CdSO,4 45.5 L YR 5.8-5.95 NR Page et al. {1972)
Alfalfa/Tops 279.1 Greanhouse/Soil Pots CA(NO3) 24120 71.9 ¢ YR 6.9 6.0l Taylot and Allinson (19381)
Turnip/Lea? 279 Greenhouse/Solution Culture CASOy $6 § YR 5.9-5.5 NR Page et al. [1972)
Broccoli/Leaves 268.9% Greenhouse/Soil Pots cdcl; 63 % YR 5.1 9.05 John (197))
Radish/Tops 264.7 Greenhouse/Soil Pots cdCly 24 % YR 5.1 9.05 Joha (197))
Corn/Shoots 264 Greenhouse/Solution Culture CdClj 66 V YR 5.5 NR Iwal et al. (1975)
Lettuce/Shoots 240 Greenhouse/Soil Pots CdS04/5ludge 19 Vv YR 5.7 8.0s Mitchell et al. (1978}
spinach/Lesves 239.3 Greenhouse/Soil Pots CdCla 99 % YR 5.1 0.85 John (197))
Sweet Corn/Leaf 234 Greenhouse/Solution Culture CdsO4 17 % YR 5.9 NR Page et al. (1972)
Sweet Corn/Leaf 230 Creenhouse/Solution Culture CdSO4 50 % YR 5.0 NR Page et al. (1972)
Sweet Corn/Leal 227 Greenhouse/Solution Culture CdsOy 45.5 § 'R 5.2 NR Page er al. (1972)
Lettuce/Shoots 226 Greenhouse/Soil Pots €ds04/51udge | 61 % YR 7.8 0.05 Mitchell et al. (1978)
Cabbage/Leat 212 Greenhouse/Solution Culture CdSO4 $3.5 ¥V YR 5.0-5.5 NR Page et al. (1972)
Spinach/Leaves 207.5 Greenhouse/So1l Pots cdcly 96 \ YR S.1 9.05 John (1973)
Caulifiower/Lasves 198.6 Creenhouse/Soil Pota cdCl 97 V YR 5.1 8.05 John (1973)
O2ts/Stalks 177 Greenhouse/Soil Pots cdcla 18 % YR (N.S.} 5.1 0.05 John (1973)
Tomato/Lea!l 174 Greenhouse/Solution Cultute CdSOy 6) v YR 5.0-5.5 NR Page et al. (1972)
Alfalts/Tops 171.6 Greenhouse/Soil Pots Cd(NO3) 2-4H20° 15.8 ¢ YR (N.S.) 6.9 0.01 Taylor and Allinson (1981)
Sweet Corn/Leaf 165 Greenhouse/Solution Culture CdsOy4 33.5 Vv YR 5.0-5.5 NR Page et al. {1972}
Cabbage/Most IeTent
Enclosed Leal 160 Greanhouse/Soil Pots Sludge/CAS0y 25 4 YR 7.5-7.8 HR 3iagham (1Y79)
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Table 38. Phytotoxicity of cadmium in vegetation, continued.

Ti1ssue
Congentrat:on R i - 58 ~3zard Soil significant

P.anz-T.ssue ' >om} Twoz i T.meziT2ant iy .8 as2onse oH Leve!l Rearence
Pepper/Leaf 166 Greenhouse/Solution Culture C3S04 58 % YR 5.0-5.5 NR Page et al. (1972)
Turnip/Leaf 160 Greenhouse/Solution Culture CASO, 22 \ ¥R 5.0-5.5 MR Page et al. (1972)
Lettuce/Shoots 153 Greenhouse/Soil Pots CdS04/Sludge 49 \ YR 1.5 0.065% Mitchell et al. (1978)
Swiss Chard/Leaves 153 Greenhouse/Soil Pots Sludge/Cds04 $6.7 % YR 7.5 NR Mahler et al. (1980)
Swiss Chard/Shoots 150 Greenhouse/Soil Pots CdS04/Sludge 25 ¢ YR 7.5-7.8 NR Bingham at al. (1975%)
Lettuce/Shoots 147 Greenhouse/Soil Pots CdS04/Sludge 18 ¢ YR 5.7 @.as Mitchell et al. (1978)
Tomato/Leaf 138 Greenhouse/Solution Culture CASO4 : S9 % YR 5.6-5.5 NR Page et al. (1972)
Tomato/Leaft 125 Greenhouse/Soil Pots Sludge/Cdsog 25 & YR 7.5-7.8 NR Pingham et al. (1975)
Radish/Tubers 123.3 Greenhouse/Soil Pots cacl, 93 ¢t YR 5.1 8.95 John (1973)
Turnip/Leaf 121 Greenhouse/Soil Pots Sludge/CdsSOy 25 § YR 7.5-7.8 NR Bingham et al. (1975)
Barley/Leaf 120 Greenhouse/Solution Culture CdSO04 5¢ % YR 5.8-5.5 NR Page et al. (1972)
Lettuce/Shoots 118 Greenhouse/Soil Pots CdS04¢/Sludge 45 % ¥R 7.5 9.9% Mitchell et al. (1978)
Peas-Perf /Vine 116.9 Greenhouse/Soil .Pots CdacCly 87 3 YR S.1 9.05 Johan (1973)
Oats/Stalk 116.5 Greenhouse/Soil Pots cdcly 22 % YR (N.S.) 5.1 9.95 John (1973)
Corn/Lower Leaves 116 Greenhouse/Solution Culture CdCl; 41 V ¥R 5.8 NR Iwai et al. (1975)
Tomato/Leaf 115 Greenhouse/Solution Culture CdSO4 . 41 V YR 5.8-5.5 NR Page et al. (1972)
Green Pepper/Leaf 104 Greenhouse/Solution Culture CAdSOy S8 § YR 5.0-5.5 NR Page et al. (1972)
Corn/Upper Leaves 99 Greenhouse/Solution Culture CdCl; 41 S YR 5.9 NR Iwai et al. (1975)
wWheat /Grain 95 Greenhouse/Soil Pots C4S04/Sludge 82 % YR 5.7 9.05 Mitchell et al. (1978)
Sweet Corn/Leaf 9e Greenhouse/Solution Culture CdsSO4 6.5 % YR 5.8-5.5 NR Page et al. (1972)
wWheat /Grain 87 Greenhouse/Soil Pots €ds04/5ludge 66 & YR 5.7 .05 Mitchell et al. (1978)
Corn/shoots 85 Greenhouse/Solution Culture CdCl; 23 % YR 5.5 NR twai et al. (1975)
Curlycress/Edible 8@ Greenhouse/Soil Pots Sludge/CdsSOy4 25 V YR 7.5-7.8 NR Bingham et al. (1975)
Carrot/Tops 79.3 Greenhouse/Soil Pots cdcly 11 Vv YR (N.S.) s.1 8.495 John (1973)
Barley/Leaf 75 Greenhouse/Solution Culture CdsS0O4 68.5 ¢ YR 5.8-5.5 NR Page et al. (1972)
Radish/Leaf 75 Greenhouse/Soil Pots Sludge/CdS0y 25 t YR 7.5-7.8 NR Bingham et al. (1975)
Spinach/Shoot 75 Greenhouse/Soil Pots Sludge/Cds0, 25 ¢ YR 7.5-7.8 MR Bingham et al. (1975)
Curlycress/Leaf 7@ Greenhouse/Soil Pots Sludge/CdASOy 25 § YR 7.5-7.8 NR Bingham et al. (1975)
Lettuce/Head 70 Greenhouse/Soil Pots Sludge/CdsOy 25 V YR 7.5-7.8 NR Bingham et al. (1975)
2zucchini/Leaf 68 Greenhouse/Soil Pots Sludge/CdsO4 25 ¢ YR 7.5-7.8 NR Bingham et al. (1975)
Lettuce/Shoots 68 Greenhouse/Soil fots Cds04/Sludge 23 ¢ YR (N.5.) 7.5 8.05 Mitchell et al. (1978)
Bermuda Grass/Tops 67 Greenhouse/Soil Pots Sludge/CdSOq 68 t YR 7.5 NR Bingham et al. (1976)
Corn/Lower Leaves 60 Greenhouse/Solution Culture CdCl) 18 ¥ YR 5.8 NR Iwai et al. (1975)
Tomato/Leaf 58 Greenhouse/Solution Culture CdsOy4 28 V YR 5.0-5.5 NR Page et al. (1972)
Alfalfa/Tops 57.6 Greenhouse/Soil Pots €ds0, 9.7 % Yield Increase 6.9 NR Taylor and Allinson (1981)
Radish/Tubers 54.6 Greenhouse/Soil Pots Cacl, 28 ¢ YR (N.S.) 5.1 9.95 John (1973)
Lettuce/Tops 52.0 Greenhouse/Soil Pots Al Precip/CdCl, 12.7 8% YR (N.S.) 6.7 9.85 Singh (1981)
Lettuce/Tops 51.5 Greenhouse/Soil Pots CaC03 + CdcCl, 16.6 v ¥R 7.1 8,05 Singn (1981)
Lettuce/Leaves 51.1 Greenhouse/Soil Pots Cdacl, 7.5 A Yield Increase
Lettuce/Tops 49.7 Greenhouse/Soil Pots Fe Precip/CdCl; 8.9 % YR (N.S.} 6.5 @.@5 singh (1981)
Lettuce/Tops 48.7 Greenhouse/Soil Pots CdCl; + CaCo;, 14.6 % YR 7.0 @.95 Singh (1981}
Lettuce/ieaf 48 Greenhouse/So1l Pots Sludge/CdS04 25 ¥ YR 7.5-7.8 NR Bingnam et al. (197%)



Table 38. pPhytotoxicity of cadmium in vegetation, continued,

Tissue
Cencanrcraticn Chemical form razard Soil S:gniiizanz
Planz/T:ssue ‘rpmd Tne 0f cS.periment apoliad Resnonse oK Lecel Relerence

Oats/Stalk 47.4 Greenhouse/Soil Pots €dCly 31 V Yield Increase

(N.S.) S.1 9.0s John (1973)
Lecttuce/Tops 46 .4 Greenhouse/Soil Pats CdCly 7.3 ¢ YR (N.S5.) 6.6 9.05 Singh (1981)
Qats/Leaves 45.4 Greenhouse/Soil Pots c€dcl, 3.1 ¢ YR (N.S§.) 5.1 9.05 John (1973)
Alfalfa/Tops 45 Greenhouse/Soil Pocs Sludge/CdSOy 56 % YR 7.5 HR Bingham et al. (1976)
Corn-High Accum/Stover 4.4 Field Sludge 16 V YR 7.4 9.05 Hinesly et al. (1982)
Bermuda Grass/Leaf 43 Greenhouse/Soil Pots Sludge/Cds0, 25 4 ¥R 7.5 NR Bingham et al. (1976)
Tal)l Fescue/Tops 42 Greenhouse/Soil Pots Sludge/CdSO4 30 4 ¥R 7.5 NR Bingham et al. (1976)
“Alfslfa/Tops 40.3 Greenhouse/Soil Pots Cd (NO3) 2-4H20 1 A Yield Increase

(N.S.) 6.9 8.91 Taylor and Allinson (1981)
Tall Fescue/Tops 40 Greenhouse/Soil Pots 5ludge/CdSOy 24 L ¥R 7.5 HR Bingham et al. (1976)
Ryegrass/Shoots 40 Greenhouse/Soil Pots Cd Salts S8 % YR 4.4 NR Dijkshoorn et al. (1979)
Wheat/Grain 39 Greenhouse/Soil Pots €ds04/Sludge 42 V YR 5.7 9.905 Mitchell et al. (1978)
Corn/Shoots 39 Greanhouse/Solution Culture CACly 10 % YR 5.5 NR Iwai et al. (1975)
Lettuce/Tops 38.5 Greenhouse/So1l Pots Mn Precip/CdCl; $S.7 % YR (N.S.) 6.6 9.905 Singh (1981)
Peas-Perf/Vine 37.2 Greenhouse/So0il Pots cdcly 27 A YR (N.S5.) 5.1 0.05 John (1973)
Tall Fescue/Leaf » Greenhouse/Soil Pots Sludge/Cds0,y 25 \ YR 7.5 NR Bingham et al. (1976)
Corn/Upper Leaves 7 Greenhouse/Solution Culture CdCl; 18 ¢ YR 5.0 NR Iwai ot al. (1975)
Bermuda Grass/Tops 36 Greanhouse/Soil Pots Sludge/CdS0,4 12 v YR 7.5 NR Bingham et al. (1976)
Alfalta/Tops 36 Greenhouse/Soil Pots C€ds04 23.6 \ YR 6.9 NR Taylor and Allinson (1981)
Broccoli/Leaves 36 Greenhouse/Soil Pocs €dcl, 28 % Yield Increase

{N.S5.) 5.1 9.95 Joho (1973)

— White Clover/Shoots 36 Greenhouse/Soil Pots Cd Salts S9 VYR 4.54 NR Dijkshoorn et al. (1979)
O Alfalfa Tops k[3 Greenhouse/Soil Pots Sludge/CdS0y 49 \ YR 7.5 NR Bingham et al. (1976)

Corn/Leaf S Greenhouse/Soil Pots Sludge/CdsS0y 25 ¢ YR 7.5-7.8 1} Bingham et al. (1975)
Field Bean/Leaf 3s Greenhouse/Soil Pots CdS0g¢ 85 & YR 5.9-S5.9% NR Page et al. (1972)
Alfalfa/Tops 4.9 Greenhouse/Soil Pots Cas0, 67.4 ¢ IR 6.9 HR Taylor and Allinson (1981)
Corn-High Accum/Stover 3e.? rield Sludge 19.6 % Yield Increase

(N.S.) 7.4 9.90% Hinesly et al. (1982)
Field Bean/Leaf 34 Greenhouse/Solution Culture CdSO4 79 V YR 5.0 NR Page et al. (1972)
Oats/Grain 33.6 Grteenhouse/Soil Pots €dCl, $7 ¢ ¥R S.1 [ 1 John (1973)
Wneat/Leaf 33 Greenhouse/Soil Pots Sludge/Cds0y 25 3 YR 7.% NR Bingham et al. (1975)
Carrotr/Leaf 32 Greenhouse/Soil Pots Sludge/CdSOy 25 8 YR 7.8 NR Bingham et al. (1975}
wWheat/Grain 31 Greenhouse/Soil Pots €ds04/S1ludge 95 % YR 7.5 8.0s Mitchell et al. (1978)
Lettuce/Tops 30.2 Greenhouse/Soil Pots CaCoy + CdaCl3 27.2 A ¥R 7.1 8.0% Singn (19%81)
Tall Fescue/Tops le Greenhouse/Soil Pots S$ludge/CAS0y 19 ¢ ¥R 7.5 NR Bingham et al. (1976}
Carrot/Tubers 29.8 Greenhouse/Soil Pots cdCljy 96 % YR 5.1 68.05 John (1973)
Alfalfa/Tops 29.5 Greenhouse/S5o0il Pots Cdsoy 31.2 & ¥R 6.9 0.0l Tayloc and Allinson (1981)
wneat/Grain 29 Greenhouse/So1l Pots CdS04/Sludge 91 % YR 7.5 Q.05 Mitchell et al. (1979)
Lettuce/Tops 28.3 Greenhouse/Soil Pots CdCly ¢ CaC0j 23.2 A\ ¥R 6.9 8.05 Singh (1981)
Lettuce/Tops 28.3 Greenhouse/Soil Pots .CaCcOy + CdCl 2 A YR (N.S.) 7.0 a.es Singh (1981)
Peas-Perf/Pod 28.2 Greenhouse/Soil Pots cacl, 92 \ ¥R 5.1 .05 Jonn (197))
Bermuda Grass/Tops 28 Greenhouse/Soil Pots Sludge/CdsS0y 12 % YR 7.5 NR Bingham et al. (1976)
wheat/Grain 20 Greenhouse/Soil Pots CdS504/Sludge 76 3 YR 7.5 9.05 Mitchell et al. (1978)
Lettuce/Tops 27.5 Greenhouse/Soil Pots Al Preci1n/CdCl, 6 4 YR (N.S.) 6.6 9.95 Singh (1981})
Lettuce/Tops 27.1 Greenhouse/Soil Pots Al Prec1p/CdCly 15.2 ¢ ¥R 6.6 0.95 Singh (1981)
Alfalfa/Tops 27 Greenhouse/So1l Pots Sludge/CdS0, 28 o YR 1.5 NR Bingham et al. (1976)



Table 38. Phytotoxicity of cadmium in vegetation, continued.

r{d}

Tissce
Concenszaz. cor Chimicat Form Hazacd Sail Significant
Planz/Tissue (som? Tuoe of Svnarimant . applied LRI oH Lavel Refezcnce
Field Bean/Leat 27 Greenhouse/Solution Culture CdAS0, 66 \ YR 5.9-5.5 NR Page et al. (1972)
Carrot/Tubers 26.8 Greenhouse/Soil Pots CdCl, 8.2 v YR (N.S.) 5.1 8.05 John (19173)
Tall Fescue/Tops 26 Greenhouse/Soil Pots Sludgae/CdS0y 2 VYR 7.5 NR Bingham et al. (1976)
Lettuce/Tops 25.7 Greenhouse/Soil Pots Fe Precip/CaCl; 1.3 § YR (N.S.) 6.6 9.85% Singh (1981)
Lettuce/Tops 25.6 GCreenhouse/Soil Pots Ccdacla 1.3 ¢ YR (N.S.) 6.6 9.05 singh (1901)
Lettuce/Tops 25.4 Greenhouse/Soil Pots Fe Precips/CdCly 21,9 % ¥R 6.% 0.3% Singh (1981)
Wheat/Grain 25 Greenhouse/Soil Pots C€A504/81udge 18 § ¥R 5.7 9.0% Mitchell et al. (1978)
Corn-High Accum/Stover 24.9 Field Sludge 27 ¢ YR 7.4 8.95 Hinesly et al. (1982)
Corn-High Accum/Stover 24.6 Field Sludge 9.8 ¢ YR (N.S.) 7.4 9.05 Hinesly et al. (1982)
Lettuce/Tops 24.6 Greenhouse/Soil Pots cdcl, 13.9 % YR (N.S5.) 6.5 0.05 Singh (1981)
Lettuce/Tops 24.4 Greenhouse/Soil Pots CdCly « CaCoy 4.4 L YR (N.S.) 7.9 9.05 S§ingh (1981)
Alfalfa/Tops 24 Greenhouse/50il Pots Sludge/Cds50g4 25 & YR 2.8 NR Bingham et al. (1976)
Corn-High Accum/Stover 21.9 Field Sludge 5.6 V YR (N.S.) 7.4 e.8S Hinesly et al. (1982)
Lettuce/Tops 23.6 Greenhouse/50i1 Pots Mn Precip/CdCly 1 % YR (N.S.) 6.5 9.05 Singh (1981)
White Clover/Tops 22.5 Greenhouse/S0il Pots Sludqge/CdS04 S8 8 YR 7.8 NR pincham et al. (1976)
Field Beans/Leaf 22 Greenhouse/Solution Culture Cd50, 5@ % YR 5.0 NR Page et al. (1972)
Cozn/Lover Leaves 22 Greenhouse/Solution Culture CdCl; 2 %V YR 5.0 tup twai et al. (1975)
Alfalfa/tops 21.7 Greenhouse/Soil Pots Cd (NOj3) 2- 4H20 $6.2 ¢ YR 6.9 9.91 Taylor and Allinson (1991
White Clover/Tops 21.5 Greenhouse/Soil Pots Sludge/CdS0y 44 L YR 7.5 NR Bingham et al. (1976)
Radish/Tuber 21 Greenhouse/Soil Pots Slucce/Cqdsoy 28 % ¥R 7.5 NR B8inghan et al. {197%)
Oats/Grain 20.8 Greenhouse/Soil Pots ¢dCly 16 v YR 5.1 e.0% John (1973)
Lettuce/Tops 20.¢ Greenhouse/Soil Pots Mn Precip/CdCl, 18.5 % ¥R 6.7 9.05 Singh (1981)
Bermuds Grass/Tops 20 Greenhouse/Soil Pots Sludje/CdAs0y S % YR 7.5 NR Bingham et al. (1976)
Cozn/Leaf - Shoot 20 Greenhouse/Solution Culture CdCl; Onset YR 5.5 NR Iwai et al. (1975)
Alfalfa/Tops 19.9 Greenhouse/Soil Pots CdS04 3.6 v YR 6.9 NR Tayloc and Allinson (1901
Peas-~Perf/Seed 19.7 Greenhouse/Soil Pots cdcl, 99 % YR 5.1 9.0% John {197))
Corn/Keznal 19 Greenhouse/50il Pots $ludge/CdsOy 25 § YR 7.5-7.8 NR Bingham (1979)
Carrot/Tuber 19 Greenhouse/Soil Pots Sludge/CdsO, 25 & YR 7.5-7.8 N8R Bingham et 2l. (1975)
wheat/Grain 19 Greenhouse/Soil Pots Cds0y/sludge 61 \ YR 7.% 0.905 Mitchell et al. (1978)
Cacliflower/Leaves 16.5 Greenhouse/Soil Pots CdCly 2.7 vV YR (N.S.) 5.1 9.0% John ({197))
Sudan Grass/Tops 18 Creenhouse/Soil Pots Sludge/CdS0y4 S8 V% YR 7.5 NR Bingham et al. (1976)
Corn/Upper Leaves 17 Greenhouse/Solution Culture CdCl) 2 % YR 5.9 4R Twali et al. (1978)
White Clover/Lesf 17 Greenhouse/Soil Pots $ludge/Cdsoy 25 v YR 7.5 MR Bingham et al. (1976)
Altalfa/Tops 17 Gzeenhouse/So11 Pots Sludge/CdsOy 20 v YR 7.5 NR Bingham et al. (1976)
Alfalfa/Tops 16.3 Greenhouse/Soil Pots CdS04 13.9 1 ¥R 6.9 NR Taylor and Allinson (1981
Cozn/Shoots 16 G:2enhousesSolution Culture CdCla 10 ¢ YR 5.5 NR Iwai et al. (1975)
Lettuce/Tops 15.8 Gzeennouse/So1! Pots Calny + CéCla 12.2 % ¥k 7.1 0.05 Si1nagh (1961)
Turni1p/Tuder 15 GC:eenhouse/So1! Pots Sludge/CdsSdy 25 % R 7.5-7.8 NR Binghan et al. (1975)
Tall Fescue/Tops % Greenhouse/So1l Pots Sludge/Cds0y 1 ¥ YR 7.% NR Bingham et al. (1976)
Field Bean/Leaf 15 Greenhouse/So1l Pots Sludge/Cds0, 25 & YR 7.5-7.8 NR Bingham et al. (1975)
Lettuce/Tops 15 Greenhouse/Scil Pots Caécl; + CacOy 21.2 VYR 7.8 g.0% Singh (1981)
Barley-Julis/Shoots 15 Gteenhouse/Sand Culture €dsoy 10 ¢ YR NR NR Davis et al. (1978)
Corn-High Accum/Stover 14.2 Field Sludae IZ VYR 7.4 0.05 Hinesly et al. (1982)
Lettuce/Tops MR 3 C:zaennouse,/So:.l DJots siudqe 29,3 § ¥R 6.8 0.85 Singh (1981)
Wheat/Grain i3 Greenhouse, 501! ?2ors CdsSNs/5lucce 22 % 1R 7.5 0.05 Mitchell et al. (1978)
Tomato/Tops 12,6 Gzeenhcuse, f::! Sars H:ign Me:ai 5.udze 85 Y VP 6.2 0.91 Starrett et al. (1982)
Tomato/Tops 2.8 Greenhousa/Ssi! fcts Hizh Meta: Sleace 65 1 ¥R 6.2 0.31 Sterrect et al. (1982)
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Table 38. Phytotoxicity of cadmium in vegetation, continued.

Plani/TissLe

Tede of Zvoe:iment

Chemical! Form
Aoplied

a3zacd
Pessonsa

SiGn:ficant
Lave:

Reference

Corn-Low Accum/Stover

Sudan Grass/Tops
Lettuce/Tops
Lettuce/Tops

Cozn-Low Accum/Stover

Wheat/Grain
Cabbage/Neasd
Lettuce/Tops
Corn-High Accum/Stover
Alfalfa/Tops
Corn-High Accunm/Stover
Alfalfa/Tops
Peas-Perf/Seed

wWhite Clover/Tops
Altaltfa/Tops

Zuechini /Fruit
Peas-Parf /Pod

Sudan Grass/Tops
Sudan Grass/Leaf
Bermuda Grass/Tops
Bean/Leaf
Alfalfa/Tops

Corn-Low Accum/Stover
Barley-Julia/Shoots
Alfalfa/Tops
Cabbage/Tops
Cabbage/Tops
Alfalfa/Tops
Tomato/Ripe Fruit
Soybean/Leaf

Tall Fescue/Tops
Soybean/Dry Bean
Lettuce/Tops
Lettuce/Tops

Sudan Grass/Tops

Tall Fescue/Tops
Rlfalta/Tops
Corn-High Accum/Stover
wWhite Clover/Tops
Lettuce/Tops
Alfalfa/Tops

.« .
Nl -
~ o

o

RV ISR
[

VMR UNONO N Ul D wDOOOO OO W

Field

Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
rield

Greenhouse/5oil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Field
Greenhouse/30il Pots
rield
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greaenhouse/Soil Pots
Greenhouse/Solution Culture
Greenhouse/Soil Pots
Field
Greanhouse/Sand Culture
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/S5o0il Pots
Greenhouse/Soil Pots
Greenhouse/Soil Pots
Greenhouse/So01l1 Pots
Greenhouse/So1l Pots
Greenhouse/Soil Pots
Greenhouse/So1l Pots
Greenhouse/So1l Pots
Field
Greenhouse/Soil Pots
Greenhouse/S5o1l Pots
Greenhouse/Soi1l Pots

Sludge

§ludge/Cds0O
Fe P:ecip/Cgclz
Al Precip/CdCl;
Sludge

Sludge/CdsS0y
Sludge/Cdsoy
Cdcl,

$ludge

Mn Percip/CdCla
S§ludge
Ca(u0j3) ; 4H0
Cdacl,
Sludge/CdASOy
cdaso
Sludqge/CdS0,
cacl,
Sludge/CdS04
Sludge/Cds0,y
Sludge/CdS0y
cdso,

CdsOo4

Sludge

Cds0q
Sludge/CdSO,

High Metal Sludge
High Metal Sludge

Cdsoy
Sludge/CdS0,
Sludge/CdSO4
Sludge/CdS0Oy
Sludge/CdS0y
Sludge
Sludge
Sludge/C650y
Sludge/Cds0,
Cdsoy

Sludge
Sludge/CdS0y
Sludge
Sludge/CdsOy

3.9 % Yield Increase
{N.§5.)

43 VYR

23.2 % Y&

11.9 ¢ TR (M.S8.)

8  Yield Increase
(4.8.)

2% ¢ YR

25 s YR

20.5 Vs IR

38 ¢ YR (M.S5.)

3.3 % YR (N.8.)

11.8 ¢ YR (u.5.)

27.3 8 R

9.1 v 2

15 % YR

9.8 \ Yield Increase

25 § YR

30 ¢ YR (M.S.)

3¢ ¢ YR

25 % YR

4 % YR

27.5 8% ¥R

4.3 ¢ Yield Increase

.7 ¥ YR (N.S.)

Upper Critical Level

16 % YR

65 8 ¥R

67 % YR

3.5 A Yield Increase

2% § ¥R

25 % YR

6V YR

25 § YR

19 8 YR

$2.3 A Yield Increase

18 ¥ ¥R
1% YR

20.3 A\ Yield Increase

22 V YR (N.S.)

20 V YR

24 § Yield Increasae
8 % YR

IR
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9.e5

9.05
0.95

9.08
NR

NR

e.05
9.05
.08
0.9%
9.01
9.9%

NR
NR
¢.as
MR
NR
NR
NR
NR
0.05%
NR
NR
0.9l
.01

Hinesly et al. (1902)
Binghas et al. (1976)
Singh (1981)
Singh (1981)

Hinesly et al. (1%9982)
Binghan et al. (197S)
Bingham et al. (1397%)
Singh (1981)

Hinesly et asl. (1982)
Singh (1901)

Hinesly et al. (1982)
Taylor and Allinsca (1961)
John (1973)

Binghas et al. (1976)
Taylor and Allinson (1981)
Bingham et al. (1975)
John (197))

Bingham et al. (1976)
Bingham et al. (1976)
Binghan et al. (1976)

Page et al. (1972)

Taylor and Allinson (1981)
Hinesly et al. (1982)
Beckett and David (1977)
Bingham et al. (197¢)
Stercett at al. (1982)
Sterrett et al. (1982)
Taylor and Allinson (1981)
Bingham et al. (197s)
Bingham et al. (1979}
Bingham et al. (1976)
Singham et al. (197%)
Singh (1981)

Singh (1981)

Bingham et al. (1976)
3ingham et al. {1376
Taylor and Allinson :193])
Hinesly et al. (1582;
Bingham et al. (1976)
Singh (1981)

Bingham et al. (197%)
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Table 38. Phytotoxicity of cadmium in vegetation, continued,

Tissce .
Joncenzzatior cremical Form Hazard Soil Significant

Plant/Tissve toor) T.oe 02 : spelied Rasoonse oY Lavel Refezence
Barley-Larker/Scraw §.57 Greenhouse/Soil Pots Sludge 11 ¢ Yield Increase 6.0 9.01 Chang et al. (1982)
Corn-Low Accum/Stove: ¢.18 Field Sludge 11.) % vield Increase

(N.S.) 7.4 9.0% Hinesly et al. (1982)
Bermuda Grass/Tops 4 Greenhouse/Soil Pots $ludge/Cds0, 1 VYR 7.% R Binghan et al. (1976)
Lettuce/Tops 3.8 Greenhouse/Soil Pots Sludge 11.9 § YR 6.6 8.05 Singh (1981)
Corn-Low Accum/Stover 3.9) Field Sludge 2.2 V Yield Increase

n.8.) 7.4 9.08 Hinesly et al. (1902)
Alfalfa/Tops 3.4 Greenhouse/Soil Pots Cd{N03) 3 4H20 23.7 8 YR (M.5.) 6.9 6.01 Taylor and Allinson (1981
Lettuce/Tops J.2 Greenhouse/Soil Pots Sludge 19 % Yjeld Increase 6.9 9.08 singh (1981)
Altalta/Tops 3.1 Greenhouse/Soll Pots None Background 6.9 NR Taylot and Allinson (1981
Rice/Leat 3 Greenhouse/Soil Pots Sludge/Cds50, 25 % IR 7.5-7.9 MR Bingham et al. (197%)
Corn-Low Accum/Stover 2.8) rield Sludge 2.9 A Yield Increase

(8.8.) 7.4 6.08 Hinesly et al. (1982)
Lettuce/Tops 2.8 Greenhouse/Soil Pots Sludge $S %\ Yield Increase 7.¢ 9.0% Singh (1981)
Alfalfa/Tops 2.6 Greenhouse/Soil pots Cds04 13.6 ¢ R 6.9 ¥R Tayloc and Allinson (1981
Sudan Grass/Tops 2.5 Greenhouse/Soil Pots 8ludge/CdS0,4 8 8 YR 7.9 R Binghan et al., (197¢)
White Clover/Tops 2.8 Creenhouse/Soil Pots §ludge/CdS0, S \ Yield Increase 7.5 1] Bingham et al. (1976)
Barley-Barsoy/Strav 2,45 Greenhouse/Soil Pots Sludge 15 % YR (M.S5.) 5.9 0.01 Chang et al. (1982)
Lettuce/Tops 2.4 Greenhouse/Soil Pots Sludge 3.3 A Yi{eld Inccease

(u.S.) 6.9 0.9% singh (1901)
Alfalfa/Tops 2.4 Greenhouse/Soil Pots Cd(NOj) 2+ 4H20 16.5 A YR 6.9 9.01 taylor and Allinson (1961
Barley-Briggs/Strev 2.0 Greenhouse/Soil Pots §ludge 27 8 YR (N.S.) 6.0 9.01 Chang et sl. (1982)
Alfalfa/Tops. 2.3 Greenhouse/Soll pots None .Background 6.9. []] Taylor and Allinson (1981
Alfalfa/Tops 2.2 Greenhouse/Soil pots Cds504 1.4 8 YR 6.9 L Taylor and Allinson (1981
Barley-Florida/Strav 2.19 Greenhouse/50il Pots §ludge 14 § Yield Incresse 6.9 8.9} Chang et asl. (1982)
Altalfa/Tops 2.1 Greenhouse/Scil Pots €450, 3.0 % Yield Increase 6.9 R Taylor and Alliason (1981
Rice/Grain 2 Greenhouse/Soil Pots $ludge/CdAs0y 25 VYR 7.5-7.0 W Bingham et al. (1975)
Corn/Kernal 2 Greenhouse/Soil pots S§ludge/Cds0, 25 V YR 7.5-7.8 ng Blingham et al. (1973)
Alfalta/Tops 2 Greenhouse/Soil Pots Sludge/CAS0y 2% YR 7.8 NR Binghan et al. (1976)
Sudan Grass/Tops 2 Greenhouse/Soil Pots 8ludge/CdSO0, 8 v YR 7.8 NR Bingham et al. (1976)
Corn-Low Accum/Stover 1.87 Fleld sludge 16 § YR (N.5.) 7.4 9.0% Hinesly et al. (1982)
Corn-High Accum/Grain 1.83 Field Sludge 14 4 YR (N.S.) 7.4 9.0% Hinesly et al. (1982)
Corn~Low Accum/Stcver 1.82 Field Sludge 9.9 % Yield Increase

(H.S5.) 7.4 8.08 Hinesly et al. (1982)
Corn/High Accum/Grain 1.70 Fleld Sludge 11.5 4 YR (N.S.) 7.4 9.01 Hinesly et al. (1982)
Field Bean/Dry Bean 1.7 Greenhouse/Soil Pots Sludge/Cds0y 25 VYR 7.5-7.8 MR Bingham et al. (1975)
Corn-Low Accum/Stover 1.66 Field Sludge 11.7 8 YR (N.5.) 7.4 .83 Hinesly et al. (1982)
iLettuce/Shoots 1.6 Greenhouse/Soil Pots None Background 5.7 6 7.5 0.05 Mitchell et al. (1978)
Lettuce/Tops 1.6 Greenhouse/Soil Pots None Background 6.6 8.05 Singh (1981)
Corn-High Accum/Grain 1.48 Field Sludge 6 \ YR (N.S.) 7.4 9.0% Ainesly et al. (1982)
Corn-High Accum/Stover 1.45 Pield None Background 7.4 @.01 Hinesly et al. (1982)
Barley-Larker/Lest 1.27 Greenhouse/Soil Pots Sludge 11 A Yield Increase 6.0 9.01 Chang et sl. (1982)
Corn-High Accum/Stover 1.22 Field None Background 7.4 e.ol Hinesly et al. (1982)
iLettuce/Leaves cv Eibd 1.18 Field None Background 4.6 NR G:ordano et al. (1979)
Corn-High Accum/Grain 1.12 Field Sludge S 4 YR (N.S.) 7.4 0.95 dinzsly et al. (1982)
Tomato/Foliage 1.11 Field None Background 4.7 NR Giordano et ai. (1973)
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Table 38. Phytotoxicity of cadmium in vegetation, continued.

Tiesug
Concentrovkion Cheaical form Hazacd Sa:. significant

Plant /T:iEsie {ppm) Teoe of Excerimeat Adplied Resdonse EL Lazel Wefarence
Cats/Straw 9.48 Field Mone Background 6.5 9.9 Dudas and Pavwluk (1977)
Towmato/Tops @.46 Greenhouse/Soil Pots Low Metal Sludge 26 % YR 7.1 .91 Sterrett ot al. 11982}
Tomato/Tops 0.45% Greenhouse/Soil Pots Low Metal Sludge 16 % Y& 7.1 9.9l Stecrett et al. {19422}
Cabbage/Tops 2.45 Greenhouse/5o0il Pots None Backgcound NR ¢.01 Sterrett ex al. (1982)
Barley-Barsoy/Grain 9.40 Graenhouse/Soil Pots Sludge 1S % TR (¥.3.) 6.0 e.91 Chang et sl. (1982)
Bazley-Larker/Grain 9.40 Greenhouse/Soil Pots Sludge 11 t Yield Increase 6.9 .91 Chang et al. (1982)
Bazley/Straw 9.3% Field Hone Backgcound 6.9 9.05 Dudas and Pawluk (1977)
Osts/Strav 9.31 riald Hone Backgroand 7.4 0.85 Dudas and Pawluk (1977)
Barley/Straw B.30 Field Mone Backgroond 6.2 0.05 Dudas and Pawluk {1977)
Silver Sagebrush .30 Field ¥one Background 6.2 [ Sevacson et al. (1977}
Lettuce/Lesves cv

Great Lakes 8.30 tield none Background s.1 R Glocrdanoc st al. (1979)
Sveet Corn/Foliage 8.29 Fleld Rone Backgcound 5.1 NE Giprdano et a). (1979}
Barley-Barsoy/Leaf 8.28 GCteenhousa/Soil Pots Sludge 15 § YR (u.5.) 6.9 9.91 Chang et al. (1982)
Cozin-Low Actum/Stover 9.271 Pield None Backq round 7.4 9.01 Hinasly et al. (1982)
Broccoli/Flowezs .7 Field #one Background 4.7 R Giordano et al. (1979)
Wheat/Strav 9.26 Field Hone Backqground 5.7 g.as Oudas and Pawluk (1977)
Corn-Low Accum/Stover 9.258 rield Mone Background 7.4 g.01 Hinesly et al. (1982)
Barley-Briggs/Straw 0.25 Greenhouse/Soil Pots Sludge 2 V Yield InCrease 6.0 8.01 Chang et al. (1982)
Wneat/Strav 8.2% Fisld None Background 6.2 9.90% Dudas and Pawluk (1977)
Barley/Straw 8.25 Field None Background 6.4 Q.95 Dudas and Pawluk (1977)
Pepper/Fruit .25 Field None Background 5.1 []} Giordano et al. (1379)
Pepper/Fruit 9.2¢4 Field None Backgsound 4.6 NR Gioxdano et al. (1979)
Barley/Straw 9.24 Pield None Background 7.4 9.95 Dudas and Pawluk (1%77)
Barley/Straw 0.22 Field None Backgrouod 6.% 0.45% Dudas and Pawluk (1977)
Kheat/Strav 0.22 Field None Background 6.9 0.95 Dudas and Pawluk (13%77)
Tonato/Tops 8.21 Geesnhouse/Soil Pots None Background MR 9.9} Stecrett et sl. [1982)
Cantaloupe/Hellon .21 Field None Background 4.6 MR Giordano et al. {1579)
Cantaloupe/Mellen 8.21 Field None Background 6.3 [} Giordsno et al., (1979}
swheat Straw 0.21 rield MNone Backgrouad 6.4 9.08% Dudas and Pawluk (1977)
Corn-Low Accum/Lesves 8.198 fField tione Backgrouad 7.4 0.9} Hinesly et al. {1982)
Cabbage/Heads e.19 Field None Backqround 4.6 MR Giordano et 8l. (1979)
Pepper/Fruit 9.19 Field Hone Backqground 6.3 MR Giordano et 2l. (1979)
Barley-Briggs/Leal 0.19% Gresnhouse/Soil Pots Sludge 15 % Ya (v.%.) 6.9 ¢.91 Chang et al. (1982}
Barley-Briggs/Grain 0.9 Greenhouse/Soil Pots Sludge 27 ¢ IR (¥.5.) 6.¢€ é.01 Chang et al, (1982}
Cozn-Low Accum/Leaves 8.180 Field Hone Background T.4 @.21 Hinesly et al. (1982)
Corn-Low Accum/Stover 0.168% Field sone Background 7.4 ¢.91 Hinesly et si. (1982}
Casbage/Heads 0.16 Field None Backgrouad 6.) MR Giordano et a}. (1979)
Bean/Foliage 9.16 rield None i Backgroand 5.1 NR Giordana et al. (1979}
Squash/Fruit Q.18 field tone Background 5.1 BR Giotdano ex al., {1979}
Squash/Foliage .15 Field Hone Backgeound S.1 NR Ciocdano et al. (1979}
Beans/Pods Only 8.14 Field None Backgzound 5.1 ¥R Giordano et al. {1979)
Barley-Barsoy/Crain .14 Greeanhouse/Soil Pots Sludge 4 VIR (M.S.) 6.9 g.01 Chang et al. (1982)
Barley-Larker/Grain 8.4 Greenhouse/Soil Poats Sludge 11 A Yiald Increase 6.9 9.81 Thang et al. (1902)
Cozn-Low Accum/Grain 8.1131 rield Sludge 2.3 A YR (¥.5.) 7.4 9.01 Hdinesly et ai. (1982)
~hea:/Seead e.12¢ Pield None Background 6.3 0.3% Dudas and Pawiuk (1977)
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Table 38. Phytotoxicity of cadmium in vegetation, continued-

Tissue
Concen:zszion Chemical Fsrm 4azard So1l S$ignificane

Plant/Tissue tao~}) Tone of frnarimant ADD. el Resdonse oH tevel Re"erence
Cotn-Bigh Accum/Grain 1.1¢ Field Sludge 20 A YR 7.4 9.01 Hinesly et al. (1982)
Alfalfa/Tops 1.9 Greenhouse/Soil Pots None Background 6.9 9.01 Taylocr and Allinson (1981)
White Clover/Tops 1. Greenhouse/Soil Pots $1udge/Cas0y 19 § YR 7.5 NR Bingham et al. (1976)
Corn-High Accum/Leaves 9.981 Field None Background 7.4 a.e3 Hinesly et al. (1%982)
Corn-High Accum/Grain 9.974 rield Sludge 1 % Yield Incresse

{N.S.) 7.4 9.08 Hinesly at al. (1982)
Carrot/Root 9.96 rield None Background 4.6 NR Giordano et al. {1979)
Lettuce/Leaves cv Boston 0.98 Field None Background 4.6 NR Giordano et al. (1979}
corn-High Accum/Grain 0.943 Fleld Sludge’ 11 v Yield Increase
N.5.) 7.4 9.08 Hinesly et al. (1982)

Barley-Larker/Strav 9.94 Greenhouse/Soll Pots Sludge 11 ¢ vield Inccesse 6.9 9.91 Chang et al. (1982)
Corn-Righ Accum/Leaves 9.927 Field None Background 7.4 9.05 Hinesly et al. (1982)
Peppexr/Foliage 8.90 rlield None Background s.1 uR Giordano et al. (19179)
Lettuce/Leaves cv Boston 9.99 Field None Background 6.3 R Giordano et al. (1979)
Cabbage/Tops 9.89 Greenhouse/Soil Pots Low Metal Sludge 19 t Yield Increase 7.1 g.91 Stercatt et al. (1982)
Lettuce/Leaves cv Romaine 8.88 Field None : Background 4.6 ¥R Giocrdano et al. (1979)
Lettuce/Leaves cv

Great Lakes 9.86 rield None Background 4.2 NR GCiordano et al. (1979)
Corn-High Accum/Leaves 0.852 rield None Background 7.4 9.01 Hinesly et al. (1982)
Cabbage/Tops .85 Greenhouse/Soil Pots Lov Metal Sludge- :

' Peat Moss 9.6 YR 7.1 9.01 Stecrrett et al. (1992)
tggplant/Foliage e.81 rield Hone Background 4.7 HR Giordano et al. (1979}
Potato/roliage 0.80 Field None Background 4.7 MR Giordano et al. (1979)
Lettuce/Tops 9.8 Greanhouse/Soil Pots None Backgtound 6.5 9.98 siagh (1981) -
Lettuce/Lesves cv Romaine ¢.78 Field - None Background 6.3 HR Giordano et al. (1979)
Lettuce/Leaves cv Bibd 9.78 rield None Background 6.3 uR Ciordano et al. (1979)
Corn-High Accum/Stover 9.753 Field None Background 7.4 9.01 Hinesly et al. (1982)
Carrot/Root 9.71 Field None Background 6.3 NR Giordano et al. (1979)
Barley/Strav 0.79 Field Mone Background 6.5 9.95 Dudas and Pawluk (1977}
Barley/Straw 0.67 Field None Background 6.4 9.05 pudas and Pawluk (1977)
Wheat/Straw 0.64 Field None Background 7.2 9.905% pudas and Pawluk (1977)
Corn/Crain-High Accum @.626 rield Sludge 2¢ Y YR 7.4 90.01 Hinesly et al. (1982)
Wheat/Straw 0.62 Field None Background 6.5 9.08 Dudas and Pawluk (1977)
Bazley-Barsoy/Straw 0.62 Greenhouse/Soil Pots Sludge 4 4 YR (N.S.) 6.9 e.01 Chang et al. (1982)
Barley/Strav .61 Field None Background s.7 e.0% Dudas and Pawluk (1977)
Alfalfa/Tops 0.60 Greenhouse/Soil Pots None Background 6.9 g.01 Taylor and Allinson (1981
Corn~-High Accum/Grain 9.568 Field Sludge 9 % Yield Increase

(N.S.} 7.4 9.01 Hinesly et al. (1982)
Barley-Florida/Strav 0.56 Greenhouse/Soil Pots Sludge 2 \ Yield Increase 6.9 0.91 Chang et al. (1982)
E9gplant /Fruit 9.54 Field None Background 4.7 NR Giordano et al. (1979)
Barley-Florida/Grain 9.5) Greenhouse/Soil Pots Sludge 14 V' Yield Increase 6.0 .01 Chang et al. (1982)
Tomato/Fruit 8.52 Field Wone Background 6.7 9.0 Giordano et al. (1979)
Barley-Florida/Leaf Q.51 Greenhouse/Soil Pots Sludge 14 V Yield Increase 6.9 ‘9.01 Chcng et al. (1902)
Barley/Straw 0.51 Field None Backgzound 7.2 9.05 Dudas and Pawluk (1977)
Wheat/Leaves 0.30 Greenhouse/So1l Pots Nore Backaround 5.7 9.05 Mitchell et al. (1978)
Wheat/Strav e.50 Field Norse gacikground 6.4 0.95 pudas and Pawluk (1977)



Lot

Table 38.

Phytotoxicity of cadmium in vegetation, continued.

Tissce
Soncentzation Chemical razac Soil Significant
Plant/Tissue 1 22:) Tsoe of Txneriment ADoiied S@EDORSR op Level Reference

Barley-Larker/Straw 0.12 Greenhouse/Soil Pots None Background 6.0 9.01 Chang et al. (1982)
Barley-Larker/Leaf 0.11 Greenhouse/Soil Pots Sludge 11 V¢ Yield Inctease 6.9 9.01 Chang et al. (1982)
Potato/Tuber 0.11 Field None Background 4.7 NR Giordano et al. (1979)
Barley-Barsoy/Leat .10 Greenhouse/Soil Pots Sludge 4 VYR (N.S.) 6.9 .01 Chang et al., (1982)
Swaet Corn/Seed a.1e rield None - Background 5.1 MR Giordano et al. (1979)
Corn-Low Accum/Grain 0.109% Field Sludge 18 % Yield Increase 7.4 9.05 Hinesly et al. (1982)
Wheat/Leaves <9.1 Greenhouse/Soil Pots None Background 7.5 9.685 Mitchell et al. (1978)
Wheat/Grain <e.1 Greenhouse/Soil Pots None Background $5.7-7.% 0.05 Mitchell et al. (1978)
Corn-Low Accun/Graia 9.995 rield Sludge 7.9 V YR (N.S5.) 7.4 9.8 Hinesly et al. (1982)
Corn-High Accum/Grain 0.09%8 rfield None Background 7.4 0.01 Hinesly et al. (1902)
Barley-Florida/Leat 0.09 Greenhouse/Soil Pots Sludge 2 \ Yield Increase 6.0 a.e1 Chang et al. (1982)
Barley-Florida/Grain 9.09 Greenhouse/Soil Pots Sludge 2 A\ Yield Increase 6.9 0.01 Chang et al. (1982)
Corn-High Accum/Grain 0.984¢ Field None Background 7.4 0.9k Hinesly et al. (1982)
Barley-Larkec/Leat 6.00 Greenhouse/Soil Pots None Background 6.0 0.01 Chang et al. (1982)
Whest/Seed 9.072 Pield None Background 6.4 9.05% Dudas and Pawluk (1977)
Beans/Seed .97 Field None Background 5.1 0.0% Giordano et al. (1979)
Barley-Briggs/Strav 0.67 GCreenhouse/Soil Pots None Background 6.0 2.01 Chang et al. (1902)
Barley/Seed 9.062 Field None Background 6.4 @.905 Dudas and Pawluk (1977)
Corn-Low Accum/Grain <9.962 Pield Sludge 36 ¢ YR 7.4 ¢.01 Hinesly et al. (1982)
Corn-Low Accum/Grain <9.062 rield Sludge 24 3 R 7.4 9.91 Hinesly et al. (1982)
Corn-Low Accum/Geain <0.062 rield Sludge 6.4 \ Yield Increase

{N.S.) 7.4 9.65 Hinesly et al. (1982)
Corn-Low Accum/Grain <9.062 Field Sludge 16.5 4 Yield Increass

(N.§.) 7.4 9.es Hinesly et al. (1982)
Corn-Lov Accum/Grain <0.6862 Field Sludge 1.6 § YR (N.5.) 7.4 0.9% Hinesly et al. (1982)
Corn-Low Accua/Grain <0.062 Field Sludge 6.1 % YR (M.S.) 7.4 0.905 Hinesly et ol. (1982)
Corn-Low Accum/Grain <8.062 Field None Background 7.4 9.01 Hinesly et 8l. (1982)
wWheat/Seed e.061 Field None Background 6.2 9.05 Dudas and Pawluk (1977)
Barley-Florida/Strav 9.08 Greenhouse/Soil Pots None Background 6.9 8.91 Chang et al. (1982)
Oats/Seed 9.060 Field None Background 6.5 9.065 Dudas and Pawluk (1977)
Barley-Barsoy/5traw 0.06 Greenhouse/Saoil Potsg None Background 6.0 9.0 Chang et al. (1982)
Barley-Briggs/Grain 0.06 Greenhouse/Soil Pots Sludge 23 % YR (N.S.) 6.9 g.01 Chang et al. (1982)
Corn-Low Accum/Leaves 0.059 Field None Background 2.4 0.61 Hinesly et al. (1962)
Barley/Seed . 8.058 Field None Background 6.5 0.05 Dudas and Pawluk (1977)
Corn-High Acum/Grain 8.e56 Field None Background 7.4 8.01 Hinesly et al. (1982)
Barley/5eced 0.0852 Field None Background $.7 0.05 Dudas and Pawluk (1977}
Wheat/Seed 0.851 Field None Background 5.7 0.05 Dudas and Pawluk (1977)
Barley~Barsoy/Leaf 9.05 Greenhouse/Soil Pots None Background 6.9 9.01 Chang et al. {1982)
Barley/Seed 0.044 Field None Background 6.2 @.0S Oudas and Pawluk (1977)
Barley/Seed 9.044 Field None Background 7.4 8.05 Dudas and Pawluk (1977)
whest/Kecnel 0.043 Field None Background NR NR Woinik et al. (198))
Oats/5eed 0.031 field None Background 7.4 9.05 Dudas and Pawluk .(1977)
Barley/Seed 0.041 Field None Background 6.9 9.08 Dudas and Pawluk (1977)



Table 38. Phytotoxicity of cadwmium in vegetation, continued,

Tissce

Isn<enrras:ion

Chemical Fora

Hozaczd

Significant

BOt

p.2nt/Tissue {397 Tvde of Exoezimenc Aoolied egoonsa oH Level Reference
Barley-Florlida/Grain 9.0¢ Greenhouse/S01l Ppots None Background 6.0 9.01 Cheng et sl. (1982)
Barley-Lackec/Grain 9.04¢ Greenhouse/Soil Pots None Background 6.9 9,41 Chanq et al. (1981)
Barley-Briggs/Leat <0.94 Geeenhousae/50il Pots siudge 23 % YR (N.5.) 6.9 9.01 Chang et sl. (1982)
Barley-Florida/Leat <9.084 Greenhouse/Soil Pots None Background 6.9 9.91 Chang et al. (1982)
Bariey-Briggs/Leaf <9.04 Greenhouse/Soil Pots Mone Background 6.9 9.4 Chang st al. {1982)
Barley-Barsoy/Grain <0.04 Greenhouse/Soil Pots None Background 6.9 9.41 Chang et al. (1982)
Barley-Briggs/Grain <d.04 Greenhouse/Scil Pocs None Background 6.9 0.0 Chsng et al. (1982)
Barley/Serd 0.0939 Field None Background 7.2 9.65 Dudas snd Pawluk ([1977)
Wheat/Seed .93 Field None Background 7.2 0.8% Dudas and Pawluk (1377)
Barley/Seed 9.039 rield Hone Background 6.4 .85 Dudas and Pawluk {1977)
Wheot /Seed 8,018 Field Rone Background 6.4 .05 Dudas and Pawluk (1977)
Barley/Seed 0.935 Field None Background 6.5 9.0% Dudas and Pawluk (19771
Silvex Sage Brush 9.03 rield Nene Bachgzound 6.2 NR Sevecgon et sl. (1977}
Western Wheatgrass/Tops . Fleld None Background 6.2 NR Severson et al. (1977}
Wheat/Seed .00 rield None Background 6.9 9.03 Dudas and Pawluk (1977)




of cadmium that may enter the food chain at either 100 or 50 ppm
total soil cadmium concentration.

The total soil cadmium tolerable concentration of 4 ppm was
selected for the Helena Valley based on the generally small or
nonsignificant yield reductions reported below this level,
compared to the higher yield reductions (up to 46.8% for corn
shoots) noted at the 5 ppm total soil cadmium level.

3.2.2.2 Extractable soil cadmium

The DTPA extractable soil cadmium phytotoxic and tolerable
concentrations selected for the Helena Valley were 30 and 2 ppm,
respectively (Table 37). All extractable cadmium concentrations,
found in the reviewed literature, that were in excess of 30 ppm
were phytotoxic. The hazard level was based on the 25 percent
yield reductions that were noted for wheat grain and white clover
at concentrations of 30 and 29 ppm, respectively (Bingham et al.
1975). Numerous occurrences of phytotoxicity were noted for a
number of species in the 4.8 to 30 ppm extractable cadmium range
(Tablé 37). of pazticulaz'interest were the 22 and 25 percent
yield reductions for alfalfa and wheat grain at extractable soil
cadmium levels of 22 and 23 ppm respectively (Bingham et al., 1976,
Mitchell et al. 1978). Extractable soil cadmium concentrations
between 2 and 4.8 ppm were associated with both yield increases
and yield decreases. Concentrations less than the suggested 2 ppm
tolerable level were not generally significantly phytotoxic except
under spgcific experimental conditions (Table 37).

3.2.3 Cadmium in plants

The phytotoxic concentration of cadmium in plant tissues (50
ppm) selected for the Helena Valley was based on the literature in
which most concentrations greater than 5S¢ ppm were associated with
phytotoxicity. The only exceptions were slight yield increases
noted for lettuce and alfalfa at levels of 51.1 and 57.6 ppm,
respectively (Table 38). Large yield reductions in ryegrass and
wheat grain (50 and 42 percent, respectively) were reported at
tissue cadmium levels at or near 46 ppm, (Dijkshoorn et al, 1979,
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Mitchell et al. 1978) and very large yield reductions for field
beans, peas, carrots and wheat grain were noted in the 27 to 40
ppm range (Table 38). Davis et al. (1978) found barley shoot
cadmium concentrations of 14 to 16 ppm to be phytotoxic. These
authors noted that 15 ppm cadmium in barley shoots was associated
with 10 percent yield reduction. It is clear that the 50 ppm
phytotoxic hazard level for cadmium concentrations in plant tissue
will be associated with phytotoxicity in nearly all cases and that
phytotoxicity may occur in many species at notably lower concen-
trations. All of the above cadmium concentrations far exceed
recommended levels for forage and will likely increase the
probability of high levels of cadmium entering the food chain.

A tolerable plant tissue cadmium level of 1¢ ppm was sug-
gested based on the generally low yield reductions that were noted
in the literature below this concentration (Table 38). The
alfalfa study of Taylor and Allinson (198l) was of particular
. importance in that these authors reported several cases of
increased production up to the 10 ppm cadmium concentration in
alfalfa tops. Again, the 10 ppm tolerable level selected for the
Helena Valley will allow much higher cadmium concentrations in
forages than the maximum recommended level (6.5 ppm) (NRC 1980).

3.3 Lead in soils and plants

3.3.1 Lead literature review

Mean values for total lead concentration in soil range from
16 to 67 ppm, while common levels in plants range from 0.5 to 4
ppm (Kabata-Pendias and Pendias 1984). Meyer et al. (1982) found
that background soil lead levels ranged from 3 to 23 ppm (mean of
12 ppm) for 290 locations in the United States. 1In urban areas
soil lead values may be considerably higher due to contamination
from automobile exhaust and industrial activity. Lead is not an
essential plant element, and is apparently taken up passively from
the soil. While plant toxicity to lead has been noted, it is
extremely rare even when excessive amounts of lead are added to
the soil (Cannon 1976). This is because lead is one of the least

1o



mobile of the heavy metals, resulting in generally low lead levels
in the soil solution and minimal plant uptake. Chumbley and Unwin
(1982) determined that there was no significant correlation
between total soil lead and plant lead levels. The low mobility of
lead is governed primarily by soil pH, texture, cation exchange
capacity and organic matter content (Zimdahl and Arvik 1973,
Pepper et al. 1983),

Little specific résearch has been directed toward the deter-
mination of plant and soil lead toxicity levels. Rather, concern
has centered around the introduction of lead into the human food
chain from plants (either from lead taken up from the soil or from
aerially deposited lead on plant surfaces), or from ingestion of
lead that ‘is in soil or dust. Tables 39, 40 and 41 summarize the
limited number of studies where the phytotoxic concentration of
lead in soil and plant tissue has been documented.

3.3.2 Lead in soils

3.3.2.1 Total lead in soils

The suggested total soil lead hazard concentration for the
Helena Valley is 1000 ppm. Phytotoxic levels of total soil lead
were reported by many authors (Table 39). Values ranged from 100
ppm to 100@¢ ppm. It must be noted that considerable crop damage
may occur to sensitive crops or other crops grown in soils with
higher available lead content (i.e. lower pH) at levels considera-
bly lower than the selected hazard level (Table 39). The above
problem was exemplified in the following reviewed literature.

McLean et al. (1969) noted significant reductions in alfalfa
yields at total soil lead levels of 100 to 1000 ppm in soils with
a pH range of 4.9 to 5.7. These authors reported nonsignificant
yield reductions at 1000 ppm total soil lead at a pH of 6.3 and no
yield reductions at a pH of 7.5. Similar results were reported by
these authors for oats: the only significant yield reduction
occurred at 1000 ppm total lead at a pH of 5.2. John and VanLaer-
hoven (1972) found a 30 percent yield reduction in lettuce but no
effect to oat yield at a total soil lead level of 1060 ppm and a
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Tabte 39.

Phytotoxiclty of total lead in soils.

501l Chemical
Concentration soil Form plant Species/ Hazard sigmficance
So1l Tvpe {ppm) PH Acolied Tvpe of Experiment part Response Level Reference
)yrummer S1lt Loam 1400 (Calc) 5.9 Pb Acetate Field Corn/Stover-Grain No Effect NR Baumhardt and Welch {1972)
1Jorth Silty Clay Loam 1009 3.8 PbCl2 Greenhouse/Soil Pots tettuce/Leaf 35.5 % YR 9.05 John and Van Laerhoven (1972)
Ijorth Silty Clay Loam 1000 3.8 Pb{NO3) 2 Greenhouse/Soil Pots Lettuce/Leal 25.9 L YR 9.05 John and Van Laerhoven (1972)
tjorth Silty Clay Loam 1900 3.8 PbCO3 Greenhouse/Soil Pots Lettuce/Lest 17.1 A YR 90.95 John and Van Laerhoven (1972)
Jjorth Silty Clay Loam 1000 3.8 PbCl 2 Greenhouse/50il Pots Oats/Tops Wo Effect 9.95 John and Van Laerhoven {(1972)
tjorth Silty Clay Loam 10090 3.0 Pb(NO3) 2 Greenhouse/Soil Pots Oats/Tops No Effect .05 John and Van Laerhoven (1972)
1jorth Silty Clay Loam 1000 3.8 PbCO3 Greenhouse/Soil Pots Oats/Tops Mo Ef{fect 9.05 John and Van Laechoven (19721
folo Loam 1009 4.9 Pb (¥03) 2 Greenhouse/Soil Ppots Batley/Tops 33.3 8 TR 0.95 Patel et al. (1977)
lolo Loam 1009 6.9 Pb(NO3) 2 Greenhouse/So0il Pots Bar ley/Tops 17.3 VIR e.9% Patel at al. (1977}
tolo Loam 1999 7.8 Pb{NO3) 2 Greenhouse/Soil Pots Baxrley/Tops 1.9 % YR (N.S.) e.05 Patel et al. (1977)
lolo Loam . 1000 8.3 Pb(NO3) 2 Greenhouse/Soil Pots Barley/Tops no Effect 9.9% Patel et al. (1977)
)ytchleys Brown Earth 1009 WR PbCY 2 Greenhouse/Soil Pots Oats/Roots 2.9 A TR .01 Khan and Frankland (1984¢)
tenld Park Brown Earth 1900 R Pbo Greenhouse/Soil Pots Wheat/Roots €.7 % ¥R (¥.S.) 9.95 Khan and Prankland (1984)
ieald Park Brown Earth 1900 NR PbCO3 Gresnhouse/Soil Ppots wheat/Roots 12.8 § ¥R 0.905 Xhan and Prankland (1984)
teald Park Brovn Earth 10980 NR PbSO04 Greenhouse/50il Pots Wheat/Roots 7.4 4 YR (W.S5.) 9.93% Xhan and Prankland (1984)
teald Park Brown Earth 1000 NR PbCl2 Greenhouse/Soil Pots wheat Roots 33.7 L YR 9.401 Khan and Prankland (1984)
Jaald Park Brown Earth 1909 NR PbC13/Pbo Greenhouse/Soil Pots Radish/Roots 19.8 4 IR 9.01 Khan and Frankland (1984)
)ytchleys Brown tarth 588 NR PbCl 2 Greenhouse/Soil Pots Oat /Roots 36.8 4 YR .01 ::sn and Prankland (1984)
leald Patk Brown Earth 568 NR PbCl 2 Greenhouse/Soil Pots wheat/Roots 14.8 A YR 9.01 haﬂ and Frankland (1984)
teald Park Brown Earth 500 NR PbC12/PbO Greepnhouse/Soil Pots Radish/Roots 4.6 % YR (N.5.) 9.95 Khan and Frankland (1984)

409 Oats No YR Pruves (1977)

400 Lettuce No YR Pruves (1977}

400 Clover No YR Pruves (1977)
’axton Fine Sandy Losm 2590 4.5-6.4 PD(NO3) 2 Greenhouse/50il1 Pots Ryegrass/Tops No YR 9.0 :}{:nlon and Dziaco {(1981)
>axton Fine Sandy Loam 250 4.5-6.4 PD (NO3) 2 Greenhouse/So1l Pots Oats/Seed No YR 9.01 5 ‘Mon and Dziaco (1981)
terrimac fine Sandy Loam 250 6.9 Pb(NOj) 3 Greenhouse/So1l Pots Altalfa/Tops 17.9 ¢ YR (N.5.) 0.:: 1‘n\r‘m an: Allinson (1981}
>axton Fine Sandy Loam 258 6.9 Pb(NO3) 2 Greenhouse/Soil Pots Alfalfa/Tops 6.7 V YR (K.S.) 9-“ "l_!{l" and Allinson (1981)
lloomfield Loamy Sand 258 6.9 PbCl2 Greenhouse/So1l Pots Coxn/Shoots 41.7 VYR 9. iller et al. (1977)



Table 39. Phytotoxicity of total lead in soils, cont inued.
Soil Chemical
Concentration Form Plant Species/ Hazard significance
so1l Type {ppm) Applied Type of Experiment Part Resp Level Reference
ht Textured 214 Sludge Field spring Greens Satisfactory Yields HA Shumbley and Unwin (1982)
ster S1lt Losm 212 PbC1 3 Greenhouse/Soil Pots Corn/Tops 2.1 % YR (N.S5.) 0.95 Lagerwertf et al. (1973)
ster Silt Losm 212 PbCl 3 Greenhouse/S50il Pots Alfalfa/Tops 12.1 A YR (N.S.) .05 Lagerwerff et al. (1973)
ster 5ilt Loam 212 PbCl o Greenhcuse/Soil Pots Alfalfa/Tops 2.6 % YR (N.S.) 9.05 Lagerwerff et al. (197))
ster Silt Loam 212 PbCl 2 Greenhouse/So0il Pots Alfalfa/Tops 17.5 § Yield lncrease 9.85 Lagerwerff et al. (1973)
\go S§ilt 186 Sludge Pield Corn/Grain No YR 9.905 Giordano et al. (1975)
jht Textured 176 Sludge Field Potato (Tuber) Satisfactory Yields NA Chumbley and Unwin (1982)
yht Textured 156 Sludge rield Sweet Corn
{Edible POR) Satisfactory Yields HA Chumbley and Unwin (1983)
jht Textured 155 Sludge rield Lettuce ’
(Edible POR) Satisfactory Yields NA Chumbley and Unwin (1982)
>omfield Loamy Sand 125 PbCl2 Greenhouse/80il Pots Corn/Shoots 13.5 & YR (N.E.) e.01 Miller et al. (1977)
ght Textured 117 sludge riela Cabbage Satisfactory Yields NA Chumbley and Unwin (1982)
ester Silt Loam 113 PDCl 3 Greenhouse/50il Pots Corn/Tops 7.8 ¢ Yield Increase 9.05 Lagecwerff ot al. (1973)
sster $ilt Loam 113 PbCl 3 Greenhouse/S0il Pots Coxzn/Tops 1.8 8 YR (N.S8.) ¢.05 Lagerverff ot al. (1973}
ter 5ilt Loam 113 PBClg | Gresnhouse/Soil Pots Alfalfa/Tops No Effect 9.08 Lagezwerft at al. (1973)
ow Loan 109 PbCl2 Greenhouse/80il Pots Bromegrass/Tops 7.9 A YR from :
29 ppo (N.5.) 9.05 Kacamanos et al. (1976)
bow Loam 199 PbCl 2 Greenhouse/50il Pots Alfalfa/Tops 24.5% YR froao 29 ppa 9.05 Karamsnos et al. (1976)
itville Loam 198 PbCl2y Greenhouse/50il Pots Alfalts/Tops 9.9 V YR from
i 28 ppn (H.S.) 9.95 Karananos et al. (1976)
quith Fine Sandy Loam 196 PbCl Greenhouse/50i1 Pots Alfalfa/Tops 1.7 V YR from
26 ppm (N.5.) .05 Kacrananos et al. {1976)
quith Fine Sandy Loam 106 PbCl Greenhouse/50il Pots Bromegrass/Tops 17.8 4 Yield Increase
26 ppm (N.S.) [} Karamanos et al. (1976)
tchleys Brown Earth 100 PbCl 2 Greenhouse/Soil Pots Oats/Roots 15.9 8 ¥r (N.5.) 9.905 Xhan and Frankland (1984)
rface Soils 8-10 cm 15 None Field NR packground Helena
Valley L LY Hiesch and Huffman (1972)
rface Soils €-10 cm 11.6 None Field Range/Forage Background Helena EPA
valley 'Y (1986)
bow Losm 9 None rield NR Background A Karamanoa et al. (1976
yitville Loam 8 Nore Pield uR Background BA Karamancs et al. (1975=
squith Fine Sandy Loam 6 None rield NR Background NA Xaramanos et al. (1976) -
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Table 40. Phytotoxicity of extractable lead In soils.

__seil . c":.:::'i plant species/ waisrd came S1gnificance
sort Typ ~a-|ct‘nu:uen s::‘ rolred tupe _of_Experiment Part Respcnae Exttractan Level Pefrtonce
o ype __ lopm) ____hpol)e 1pegd”
2 Grait Yield tacceasde Rid vachean t . (19h%s
] -38 7 5.2 euCl Greenhouse/So:. ‘LS ats/ . BTy
sprands A 1530 o %7 3.2 poel 5 Greenhouse/Sos} F0°% wivoe " Zactean et al. Liube
‘-P‘J‘M\; S. d 1%9-30 ;: 167 5.2 PuCl) Greenhouse/Sor) Pots ;d ““c‘.”n ."; .O-L"ln et a1, L196Y%°
e dy Loam 356 7.9 PaCly Greenhouse/5011 Pots '"\d H A 1n wHooAc -4 ‘aclLean et al. (1569}
Crtmaile s“ey Lu“ 356 7.4 PHCL Greenhouse/Soil Pots Cats/Stsav tie acrea N nm‘oac e MacLean et al. (1969)
Crenviile s.:cy o 156 7.4 PoCly houses/Soi) Pots  Alfalta/Topt ¥o Elfect N uu‘ou: . “aclean et al. U1969)°
Grenville :; ’y‘:ou 383 .9 PbCly nhouse/So1) Pots Oats/Grain Yield lactrease 4 :k MacLean et al. (1969)
uv:.::- :.nd o-ls cc: P{3) 4.9 enCly Gteenhouse/Soil Pots Cats/Strav 1.1 V¥R w vacLaan et al. (1969
up .nd- s.nd ls o 263 4.9 PBCl ) Greenhouse/Soil Pots AlZarta/Tops 2.3 1 YR o 08 ~aclean et al. (196%)
Pester 11t 11 5.2 (3 Gresthouse/Sorl Pots  Corn/tassel Tield tnet iIn hCL : Legerwerft et al. (1973)
Chester 51 a1 5.2 PCly Greanhouse/Soil Pots Corn/Leav Yisld Increase ir nel Lacerverff et (1973)
e alit 02 S‘l soCly Gresnhouse/Soil Pots Corn/Stalks 12.9 ¢ YR (8.S.) 1N ncl Lagervecif (197))
Ty Silt Loam 4t 1:1 HoTH Greenhouse/Seil Pots Corn/Tassel Yisld (ncreasse I el Leqezwer(( (197))
s:n Loan na 32 PCl g Greenhouse/Soil Pots Corn/Laaves wo Effect % Lagervartt 119713
silt Losm 112 7.2 PCl) Greenhouse/Soll Pots Corn/Stalks 12.3 ¢ YA (N.S.) In el Lagecwerlt (1973)
HE - 012 5.2 wely Creenhouse/Soil Pots Alfalfs/Tops 2.9 % YR (¥.5.) In wcl Lagervertf ot al. {197))
Sily Loam 2112 1'1 ebCly Greenho Pots Atalfa/Tops Yield lncrease Lagerverf? et al. (197))
silt Loan 124 5.8 mCly Gresnhouse/Soil Pots oatrs/Grain vield Increase :: ::dg:‘ u MacLesn et al. (1969)
Gramby Sandy Loam 124 Fot PoC1Y Creenhouse/soil Pots Oats/Strav 3.8 % R n “qo < NR macLean ot al. (1969
Cramby Sy o 124 5.8 PoCly Greenhouse/Soil Pots Alfalfa/TopPs Yield Inccasse 40AC R Maclean et ai. (1949)
Grasby Sandy fosm 124 1 Pocl] Creenhouse/Soil Fots cat/Strav and Geain
Gramby Sandy Loas . - Alfalfa/Tops vield Incresse :: ::.onc NR Raclean et al. (1969)
- Greenhouse/Soil Pots Altalfa/Tops wo Ellect qORe R KacLean et al.
uplands s.n: :—§: :’): :;-:?l ::gllz Greenhouse/Soll Pots Cats/Stras ané Graio 9.6 § Yiald Increase (sew)
uplands sand - . . . araite 'mu;.l :d' :: ::qg:: : neclesn ot al. (1989}
o Greenhouse/soil Pots O - fa1e sckgrou 4 maelesn et al. (196
f:uﬂ::::::y"é::m ;.2 6 :-: 2 n::: field vati.e Veuersticc Background EDTA LLJ Saverson et .I.‘(l’z;b
A - . . . A
Helena Valliey Soils 1.89 .0 wone rield feru)-/“-ml-' B-clclw: oTPA s gPA (1906)
i - Alfalta ckgro 138 MH OAC
Sramville Semdy Losm i‘. 7 ;: 9 :oo:: g::::hmllﬁ/“ll fots g:::. Jeqgetatior. ::clg:n:nd EDTA o :: ::::::." ihny
'::. - ::::::: :g: 9.6 6.2-8.2 None Field Yatiue vogeration Background OTPA L] Severson :: :: :::;?,:
Qertinac Fine Sandy Loaw 2.5 6.9 none Creenhouse/Sc1l Pots Aifaria sackground NH4OAC » and Aflin
. L - " gty e : packground OTPA WR son (1981)
- egu (3] 7.9-9.9 Kona Field Severson et al
C - horiren b at1.@ FEIATATLIES Background WH OAC .+ (1977)
A - Herizon NGF 9.) 6.2-8.2 None 1018 A eien . na un‘m: R severson et al. (1917)
C - “erizon UG 0.1 7.3-8.9 _ Nche rield t.e Veuntat: Backgroy PR O LL] Severson et al. (1977)
A uugshecn Great Plains




Table 41.

Phytotoxicity of lead in vegetation.

Ti1ss8ue «
Concentration Type of Chemical Form Hazard Slq:l.ultance

pPlant/Tissue (opm) Experiment Applies __ Response eve Reference

7. Greenhousae/So01l Pots PbCl $72.7 L ¥R Prod 0.03 - NR MacLaan et al. (1969)
3::;;3{:0” :2‘:2 8 Creenhouses/Soil Pots Pbcli No Effect Prod 3.05 - NR MacLean et al. (1969)
Corn/Middle Leaves 148 Greenhouse/Soil Pots PbCl Mo S5ig YR 9.05 Lagerwerff et al. (197))
Corn/Middle Leaves ’ 141 Greenhouse/Soil Pots PbCl, No Sig ¥R 9.85 Lagerwerff et al. (1973)
tettuce/Leaves 149.6 Greenhouse/Soil Pots Pb(NO3) 2 25 v YR 9.05 John and vanLaerhoven (1972)
Lettuce/Leaves 138.9 Greenhouse/Soil Pots PbCl 36 ¥ YR 9.05 John and VanLaerhoven (1972)
Lettuce/Leaves 126.¢ Greenhouse/Soil Pots PbCO3 17 ¢ YR 9.05 John and vanLaerhoven (1972)
Alfalfa/Tops 65.9 Greenhouse/Soil Pots Pb (NO3) 2 No Effect §.01 ‘Taylor and Allinson (1981)
Alfalfa/Tops 57.5 Greenhouse/50il Pots PbSO, 37 ¢ YR g.01 Taylor and Allinson (1981)
Alfalfa/Tops 56.8 Greenhouse/Soil Pots PbSO4 10 § ¥R 9.01 Taylor and Allinson (1981)
Alfalfa 54.8 Greenhouse/Soil Pots PbCly No Effect HR Maclean et al. (1969)
Lettuce/Leaves 50.9 Greenhouse/Soil Pots Hone Backgzound NA John and vanLaerhoven (1972)
Alfalfa/Tops 45.2 Greenhouse/Soil Pots PbCl, 15 ¢ YR MacLean et al. (1969)
.Corn/Tops 37.8 Field Pb Acetate dNo Effect 8.01 Baumhardt and Welch (1972)
oat/Tops 37.1 Greenhouse/Soil Pots PbCl, No Effect 0.985 John and vanLaerhoven (1972)
oat/Tops 35.7 Greenhouse/Soil Pots Pb (NO3) 2 No Effect 8.05 John and vanLaerhoven (1972)
Barley Seedlings 3s. Greenhouse/Sand Culture Pb(NO3) 2 10 V ¥R 9.05 Davis et al. (1978)
Oat/Tops 28.6 Greanhouse/S0il Pots PbCO, No Effect 9.08 John and VanLaerhoven (1972)
Barley Seedlings/Tops 25 Greenhouse/Sand Cultuce Pb(NO3) 2 onset of Growth Reduction Davis et al. (1978)
Oat/Grain 23.1 Greenhouse/So1l Pats PbC1 No Sig YR
Oat/Roots 20.3 Greenhouse/S011 Pots z Background la’ﬁtl;e::da;a:ll';"(:s‘s’g)
Alfalfa 14-17.1  Greenhouse/Soil Pots PbCl, No Effect .05 Lagerwerff ot o1 (1974, 2
Alfalfa/Tops 11.8 Greenhouse/Soil Pots PbCl No Sig YR Karamanos et a: -(1(976],
M falfa/Tops 10.8 Greenhouse/Soi}! Pots PbCl, 25 § ¥R Karamanos et al. (1976,
Alfalfa/Tops a.1 Greenhouse/So1! Pots PbCl 5 No 519 YR Karamanos et al. (1975)
Oat/Tops 4.4 Greenhouse/So1l Pots John and vanLaasrhoven )197
Silver Sagebrush 1.1 Field None Background Severson et al (1977)‘ n
Western Wheatgrass .63 Fizla None Background Severson et al.(1977)
Cozn/Grain 0.5 Field Pb Acetate 3200 kg/ha No S19 YR e.01 Baumhardt and Welch {1972)




pH of 3.8. Total soil lead levels in the range of 250 ppm to 400
ppm had no effect on alfalfa, clover, oats, ryegrass and lettuce
(Allinson and Dzialo 1981, Pruves 1977, Taylor and Allinson 1981),.
Miller et al. (1977) reported the stunting of corn seedlings grown
in a silty clay loam with a pH of 6.0 at a total lead level of 125
ppm. The reason for the phytotoxicity of this anomalously low
value was not resolved although this study was designed to
evaluate the interaction of lead on the uptake of cadmium., Yields
of barley grown in loam soil containing 1000 ppm total lead and a
PH range of 4.0 to 8.5 were significantly reduced at pH values of
4.0 and 6.0 and not affected at pH values of 7.8 and 8.5 (Patel et
al. 1977).

The above discussion suggests the 1000 ppm total soil lead
level is a level at which significant yield reductions may occur
in alfalfa, barley and oats in soils with pH values <6.0. It is
also the level at which a 30 percent yield reduction has been
observed in lettuce. The lead content of some vegetation growing
on a soil containing 1086¢ ppm total lead may exceed the 3¢ ppm
maximum recommended forage limit (NRC 1980). by a considerable
amount without any apparent toxicity to the plant (John and
VanLaerhoven 1972, Patel et al. 1977).

A tolerable plant lead level of 250 ppm is based on the
observed "no effect" to alfalfa, ocats and ryegrass at this level
(Allinson and Dzials 1981, Taylor and Allinson 1979). With the
exception of one publication (Miller et al. 1977) which reported
the stunting of corn seedlings at 125 ppm total soil lead, no
phytotoxicity was noted in the reviewed literature for total soil
lead values less than 250 ppm.

3.3.2.2 Extractable soil lead
Extractable soil lead data were relatively less abundant in
the literature than were data for total soil lead (Table 40). All

elevated extractable soil lead data were derived from the publica-
tions of MacLean et al., (1969) and Lagerwerff et al. (1973). The
500 ppm hazard level concentration has been estimated based on the
mixed experimental results at 367 ppm 1IN NH40Ac extractable soil



lead (MacLean et al. 1969). These authors noted a 71.4 percent
reduction in alfalfa yield at this level but stated that the
observed yield reduction may have been due to excess chloride
rather than high lead in the soil pots. MacLean et al. (1969)
reported 1N NH40Ac extractable soil lead levels were in accord
with concentrations found in plants which suggested extractable
soil lead concentrations reflected soil characteristics. The 2080
ppm tolerable extractable lead level has been selected based on
data reported by Lagerwerff et al. (1973) who found no significant
yield reductions for corn and alfalfa at a concentration of 212
ppm 1N HCl extractable soil lead. Only one occurrence of a yield
reduction was noted at levels less than 200 ppm extractable soil
lead (3.8 percent for alfalfa at a concentration of 124 ppm 1N
NH40Ac extractable soil lead (Table 44).

3.3.3 Lead in plants

There is a wide range of values, 4 to 300 ppm, reported for
the phytotoxic level of lead in plant tissues (Table 41). Plant
tissues vary considerably in their tendency to accumulate lead.
High lead levels were observed in the roots of many plants.
Alloway (1968) noted 500 ppm lead in the roots of apparently
healthy radish plants, and Keaton (1937) reported 868 ppm lead in
the roots of barley plants which contained only 3.08 ppm lead in
plant tops. Alfalfa plants, grown in pots with 100¢ ppm total
soil lead and amended with lime and phosphate, were shown to
accumulate up to 739 ppm in plant top tissue without apparent
phytotoxicity (MacLean et al. 1969). Taylor and Allinson (1981)
noted 65 ppm lead in alfalfa plant tissues without yield reduc-
tions. Davis et al. (1978) found the critical level (10 percent
yield reduction) of lead in barley shoots was 35 ppm. The
tolerable level of 25 ppm lead in vegetative tissue was selected
based on two factors: 1) it was within the range which Davis et
al. (1978) noted the "onset of growth reduction" in barley
seedlings (20 to 35 ppm) and 2) it was below the 35 ppm concentra-
tion these authors found to be associated with a 1@ percent yield
reduction.
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3.4 Zinc in soils and plants

3.4.1 2Zinc literature review

Zinc is an essential plant nutrient normally present in soils
at a concentration of 16 to 300 ppm and averages 54 ppm in U.S.
soils (Connor and Shacklette 1975). Typical levels in vegetation
range from 25 to 150 ppm (dry wt.). Most research concerning zinc
in soils and plants has examined the phenomenom of zinc defi-
ciency. 2Zinc toxicity is rare, usually only occurring in contami-
nated areas or in extremely acid soils. High levels of soil
calcium and phosphorus, and alkaline soil conditions reduce zinc
availability to plants, lowering the risk of plant toxicity even
in zinc-contaminated soils (Kabata-Pendias and Pendias 1984).
Plant uptake of zinc is also influenced-by the organic matter
cohtent of the soil, presence of chelating compounds, and overall
soil fertility (Shuman 1980). Plant species vary widely in their
tolerance to zinc which further complicates efforts to determine
specific levels of phytotoxicity (Taylor et al. 1982). Studies
examining the relationship between zinc concentrations in soil and
plant tissue with zinc phytotoxicity are summarized in Tables 42,
43 and 44.

3.4.2 Zinc in soils

3.4.2.1 Total zinc in soils

Total soil zinc concentrations in excess of 600 ppm were
generally associated with yield reductions greater than 25 percent
in most crop species (Table 42). The only exception found in the
reviewed literature was the sludge study by Hinesly et al. (1982)
which noted no yield reductions for corn at a total soil zinc
concentration of 606 ppm. The application of sludge study results
should be used with extreme caution due to the ameliorating effect
of sludge. Yield reductions in the 500 to 608 ppm total soil zinc
range were between 8 percent found for peas and potatoes (Boawn

and Rasmussen 1971) and 72 percent found for soybeans (White and
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Table 42. Phytotoxicity of total zinc in soils.
So3l Chemical
Concentration Soil Form Plant Species/ Hazard Significance
Soil Type {ppm) pH Applied fype of Experiment Part Response Level Reference

Hartsells Fine Sandy Loam 969 $.5 ZnS0, Greenhouse/Soil Pots Corn/Forage 98.2 % YR HR Hortvedt and Giordano (1978
Hartsells Fine Sandy Loam 968 6.0 ZnS0y Greenhouse/Soil Pots Corn/Forage 96.7 § ¥R NR Hortvedt and Giordano (19151
Hsrtsells Fine Sandy Loam 966 6.5 En504 Greenhouse/Soil Pots Corn/Forage 96.7 % YR HR Mortvedt and Giordano (1978
Hartsells Fine Sandy Loam 968 7.9 2n504 Greenhouse/Soil Pots Corn/Porage 86.7 % IR MR Mortvedt and Giordano uns)
Oomino 6ilt Loam 668 7.5 TnS0,4/Sludge Greenhouse/Soil Pots  Wheat/Grain 75 % YR HR nitchell ot al. (1978) )
Domino Bilt Loam 660 7.5 2n804/51udge Greenhouse/Soil Pots Lettuce/Tops 53 8 YR MR Mitchell et al. (1970)
Redding Fine Sandy Loan 668 5.7 InS04/5ludge Greenhouse/Soil Pots  Wheat/Grain 27 s YR MR Mitchell et a). (1978)
Redding Fine Sandy Loam 669 s.7 2nS04/8ludge Greenhouse/Soil Pots Lettuce/Tops 8L ¢ YR "R nitchell et al, (1978)
Blouot §ilt Loam 696 7.4 Sludge Pleld Corn/Stover Mo YR .95 Hinesly et al, (1982)
Blount S5ilt Loas [{ 1] 7.4 Sludge Field Corn/Grain Mo ¥R 9.05 Hinesly et al. (1962)
Redding Pine Sandy Loam s8e 5.7 5ludge/Ins0, Greenhouse/Soil Pots Wheat/Grain * 25 § YR 9.05 Mitchell et al. (1978)
Sassafras 5ilt Loam 524 6.3 In504 7H20 Greenhouse/Soil Pots Soybeans/Leaf 72.4 % IR 1] White and Chaney (1980)
Pocomoke Silt Loam $24 6.3 In804 7H0 Greenhouse/Soil Pots Soybeans/Leat 26.2 % YR NR White and Chaney (190840)
Shano S§ilt Loam 15-30 o= >508 7.0 In(NO3) 2 6H20 Greenhouse/Soil Pots Pea/Tops 8 % IR 8.65 Boawn and Rasmussen (1971)
Shano Silt Loam 15-3¢0 cm  >508 7.9 Zn(MO3); 6H20 Greenhouse/Soil Pots Clover/Tops 9 % R 0.03 Boawn and Rasgmussen (1971)
Shano Silt Loam 15-30 cm  >500 7.9 Zn(NO3); 6H0  Greenhouse/Soil Pots Potato/Tops 8 8 IR ¢.a5 Boawn and Rasmugsen (1971)
Shano Silt Loam 15-30 o= 500 7.9 Zn(N0y) 3 6H30 Greanhouse/Soi1l Pots Tomata/Tops 26 VIR e.as Boawn and Rasmussen (s
Shano Silt Loam 15-30 om 500 7.9 In(NO3); 6H0 Greenhouse/Soil Pots Lettuce/Tops 31 % ¥R 9.0% Boawn and Rasmussen (1971)
jnano Silt Loam 15-380 cm 400 7.1 Zn(NO3) 3 6H0 Greenhouse/Soil Pots Alfalfa/Tops 17 § ¥R g.vs Boawn and Rasmussen (1971)
Shano Silt Loam 15-30 cm 100 7.1 Zn(N03); 6H20  Greenhouse/Soil Pots Field Corn/Tops 26 V YR .05 Boawn and Rasmussen (1971)
sassafras Silt Loam 393 6.3 ZnS0y H20 Greenhouse/Soil Pots  Soybeans/Leat 33.3 \ YR R White and Chaney (1989)
Pocomoke Silt Loam 393 6.3 InS04 7TH20 Greenhouse/So1l Pots Soybeans/Leaf 15.9 % YR NR White and Chaney (1989)
Domino Silt Loam 340 7.5 In504/Sludge Greenhouse/Soil Pots Wheat/Grain 29 VYR NR Mitchell et al. (1979)
Domino Silt Loam 340 7.5 2nS04/Sludge Greenhouse/Soil Pots Lettuce/Tops 12 ¢ YR NR Mitchell et al. (1978)
Redding Fine Sandy Loam 340 5.7 2nS04/Sludge Greenhouse/Soil Pots  Wheat/Grain 12 A YR NR Mitchell et al. (1978)
Redding Fine Sandy Loan 340 5.7 2nS04/Sludge Greenhouse/Soil Pots Lettuce/Tops 55 § YR NR Mitchell ot al. (1978)
Lakeland Sesnd 309 MR ZnS0y Greenhouse/Soil Pots Slash Pine Seedling/

Shoots 59.6 % ¥R NR VanLear and smith (1972)
shano Silt Loam 15-38 om 199 7.3 Zn{H03)7 6H0  Greenhouse/Soil Pots  Wheat/Tops 18 VIR e.e5 Boawn and Rasmussen (1971)
Shano Silt Loam 15-39 cm 390 7.3 In(NO3); 6H20 Greenhousa/Soil Pots Sweet Corn/Tops 32 % ¥R 9.95 Boawn and Resmussen (1971)
sassagras Silt Loam 262 6.3 ZnS0y~ 7THZ0 Greenhouse/So1l Pots  Soybeans 16.3 § YR NR White and Chaney (1984)
Pocomoke S5ilt Loam 262 6.3 2nS0; 7H20 Greenhouse/So1l Pots Soybeans 22.1 % ¥R NR White and Chaney (1989)
Hartsells Fine Sandy Loam 240 5.9 Sludge Greenhouse/So1l Pots Corn/Forage Yield Increase NR Mortvedt and Giordano (1975)
Hartsells Fine Sandy Loam 240 5.5 InSOy Greenhouse/S01l Pots  Corn/Forage 49.1 % YR NR Mortvedt and Giordano (197%)
Hartseils Fine Sandy Loam 240 6.0 ZnS0, Greanhouse/So1l Pots Corn/Forage 35.0 % YR NR Mor=vedt and Giordano (1975)
Harzsel.s Fine Sandy Loam 240 6.5 Zns0; Greenhouse/So1l Pots  Corn/Forage 8.3 v YR NR tortvedt and Giordano (1975)
harzselis Fine Sandy Loam 248 7.0 2nS0g Greenhouse/Soil Pots Corn/Forage $.0 V YR NR Morcvedt and Giordano (1975)
Shanc S1lt Loam 15-39 cm 200 1.5 2n(NO3) 2 6H20 Greenhouse/Soil Pots  Barley/Tops 16 § YR 0.05 Boawn and Resmussen (1971)
Shano Silt Loam 1%-39 cm 200 7.5 Zn(NO3)> 6H20 Greenhouse/Soll Pots  Sorghum/Tops 30 % YR 9.05

Boawn and Rasmussen (1971
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Table 42,

Phytotoxicity of total zinc in soils, continued.

S0i1 Chemicai .
Concent:zazion So1l form Plant Species/ Hazard S:gnificance
So1l Tvpe (oom) pH Applied Tvoe of Experiment Pazz Response Level Reference
Sassafras Silt Loam 196 5.5 nS0y  7H0 Greenhouse/Soi1l Pots  Saybesas/Leaf 1.6 \ YR uR White and Chaney {1980)
Sassafras Silt Loam 196 6.3 ZnSO4 7H20 Greenhouse/Soil Pots  Soybeans/Leaf 9.6 v ¥R NR White and Chaney (1984)
Pocomoke Silt Loam 196 5.5 ZnSO04 7TH0 Greenhouse/Soil Pots Soybeans/Leat 6.4 \ YR NR White and Chaney (1984)
Pocomoke Silt Loam 196 6.3 InSO4 7H0 Greenhouse/Sail Pots Soybesans /Leaf 13.8 ¢ YR HR White and Chaney (198¢)
Domino Silt (oam 160 7.5 znso‘/slugqe Greenhouse/Soil Pots Wheat/Grain 12 4 YR R Mitchell et al. (1978)
Domino Silt Loam 100 2.8 Zn504/S1udge Greenhouse/Soil Pots Lettuce/Tops No YR NR Hitchell et al. (1978)
Redding Pine Sandy Loam 180 5.7 InS04/S51udge Greenhouse/Soil Pots  Wheat/Grain 9% YR NR Mitchell et al. (1978)
Redding Fine Sandy Loam 180 5.7 InS0,4/5ludge Greenhouse/Soil Pots Lettuce/Tops 32 % YR NR Mitchell et al. (1978)
Sasgafras Si1]t Loam 131 5.9 ZnS04 7H20 Greenhouse/Soil Pots Soybeans/Leaf 26.1 ¢ YR NR White and Chaney (1989)
Sassafras Silt Loem 131 6.3 Zn§04 7H20 Greenhouse/Soil Pots Soybeans/Leaf 19.9 % Yield Increase NR White and Chaney (1984)
Pocomoke Silt Loam 131 5.% ZnS04 7H20 Greenhouse/Soil Pots Soybeans/Leaf 19.1 ¢ ¥R NR White and Chaney (1984)
Pocomoke Silt Loam 131 6.3 ZnSOq¢ 7H0 Greenhouse/Soil Pots Soybeans/Leaf 9.7 v YR NR White and Chaney (198¢)
Redding Fine Sandy Loam 139 5.7 5ludge/InS0,4 Creenhouse/Soil Pots Lettuce/Shoots 25 YR Q.95 Hitchell et al. (1978)
Domino Silt Loam 199 7.5 InS04/5ludge Greenhouse/Soil Pots Wheat/Grain 14 % YR NR Mitchell et al. (1978)
Domino Silt Loam 190 7.5 ZnS04/5ludge Creenhouse/Soil Pots Lattuce/Tops 4 ¢ Yield Increase NR Mitchell et al. (1978)
Redding Fine Sandy Loam 100 5.7 InS04/Sludge Creenhouse/Soil Pots  Wheat/Grain 3% YR NR Mitchell et al. (1978)
Redding Fine Sandy Loam 100 5.7 ZnS04/Sludge Greenhouse/Soil Pots Lettuce/Tops 13 % YR NR Mitchell et al. (1978)
Sassafras Silt Loam [} 5.5 ZnSO4 7H20 Greenhouse/Soil Pots Soybeans/Leaf 8.2 % Yield Increase NR White and Chaney (1980)
Sassafras Silt Loam 65 6.3 ZnS04 7H20 Greenhouse/Soil Pots Soybeans/Leat 12.3 A Yield Increase MR White and Chaney (198¢)
Pocomoke Silt Loam 65 5.5 ZnS04 7420 Greenhouse/Soil Pots Soybeans/Leat .6 ¢ YR R White and Chaney (1989)
Pocomoke Silt Loam 65 6.3 ZnS04 7H20 Greenhouse/Soil Pots Soybeans/Leal 19.3 ¢ YR NR White and Chaney (1989)
16 Minn. Surface Soils 69 $.3-8.2  None Pield NR Background NA Plerce et al. (1982)
Hartsells Fine Sandy Loam 60 5.5 Sludge Greenhouse/Soil Pots Corn/Forage Yieid Increase NR Mortvedt and Giotdano (1979)
Hartsells Fine Sandy Loam 60 5.5 ZnS0y Greenhouse/Soil Pots Corn/Forage Mo YR NR Mortvedt and Giordano (1975)
Hartsells Fine Sandy Loam 60 6.9 ZnS0y Greenhouse/Soil Pots Corn/Porage S VIR NR Mortvedt and Glordano (1975)
Hartsells Fine Sandy Loam 69 6.5 ZnS0, Greenhouse/Soil Pots Corn/Forage Yield Increase MR Mortvedt and Giordano (1975)
Hartsells Fine Sandy Loam 60 7.9 InSO, Greaenhouse/Soil Pots Cotn/Forage Yiald Increase NR Mortvedt and Giordano (197%5)
Lakeland Sand 60 NR ZnS0Oy Greenhouse/Soil Pots Slash Pine Seedlings/
Shoots 42.9 v YR NR VanLear and 3njith (1972)

Dominoc Silt Loam 60 7.5 2nS04/Sludge Creenhouse/Soil Pots' Wheat/Grain 6 V% ¥R NR Mitchell ec al, (1978)
Oomino Si1lt Loam 60 7.% 2nS04/S1ludge Greenhouse/Soil Pots Lettuce/Tops 18 Vv 7i1eld Increase NR Mitchell et ai. (1978
Redding Fine Sandy Loam 60 5.7 ZnS04/S1ludae Greenhouse/So1l Pots wWhest/Graln 6 ) 7ield Increase NR H;:che}l ez al, (1972
Redding Fine Sandy Lcam [ 5.7 Zn504/Sludge Greenhouse/Soil Pots Lteztuce/Tops 24 ¥R NR Mitchell e ai. (1973)
16 Mm:pn. Soi1ls Series -

A1l Deptns 5% 5.3-8.2 None r:eid NR 8ackgzcund NR Pierce et ai. (1982)
16 Minn. Soi1ls Parent

Material 52 5.3-8.2 None Field NR Backgyround NR Plerce et al. (1982)
16 Miun. Subsoils 49 5.3-8.2  None rield NR 3ackjround NR Plerce et ai. (1982)
Helena valley Soils 46.9 8.0 None Pield Forace/Range 3ac«<3round NR £V (1740,



Table 42,

1zt

Phytotoxicity of total zinc in soils, continued.

So1l Chemical
Concentration So1} form plant Species/ Hazard Significance
Soil Tvpe {pom) PH Aoplied Tvoe of Experiment Part Response Level Referance

13 Leden Fine Sandy Loam 41.3 NR None Greenhouse/Soil Pots Slash Pine Seedlings/

shoots Background NR VanLeacr and Smith (1972)
pomino $ilt Loam 49 7.5 InS04/Sludge Greenhouse/Soil Pots wWheat/Grain 6 % YR NR Mitchell et al. (1978)
Domino Silt Loam 40 7.5 InS04/Sludge CGCreenhouse/So0il Pots Lettuce/Tops 4 % YR NR Mitchell et al. (1978)
Redding Fine Sandy Loam 40 5.7 2n504/Sludge Greenhouse/Soil Pots Wheat/Grain 2 % ¥R NR Mitchell et al. {1978)
Redding Pine Sandy Loan 40 5.7 2n504/5ludge Greenhouse/Soil Pots Lattuce/Tops No YR MR Mitchell et al. (1978}
Leon Fine Sand 371.5 NR Hone Greenhouse/Soil Pots Slash .Pine Seadlings/

Shoots Background KR VanLear and Smith (1972)
sassafras Silt Losm 33 5.5 InSO¢ 7H20 Greenhouse/Soil Pots  Soybeans/Leaf 9.7 ¢ Yield Increase NR wWhite and Chaney (1980)
Pocomoke §ilt Loam Kk} 5.5 InSOq 7H20 Greenhouse/Soil Pots Soybeans/Leat 9.5 % ¥R NR White and Chaney (1984)
Lakeland Sand 3 NR Ins04 Greenhouse/50il Pots Slash Pine Seedlings/

Shoots 11.0 ¢ ¥R ¥R VanLear and Smith (1972)
Lakeland Sand 3 NR None Greenhouse/Soil Pots Slash Pine Seadlings/

Background HR VanLear and smith (1972)

Shoots




Table 43.

Phytotoxicity of extractable zinc In soils.

Soi | Chemical
Concenttation Form Plant Species/ Hazard Significunt
So1l Type {oon) oH Apolied Tyoe of Fxperiment Patt Response Ertzactant l.evel Colegomen

shana Si1le Loam 15-308 cm 24¢ 1.0 IniNDO3) 2 6M20 Greenhouse’Soi) Pots Clover/Tops 91‘ YR (H.5.) Ufel n.en R T
Shanc Silt Loam 15-)¢ 216 ;.a Zn(NO3),; 6H0 Greenhouse/So1l Pots Alfalfa/Tops 22 1 ‘R ATy [ERLL Haan o g '“_ 7’“
Shano Si1lt Loam 15-30 246 7.9 2n(NO3j); 6H0  Greenhouse/Sorl Pots Rarley/Tops 6 v R nTPA Q.05 Bomun vl orpe e .;71,
Shano Silt Loam 15-30 246 1.9 ZniNO3) ) 64;0 Greenhousa/So1l Pots Wheat/Tops 45 2 v? pres 0.05 Neawn e . ey
Shano Si1lt Loam 15-30 246 7.3 ZniNO3); 6M30 Greenhouse/Sotl Pots Field Beans/Tops 10 vV Y& (.5, nTra u.as Neoen s H )
Shanc Silt Loam 15-30 246 7.0 ZniNOj); 6H30 Greenhouse/So:l Pots  Pea-Alaska/Tops ¥\ ye ¢ us Beaon . )
Shano Siit Loam 15-30 246 1.9 Zn(NO3) 6#30 Greenhouse/Soi1l Pots Lettuce/Tops 31y L ey en !
Shano Si1lt Loam 15-30 cn 246 7.0 20(NO31; 6H30  Greenhouse/So1l Pots Spinach/Tops 12 A ve a.¢s Posan i
sShano Silt tLoom 15-30 cm 26 7.9 Zn{NOy); 6H20 CGreenhouse/Soil Pots  Tomato/Tops %\ YR 6.0% Boawn
Shano Silt Loam 15-30 cm 19% 7.1 2n{NO}} 3 6H20 Greenhouse/$o1l Pots Clover/Tops No YR aTPA 0.6% Aoawn and Aasrussen (197
Shano Silt Loam 15-39 cm 195 7.1 TniNO3); 6HO  Greenhouse/Scal Pots  Alfaslfa/Tops 17 v ve DTPA 0.05 Boawn and Resaz:ssen () H
shano Silt Loam 15-30 cm 195 7.1 Tn{NO31) 6H20 Greenhouse/S0il Pots  Barley/Tops 5% v TR DTPA 0.0% Boavn and Gesmesre? (1231)
shano Silt Loam 15-30 cm 195 7.1 In(N0j3); 6H20 Greenhouse/Soil Pots  Wheat/Tops 38 % ya DTPA 9.93 Boawn i
Shano 5ilt Loam 15-30 cm 195 7.1 In{NO3)y 6H20 Greenhouse/$S0il Pots Field Beans/Tops %o YR oTPA 9.05 Boawn
sheno Silt Loam 15-39 cm 195 7.1 In(¥0)); 6M20  Greenhouse/Soil Pots  Pes-Alasks/Tops 10 v v 0.5,y OTPA 0.05 Boavn and Rasmussen (197
Shano Silt Loam 15-30 cm 198 7.1 Tn(NO3)7 6H20 Greenhouse/Soil Pots  Lettuce/Tops 18 % va (w.5.) DTPA 9.95 Boswn and Rasmussen () 1"
Shano Silt Loam 15-30 cm 19% 7.1 Tn{NOj) 3 6H20 Greenhouse/$Soil Pots spinach/Tops 19 ¢ R DTPA 9.0% Boawn snd l.saul-e: :l:’l)
shano §ilt Loam 15-30 cm 195 7.1 Tn(NOj)3 6H0 Greenhouse/Soil Pots  Tomsto/Tops 18V IR (0.5.) DTPA 9.03 Boaun and Rasaussen {1371
Shano Silt Loam 15-3¢ cm 146 7.3 In(NO3}; 6H20 Greenhouse/Soll Pots  Clover/Tops 7% YR (M.5.) DTPA e.95 Boawn and Rasmussen 197”
sheno Sfilt Loam 15-39 cm 146 7.} In(NO3) 6H30 Greenho /So0il Pots Alfalfa/Tops %o YR OTPA 0.9% Boaun and Pasmcesen :1971)
shano Silt Loam 15-3@ cm 146 7.3 In(NO3)3 6H0 Greenhouse/Soil Pots  Barley/Tops 42 % YR OTPA 9.05 Boawn and Resmussen un”
Shano Sile Loam 15-39 cm 146 7.3 In(NO3), 6H20 Greenhouse/Soil Pots  Wheat/Tops 18 v YR DTPA e.05 Boawn and Rasmussen nn”
Shano Silt Loam 15-30 cm L46 1.3 In (NO313 6H20 Greenhouse/Soil Pots field Beans/Topsa Ha YR DTPA 9.905 Boswn and Rasaussen (19111
Shano Silt Losm 15-39 cm 146 7.3 Tn(NO)); 6H20 Greenhouse/Soil Pots  Pea-Alaaka/Tops 3 VIR N.5.) OTPA 9.95 Boawn and Rasmussen ugy”
shano Silt Losm 15-3@ cm 146 7.3 In(NO3); 6H0 Greenhouse/Soil Pots  Lettuce/Tops 11 VYR (N.S.) DTPA 0.0s Boawn and Rasmussen un”
shana Silt Loam 15-39 cm 146 7.3 In(NOj3)3 6H;0 Greenhouse/Soil Pots  Spinach/Tops 12 % ¥R DTPA 0.95 Boavn and Rasmussen (197“
shano Silt Loam 15-39 ca 146 7.1 Tn(NO3); 640 Greenhouse/S01l Pots  Tomato/Tops 8% YR N5 OTPA 9.05 Boawn and Rasmussen “7”
warden Fine Sandy Loam 118 6.1 InS04 H30 Field Letuce/Plant or Head Ror=al DTPA NR Boawn (1971} 11571y
Wacden Fine Sandy tLoan 118 6.1 InSO; H30 field Swiss Chard/Plant “Stuntec” DTPA NR Boawn (1971)
Warden Fine Sandy Loar 118 6.1 IS0 Hy0 Field Spinach/Plant Stunted” DTPA NR Boawn (1971)
Watden Fine Sandy Loasn 118 6.1 InS04 H20 Field Cabbage/Heads dormal oTPA NR Boawn (1971)
Warden Pine Sandy CLoanm 118 6.1 inS04 H20 Field Brussel Sprouts/Heads Notnal OTPA NR Boawn {1971)
Fatepur Loamy Sand NR 2nS04 Soil Pots Corn/Tops Toxic Symptoms DTPA NR Takkar and mann (1979}
Shano Silt Loam 15-30 cn 7.5 Zn(NO3)3 6H)0  Greenhouse/Soil Pots  Clover/Tops Traesg OTPA 9.95 Boawn and Rasmussen (197)
Shano Si1lt Loam 15-30 cm 7.8 Sn(NO3) 3 6M20 Greenhousae/Soirl Pots Altalfa/Tops I Vfa iN.S.) DPTA 9.05 Boswn and Pasmussen ugu'
Shano Silt Loam 15-30 cn 7.5 In(NO3)y 6P0  Greenhousa/Soil Pots  Barley/Tops RN OPTA g.05 80awn and Rasmussen “9-”:
shono Silt Loam 15-39 cn 7.5 Z12(703)7 6¥30 Greenhnuse/Sc1l Pots  wWheat/Tops Iy reos OPTA 0.05 Boawn and Rasmussen (197)
shang Si1lt Loam 15-20 ¢~ V.8 TR0z, £a:D Greenhouee/Snil Pots  Field Beans/Tops Yo u= DTPA 0.05 RoBsn ard Pasc_saen (.97|'
inane s:lt Loam 1o-30 = e S 6.7 Creamheews Sitl pszs Paa-Aiaska’Icns Loyl e 5TPA 0.03 Boawn and ascussen ugn:
Shano Si1lt Loam (5-30 e n{ 2 6nan Grewnhousae, 3ot Pots Letiucu/Tops MR (-,___:,,; DTPA .05 Acawn and naer -s;.-. (1971
shano 51!t foam 15-12 IniING3'y £4420 Gteanhcuse/Sc1l Pats  Spinach/Tops ty e o5, oTPA ¢.2s Acywn aad Tase_ssen ||97|:
shana 511t [oam 15-132 “r{¥0i1y 6430 GreenhouseScil Sots  Torato/Tops - 55 P eus DTPA 0.0s Boawn 2= Pas=-ssen (1971
w3 len .0 7oA Tuan LA 12 fealv * sastanles N TP~ P Brawn 1., '
Plaie: L2 - B v S, “4agns Poa S rMPL v.10 2 'a. s
Sraen ara r ke Creanny s ofeus : PO ITHA ¢ es BCaon gnd iacc .
e RELT ORI N SR Rl i e e
shana iP5 Inttdy)y Ghau "-‘""’""“”5“;-5"“‘; o “;”:%;";‘;" S DTPA :-:5 Boaun and Rasmussen ngnl:

- m 7.% In(NO3)p 6120 Greenhouse/Sol ots Whea .S, DTPA - 9.9%5 Boam
::::g g:{: tz:2 }2-;3 §n 7.5 zncuo§)§ 6u§o Creenhousc/Soil Pots Field Beans/Tops OTPA g8.05 Bo:y: ::g ::::::::: {lg;==
shano Si1lt Loam 15-30 cm 1.5 Zn(NOy) 5 6420 Greenhouse /501l Pots Pea-Alaska/Tops \5 1 vR OTPA 0.0% Boawn and Rasmussen (1971)
shano Silt Loam 15-30 cm 1.5 In(i103); 6¥;0  Greenhouse/Soil Pots  Lettuce/Tops AL SR DTPA 9.95 Boaun and Rasauvssen (1971}
shano Silt Loam I5-)¢ 1.5 Zn(N0y)y AH0  Greenhouse/Sotl Pots  Spinach/Tops Yo oTPA a.05 Bosun erd Rasm.seen (1971)
Shano Silt Loam 15-39 cm 7.% In(dty); 6NH20  CGreenhouse/3oil Pots  Tumato/Tops -90‘ . DTPA Q.05 Bcawn and vasrussen (1971)
Plainficld Loamy Sand .8 6.7 InS0, Freld Cucumbers/Fruit vy :“'5" 8.8 HCL 0.10 Halsh et al. (1972)
Plainfireld Loary Sand .2 6.7 ZnSO, Field Corn/Crain teld Increase 9.1N HCI 0.19

-

N
[N

Walsh e: al. (1972)




Table 43. Phytotoxiclty of extractahle zlnc In solls, continued,

Soil Chemical s f1cant
Concentration soil form Plant Species/ Hazard 1gat °
Soil Tvpe (ppm) pH Applied Type of Eiperiment Pact Response _kiteactant tovel Re'cvence
Alberta G:a. Scal
(roorly tned) 2 7.4 None Field Giain/seed Background iN HC) *iA Dudas and Pawluk (1977)
Jorins Sl - 1.5 None Greenhouse/Soi: pnis iheat-Laettuce Background DTIPA Hh Mizchell et a1, (1978)
Alberta H.aoe Sor. :
(Solcnez: 9 5.7 None Field Grain/Seed Background 1N HCL NA oudas
Alberta Flacs joil oné Faviek (1977)
> 19 6.9 None Freld Grain/Seed Background 1N +Cl HA nucdas and lswiuk (1977)
R]ecc:m; 13 5.7 None Creenhouses/So11 Pots #heac-Lettuce packgcound DTPA RA Fitchell et al. (1978)
Alvarza ’
(well Zrained) 13 6.4 None Field Grain/Seed Background L KA Dudas and Faw!
Alberta B:own So1l Fauiuk (1917
(Poorly Srained) 13 6.5 None Field Grain/Seed Background HE ) “A Dudas »a e
Alberta Gray Soti . ne Ak (1977
{well Drainedy 11 6.5 None Field Grain/Seed Backgtound 1N el NA Dudas anc paw
. luk (1977)
Fatepur Locamy Sand 11 R InSO sSoil Peots Corn/Tops fnitial YR OTPA NR Takkar
Alberta Brown Soil ‘ P and Mann (1378)
(Solonetz}) 18 6.4 None Pield Grain/Seed Background IN nll NA T Oudas and s
Alberta Gray 501l ? oneé Parluk tisny
(Solonetz) 9.2 6.2 None rield Grain/Seed Background i -21 uA Dudas and i
N =T : Pamiuk (1977)
Fatepur Loaty Sand ? R nS0, Soil Pots Wheat/Tops init1al YR D24 Ka Takkar
Alberta Brown Soil P ) and Mann (1978)
{Well Drasined) 5.7 7.2 dNone Field Grain/Seed packground 1IN HCl A Dudas and Pawluk (19771
Shano Silt Lcam cm S 7.5 In(NO3) 2 6H0 Greenhouse/S011 Pots Clover/Tops NO YR DTPA 9.05 Boawn and Ragsaussen 11971)
Shano S:it Loar co 5 7.5 IZn(NO3l3 6H0 Graenhouse/Scil Pots Alfalfa/Tops No YR DTPA c.e5 Boawn and Rasmussen (1971)
Shano Sil: Lcaa cm H 7.5 2n(NOj) 2 6H0 Greenhouse/Soil Pots  Barley/Tops No YP oTP3 a.0s Boawn and Rassussen (1971)
Shano Silt Lcam cm 5 7.5 2n(NOj3) 3 6H20 Greenhouse/S5011 Pots Wheat /Tops No YR DTPA 0.03 Boawn and Rasaussen (1971)
Shano $:1: Loam cm 5 7.5 Zn(NO3) 7 6420 Greenhouse/Soi1l Pots Field Beans/Tops tio %R DTPA .05 Boawn and Rasmussen (1971)
Shano ca 5 7.8 2n{KG3)3 6F20 Greenhouse’/Soil Pors Pea-Alaska/Tops Lo YP oTes a9 Boawn 0-é Pssmussen (1971)
$naac cr S 7.5 InNO3) 3 €-20 Creerhouse’/So1l Pots LeLtLTes/Tcps ¥o Y3 oTrs ":'05 EZawn a0C Zigaussen (1971
Shaac o 5 7.5 2nit03)3 5r:C  Greenhousa’soil pots Soinach/Tops NO YR DTPA t.es Boasn and Pasaussen (1971)
= 5 7.5 20(N33)3 6r30 Greanhouse/So:l POTS  TOMato/TOpPs No YR DTPA 3.65 Boawn and Rasmussen (1971}
2 6.2-8.2 None Fieled Naiive Yegetation Background NH4ORC NR Severson et al. (1977)
1.6 6.2-8.2 Ncne Field natite Yegetation Background EDTA NR Severson et al. (1977)
3.6 6.2-08.2 ~one Fielcd Native Yegetation Background DTPA NR Severson et al. (1977)
. 2.3 7.0-72.9 noae Fielc Nreioo Uemetat.te Background EDTA HR Severson et al. (1977)
.- o2 Toweg.e L. ERT] teiiosoMr oLt ot.on Rac«GIound NH OAC 'R Severson e: zl. (1977)
2.0 K . t.oald oA L - (T R Te.ErsSIn 2t 3t 11977
N v - . e B P caredroers ST .t PERY']
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Table bl. Phytotoxicity of zinc in vegetation.

Tissue
Concentration Chemjcal Form ~ Hazard Significance

Plant/Tissve {opm) Type of Experiment Apolied Response Level Reference
Corn/Forage 8624 Greenhouse/Soil Pots ZnS04 96 \ ¥R 6.9 9.05 Moctvedt and Giordano (157%5)
Corn/Forsge 82137 Greenhouse/Soil Pota ZnS04 96 ¢ YR 6.5 .05 Mortvedt and Giordanc (137%5)
Corn/Forage 5622 Greenhouse/Soil Pots InS0, 85 V ¥R 7.0 9.05 Mortvedt and Giocdano (197%5)
Corn/Forage 3067 Greenhouse/Soil Pots InSOy 45 v YR 4.6 9.085 Mortvedt and Giordano (1975)
Corn/Forage 2302 Greenhouse/Soil Pots ZnS0y S1 8 ¥R s.S 0.05 Mortvedt and Giordano (L975)
Barley/Tops 2112 Greenhouse/Soil Pots Zn(NOj) 3 6420 76 v YR 7.9 9.05 Boavn and Rasmussen (1971)
Wheat/Strawv 1850 Zn504 81 8§ YR NR NR Takkar and Mann (1978)
Corn/Forage 1640 Greenhouse/Soil Pots InS04 3 VYR (N.S.) 4.8 9.05 Mortvedt and Giordano (1975)
Wheat/Straw 1600 2nS0, 63 % YR NR NR Takkac and Mann (1973)
Lettuce/Shoot 1585 Greenhouse/Soil Pots Sludge/2ns04 $S VYR 5.7 8.05 Mitchell et al. (1978)
Corn/Forage 1578 Greenhouse/Soil Pots InsS0, 29 VYR 6.9 NR Hortvedt and Giordano (19735)
Lettuce/shoot 1265 Greenhouse/Soil Pots Sludge/Zns0y 55 § YR 7.5 a.Jd5 Mitchell et sl. (1978)
Batley/Tops 1237 Greesnhouse/Soil Pots In(NOj) 3 6H0 59 3 YR 7.1 9.9 Boawn and Rasmussen (1971)
Sorghum/Tops 1140 Greenhouse/Soil Pots In(NO3) 2 EH20 70 % YR 7.9 9.03% Boawn and Rasmussen (1971}
Sugar Beet/Tops 1067 Greenhouse/Soil Pots 2n(NO3) 3 6H20 40 VYR 7.0 9.035 Boawn and Rasmussen (1971}
Lettuce/Shoot 1e58 Greenhouse/Soil Pots Sludge/2ZnS0y4 25 \ ¥R s.? 0.0% Mitchell et al. (1978)
Sorghum/Tops 1629 Greenhouse/S5o0il Pots In(NO3) 3 6H0 80 % YR 7.9 9.05 Boawn and Rasmussen (1971)
Corn/Forage 1025 InS0,4 58 \ YR 4.9 9.93% Giordano et al. (1975)
Ryegrass/Shoots 100e Greenhouse/Soil Pots In Salts 5 § YR 4.2 NR Dijkshoorn et al. (1979)
Sorghum 975 Greenhouse/So3l Pots Tn(NO3) 3 6H20 66 \ YR 7.1 .05 8oawn and Rasmussen (1971}
Spinach/Tops 945 Greenhouse/Soil Pots Zn(NO}3) ] 6M20 32 % YR 7.0 9.0s Boawn and Rasmussen (1971)
Sorghun/Tops 917 Greenhouse/Soil Pots Zn(NOj3) 3 ‘6120 62 VYR 7.1 9.05 poawn and Rasmussen (1971)
Barley/Tops 910 Creanhouse/So1l Pots 2Zn(NO3) 3 6H20 42 VIR 7.3 8.05 Boawn and Rasmussen {(1971)
Wheat/Tops 909 Greenhouse/Soil Pots Zn(NOj) 3 6130 45 \ YR 7.3 e.05 Boawn and Rasdussen (1971)
Corn/Forage 884 2nS04 47 A\ YR 4.9 9.93 Giordano et al. (1975)
Corn/Tops 876 In504 79 % ¥R NR NR Takkar and NMann (1978)
Swiss Chard/Plant Tops 862 InS04 M0 Stunted 6.1 NR Boawn (1971)
Plantsin/shoots aoe Greenhouse/Soil Pots Zn Salts $¢ \ YR 4.3 NR pljishoorn et al. (1979)
Spinach/tTops 775 Greenhouse/Soil Pots Zn(NO3) 3 6H20 19 \ YR 7.1 ¢.05 B8oawn and Rasnussen (1971)
Field Corn/Tops 763 Greenhouse/Soil Pots Zn(NO3) 3 6130 42 \ YR 7.9 0.95 Boawn and Rasmussen (1971)
Sorghum/Tops 73 Greenhouse/Soil Pots Zn(NO3) 3 6H0 43 L YR 7.3 9.95 Boawn and Rasaussen (1971)
Sweet Corn/Tops 713 Greenhouse/So0il Pots 2n (NO3) 3 6H30 48 \ YR 7.0 Q.85 Boawn and Rasxzussen (1971)
Sueet Corn/Tops 695 Greenhouse/Soil Pots In(NO3) 3 6H30 $S A YR 7.1 e.as Boawn and Rasmussen (1971)
¥heat/Tops 662 Greenhouse/Soil Pots Zn(NO3) 7 6K20 19\ YR 7.1 0.05 Boawn and Rasmussen (1971)
Sugar Beet/Tops 670 Greenhouse/So1l Pots Zn(NO3) ; 6H20 28 \ YR 7.2 0.35 8oawn and Rasmussen (1971)
Lettuce/Tops 655 Greenhouse/Soil Pots In(NO3); 6H20 1y YR 7.0 @.03 poawn and kasmussen (1971)
wheat/Leaf 655 Greenhouse/Soil Pots Sludge/1InSO¢ 25 VYR s.7 9.05 Mitchell et al. (1978)
Sorghum/Tops 646 Greenhouse/Soil Pots 2n{NO3) 3 6M20 S0 % YR 7.3 0.05 Boawn and Rasnussen (1971)
Spinach/Tops 630 Greenhouse/Soil Pots In(NO3j) 3 6H20 12 Vv YR 7.3 9.495% Boawn and Rasmussen (i971)
Corn/Tops 6es 2nS0, c 50 \ IR NR NR Takkar and Mann (1978)
Rye/Tops 632 Greenhouse/Soil Pots Sludge R 6.8 @.qs Cuaningham et al. (1975)
Swiss Chard 620 Greenhouse/Soil Pots Sludge Mo Sig YR 4.6 9.95 Valdares et al. (1983}
Corn/Tops s&7 Greenhouse/Soil fots Sludae YR 6.8 9.95 Cunningham et sl. (1973)
3ush Bean/Vine 377 2nS0; 98 \ YR 4.9 9.05 Giordano et al. (19735)



Table 44,

Phytotoxicity of zinc

in vegetation, continued.

S.8SC
Zoriz-~tzaien chem:cs. Tl -~azeIc So:: S:gnrizant

~.an: J1E8u3 t2zm) Tvoe 0f Exderinent azo.ied 2gs520n%5e oH Leve:l Relezence
ield Corn/Tops 576 Greenhouse/Soil Pots Zn(NO3) 2 6H20 26 & YR 7.1 8.05 Boawn and Rasmussen {(1971)
»rghum/Tops 571 Greenhouse/Soil Pots Zn(NO3) 2 6H20 11 ¢ YR (N.S.) 1.5 8.85 Boawn and Rasmussen (1971)
yeat-Gaines/Tops 568 Greenhouse/Soil Pots Zn(NO3) 7 6H20 26 v YR 7.2 0.85 Boawn and Rasmussen (1971)
lover/Shoots 5568 Greenhouse/Soil Pots Zn Salts S@ % YR 4.3 NR Dijkshoorn et al. (1979)
srley-Trail/Tops 540 Greenhouse/Soil Pots 2n(NO3) 2 6H20 20 4 YR 7.5 8.65 Boawn and Rasmussen (1971)
srley/Tops 53¢ Greenhouse/Soil Pots Zn(NO3) 2 6H20 16 § ¥R 7.5 @.05 Boawn and Rasmussen (1971)
2ttuce/Shoot 527 Greenhouse/So0il Pots sludge/2n504 No sig YR 5.1 @.8s Mitchell et al. (1978)
reat/Tops 522 Greenhouse/Soil Pots 2n(NO3) 2 6H20 18 ¢ IR 7.3 .65 Boawn and Rasmussen (1971
ra-Alaska/Tops 522 Greenhouse/Soil Pots Zn(NO3) 2 6H20 30 § YR 7.0 9.05 Boawn and Rasmussen (1971=
omato/Tops 514 Greenhouse/Soil Pots Zn(NO3) 2 6H20 26 8§ YR 7.8 a.a5 Boawn and Rasmussean (1971)
orn/Forage 508 Greenhouse/Soil Pots Sludge Mo §ig ¥R 5.5 8.085 Mortvedt and Giordano (1975)
prghun/Tops 506 Greenhouse/Soil Pots Zn(NO3) 2 6H20 38 YR 7.5 g.05 Boawn and Rasmussen (1971)
pa-Perf/Tops 489 Greenhouse/Soil Pots In(NO3) 3 6H20 8% YR (N.S.) 7.9 9.65 Boawn and Rasmussen (1971)
ield Corn/Tops 484 Greenhouse/50il Pots n(NOj) 2 6H20 286 \ YR (N.S.) 7.3 9.e5 Boawn and Rasmussen (1971)
orghum-NK-125/Tops 475 Greenhouse/Soil Pots Zn(NO3) 2 6H20 20 v YR 7.5 6.ae5 Boawn and Rasmussen (1971)
weet Corn/Tops 475 Greenhouse/50il Pots zn(NO3) 2 6H20 32 % YR 7.3 0.05 Boaun and Rasmussen (1971)
orn/Forage 472 Field ZnS0y 56 § YR 4.9 ¢.e5 Giordano et al. (1975)
orn/Forage 462 Greenhouse/Soil Pots ZnS04 5 § YR 7.0 8.a85 Mortvedt and Giordano (1975)
jield Corn/Forage 460 Greenhouse/Soil Pots Zn(NO3) 2 6H20 20 % YR 7.1 @.0s5 Boawn and Rasmussen (1971)
pinach/Tops 452 Greenhouse/Soil Pots 2n(NO3) 2 6H20 1 v YR (N.S.) 7.5 8.085 Boawn and Rasmussen (1971)
omato-Royal Ace/Tops 459 Greenhouse/Soil Pots Zn(NO3) 2 6H20 20 A YR 7.8 0.85 Boawn and Rasmussea (1971)
nap Beans/Leaf 444 Field ZnS0y § § Yield lncrease 6.1 0.108 wWalsh et al. (1972)
arsley 438 Field 20504 H20 No Apparent YR 6.1 NR Boawn (1971)
orn/Forage 438 Greenhouse/Soil Pots 20504 No Sig YR 5.5 a.05 Mortvedt and Giordano (1975)
ettuce-KY/Tops 430 Greenhouse/Soil Pots 2n(NO3) 2 6M20 20 \ YR 7.1 8.05 Boawn and Rasmussen (1971)
'ea-Alaska/Tops 420 Greenhouse/Soil Pots Zn(NO3)2 6H20 20 v YR 7.1 8.85 Boawn and Rasmussen (1971)
‘heat/Leat 112 Greenhouse/Soil Pots Sludge/Zns0y 85 3 YR 7.5 8.a5 Mitchell et al. (1978)
lheat /Leat 406 Greenhouse/Soil Pots Sludge/ZnSO4 No Sig ¥R 5.7 e.05 Mitchell ec al. (1978)
iweet Corn/Tops 400 Greenhouse/Soil Pots 2n(NO3) 2 6H20 20 % YR 7.4 9.065 Boavwn and Rasmussen (1971)
iwiss Chard/Tops <400 Greenhouse/Soil Pots Sludge No Sig YR 5.2-7.2 g.e01 valdares et al. (1981)
‘ucumbers ~394 Field ZnS04 9 % YR (N.5.) 6.7 e.le Walsh et al. (1972)
.ettuce,T0ps 3990 Greenhouse/Soil Pots Zn(NO3) 2 6H20 18 ¢ YR (N.S.) 7.1 e.0s Boawn and Rasmussen (1971)
:abpace--hi1nese/Heads 389 Field 2nSOg H20 No Apparent YR 6.1 NR Boawn {1971)
theat /Gra:n 382 Greenhouse/Soil Pots Sludge/ZnS04 38 V ¥R 5.7 .35 Mitchell et al. (1978)
romato ToSS 38i Greenhouse/Soil Pots Zn(NO3) 2 6EH20 16 % YR (N.5.) 7.1 3.935 Boawn an¢ Rasmussen (1971)
Lettuce Shcel 380 Greennouse/So1l Pots Sludge/Zn504 i% V¢ YR 7.5 -3.0? Mizcne.! et al. (1978)
3orsnur "Tops 380 Greeahouse/So1l Pots Zn(KO3}2 6420 10 ¥ YR (N.5.° 7.3 0.3 3cawn 23nd Rasmussen (13%71)
Pea-h.aska’/Tops 379 Greenhouse/Soil Pots Zn{NO3}z 6H20 18 % YR (N.S.) 7.1 0.35 Boawn and Rasmussen (1971)
Sweet Zcrn/Tops 367 Greenhouse/Soil Pots Zn(NO3) 2 6H20 12 ¢ YR (N.S.) 7.5 8.05 Boawn and Rasmussen (1971)
pea-Perf/Tops 367 Greenhouse/Soil Pots Zn(NO3) 2 6H20 7 ¥ YR (N.S.) 7.1 8.05 Acawn ané Rasnussen (1971)
collaré/Young Leaves 166 Field ZnSO4 H20 No Apparent YR 6.1 NR Boawn (1971}
Corn.fcraqe 365 Greenhouse/So1l Pots Zns0y 8 v YR 6.5 0.35 Morzvedt 2ad Giordano (1973
Mustard 364 Field IZnS04 H:2T No Apparent iR 6.1 NR 3cawn LT
Kheat./Siraw 360 So1l Pots ZnS0y 45 V¥ YR NR NR Tak<a:z anc Mann (1973)



Table 44,

Phytotoxicity of zinc in vegetation, continued.

Concentraz:urn <nemicas ToIw dazazd Significant
Piant/T:ssve {9 Tvoe of yoerziment tool:ed Feso0nsa oH Level Relerence
Sorghum/Tops 357 Greenhouse/Soil Pots Zn(NOj3) 2 €H20 7% YR (N.S.) 7.% 6.0% Boawn and Rasmussen (1971)
Snap Beans/Leaf 3se Fielcd InsS0, 66 1 YR 6.7 e.10 Walash et al. (1972)
wheat /Tops S Greenhouse/Soil Pots Zn(NOj3) 3 6H20 3 % YR (N.S5.) 7.5 6.05 Boawn and Rasmussen (1971)
Alfalfa/Tops 345 Greenhouse/Soil Pots Zn{NOy) 2 €H20 22 % YR 7.9 9.05 Boawn and Rasmussen (1971)
Endive/Plant Tops 343 Field ZnS04 H20 No Apparent YR 6.1 R Boawn (1971}
Spinach/Plant Tops 3é0 Field InsSO4 HZ0 Stunted 6.1 NR Boawn (1971}
Spinach 33s Greenhouse/Soil Pots Zn(NO3) 2 6H0 No YR 7.5 9.05 Boawn and Rasmussen (1971)
Wheat/Grain 325 50il Pots ZnSOy 94 ¢ YR NR NR Takkar and Menn (1978)
Tomato/Tops 316 Greenhouse/Soil Pots 2n(NOjy) 2 6H20 8 % YR (N.S.) 7.3 9.05 Boawn and Rasmussen (1971)
Field Corn/Tops 314 Greenhouse/Soil Pots 2n(NO3) 3 6H20 13 % YR (N.5.) 7.5 0.05 Boawn and Rasmussen (1971)
Bush Bean/Vine Jes Field ZnS0y 35 % YR 4.9 9.05 Giordano et al. (197%5)
Alfalfs/Tops 295 Greenhouse/Soil Pots Zn(NO3) 2 6H20 20 \ YR 7.0 0.05 Boawn and Rasaussen (1971)
Barley-Julia/Shoots 290 Greenhouse/Sand Culture ZnSOy 1 Vv YR NR NR Davis et al. (1979)
Pea-Perf/Tops 285 Greenhouse/Soil Pots ZniNO3) 3 6H20 6 % YR (N.S.) 7.3 9.05 Boawn and Rasmussen (1971)
Leaf Lettuce/Leaves 269 Field ZnSO4 H20 Ro Apparent YR 6.1 NR Boawn (1971)
Wheat/Grain 266 Greenhouse/Soil Pots Sludge/InsSOy No Sig TR 5.7 0.905 Mitchell et al. (1978)
wheat/Grain 260 Soil Pots Zns0y 76 v YR NR NR Takkacr and Mann (1978)
Bush Bean/Vine 259 Field ZnSOy 2) VYR 4.9 9.0% Giordano et al. (1975)
Field Eeans/Tops 257 Greenhouse/Soil Pots Tn{Nd3) 2 6Hz0 10 % YR (N.S.) 7.9 0.as Boawn and Rasmussen (1971)
Tomato/Tops 251 Greenhouse/Soil Pots Tn(NO3) 3 6H20 S % YR (N.S.) 7.5 a.0s Boawn and Rasaussean (1971)
—s Sweet Corn/Tops 255 Gseenhouse/Soil Pots In(NO3) 2 6H20 8 A YR (N.S.) 7.8 0.95 Boawn and Rasnmusaen (1971)
N Clover/Tops 252 Greenhouse/Soil Pots Zn(NO3) 3 6H20 9 % YR (N.S.) 2.0 0.9% Boawn and Rasmussen (1971)
O Lettuce/Tops 250 Greenhouse/Soil Pots 3n(NO3) 3 6H20 21 \ YR (N.S.) 7.3 9.03 Boavn and Rasmussen (1971)
Snap Beans/Leaf 249 Field ZnSOy 24.5 % YR (N.S.) 6.7 9.19 Walsh et al. (1972)
Head Lettuce/Heads 248 Field 2n504 H30 No Apparent YR 6.1 NR Boawn (1971)
Corn/Forage 241 Field Sludge No YR 5.3 9.95 Giordano et al. (197%5)
Peas-Alaska/Tops 236 Greenhouse/Soil Pots Zn(N03) 2 6H20 9 % YR (N.S.) 7.3 9.905 Boawn and Rasmussen (1971)
Alfalfa/Tops 232 Greenhouse/Soil Pots Zn(NO3) 3 6H20 17 ¢ ¥R 7.1 9.0% Boawn and Rasmussen (1971)
Ryegrass/Seedlings 221 Greenhouse/Sand Culture InSOy Upper Critical Level NR NR Davis and Beckett (1978)
Barley/Tops 220 Greenhouse/Soil Pots Zn(nO3) 2 6H20 16 v YR [N.S.) 7.5 §.05 Boawn and Rasmussen (1971)
Coxn/Tops 220 Soil Pots IS0, 32 % ¥R NR NR Takkar and Mann (1978)
Field Beans/Tops 213 Gréenhouse/Soil Pots ZniNO3)y 6H0 No YR 7.1 9.03 Boawn and Rasmussen ({1971)
Snap Beans/Tops 21 Greenhouse/Soil Pots In(NOj) 2 6H20 12 § YR (N.S.) 7.9 g.905 8oawvn and Rasmussen (1971)
Bush Bean/Vine 211 Field $ludge No Sig YR 5.6 0.0s Giordano et al. (1975)
Barley Seedlings 21e Greenhouse/Sand Culture 2nSO, Upper Critical Level NR NR Davis and Beckett (1978)
Field Cozn/Tops 205 Greenhouse/Soil Pots 2n(NG3) 2 6H20 No YR 7.9 9.95 Boawn and Rasnmussen (1971)
Barley-Barsoy/Stzaw 20¢ Greenhouse/Soil Pots Sludge 15 % YR (N.S.) 6.0 9.01 Chang et 3l. (1982)
Corn/Stover 204 Field . Siudge No Zn IR 5.% NR Hinesly et al. (1982)
Clover/Tops 202 Greenhouse/Soil Pots Zn(NO3) 2 6H20 No YR 7.1 9.85 Boawn and Rasmussen {1971)
Barley-Julia/Seedlings 199 Greenhouse/Sand Cultute ZnS50, NR | NR NR Beckett and Davis (1979)
Pes-Perf/Tops 197 Greenhouse/Soi) Pots Zn(NO3) 2 6H20 4 \ YR (N.S.) 7.9 .05 Boswn and Rasnussen {(1971)
Lettuce/Shoot 190 Greenhouse/Soil Pots Sludge/InS0g Ne Sig YR 7.% 0.05 Mitchell et 8l. (1978)
Wheat/Leaf . 189 Greenhouse/Soil Pots Sludge/ZnS0y4 35 ¢ YR 7.9 0.0 Mitchell et al. (1978}
Wheat /Tops 18% Greenhouse/Soil Pots Zn(NO3) 7 6H20 1 v YR (N.S.) 7.% 8.05 Boawn and Rasmussen (1971)
Barley-B:riggs/Siraw 16¢ Greenhouse/Soil Pots Sludge 27 % YR (N.S.) 6.0 0.01 Chang et ai. (1980)
Wheat/Grain 163 Greenhouse/So3l Pots Sludge/2ns0Oy 85 % YR 7.5 6.35 Mitchell et al. (1273)
Wheat/Crain ige Soil Pots InsSOy 74 VYR NR NP Tarkac wnd Mann (1979
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Table 44. Phytotoxicity of zinc in vegetation, continued.

T:ssue —
concentrazion Chzm:isal Form dazaed Soal Significant
Planz/Tissue 1 Dom1 Tvoe of Exnrrima~t Aoolied Resnons s ok Level Refazence
Lettuce/Leaves 179 Field ZnS04 HR0 No Apparent YR 6.1 NR Boawn (1971)
Swiss Chard 178 Grteenhouse/Soil Pots Sludge No 8ig ¥R 6.9-7.6 9.091 valdaces et al. (1983)
Pea-Alaska/Tops 166 Greenhousa/S011 Pots Zn(NOjy) 2 6H20 L 8 YR (N.S.) 7.5 9.05% Boawn and Rasmussen (1971)
Clover/Tops 161 Greenhouse/Soll Pocs 20(NO3) 3 6H20 7 % YR (N.S.) 7.3 0.05 Boawn and Rasmussen (1971)
Corn/Grain 169 Field ZnS0y 4 A Yield Increase 6.7 8.19 Walsh et al. (1972)
fettuce/Tops 152 Greenhouse/Soil Pots In(NO3) 2 6H20 ¢ 8 YR (H.S.) 7.5 9.05 Boawn and Rasmussen (1971)
Tomato/Tops 150 Greenhouse/Soil Pots Zn(NOj3) 3 6H20 No YR 7.5 0.45 Boawn and Rasmussen (1971)
wWheat /Grain 149 Greenhouse/Soil Pots Sludge/2TnsS0y 35 4 YR 7.5 .05 mitchell et al. {1978)
Snap Beans/Tops 242 Groeenhouse/Soil Pots In(NO3) 2 6H20 14 v YR (N.S.) 7.1 9.05% Boawn and Rasmussen (1971)
Alfalfa/Tops 142 Greenhouse/Soil Pots . In{NO3)2 6H20 Ho YR 1.3 g.as Boawn and Rasmussen (1971)
Lettuce/Shoots 139 Greenhouse/Soil Pots None Background 7.% 8.as8 Mitchell et al. (1978)
Peas-Perf/Tops 132 Greenhouse/Soil Pots Zn(NO3) 2 6H0 No YR 7.% é.as Boawn and Rasmussen (1971)
Wheat/Grain 129 Greenhouse/Soil Pots Sludge/Zasoq Ho Sig ¥R 7.5 a.85 Mitchell et al. (1978)
Snap Beans/Leaf 129 Field ZnS0y 12.4 % YR (N.S.) 6.7 0.190 Walsh et al. (1972)
Bacrley-Flozrida/Strau 126 Greenhouse/Soil Pots Sludge 14 % Yield Increase 6.9 8.01 Chang et al. (1982)
Barley-~Larker/Straw 126 Greenhouse/Soil Pots S§ludge 11 A Yield Increase 6.9 0.91 Chang et al. (1982)
Lettuce-Romalne/Heads 122 Field InS04 H20 . No Apparent YR 6.1 NR Boawn (1971)
Barley-Florida/Leal 121 Greenhouse/Soil Pots Sludge 14 A Yield Increase 6.9 8.0} Chang et al. (1982)
Wheat/Grain 11?7 Greenhouse/50il Pots None Background 5.7 0.0S Mitchell et al. (1978)
Cabbage-Chinese/Young Plant 114 Fielad InsSO04 H20 No Apparent YR 6.1 NR Boawn (1971)
Snap Beans/Tops 111 Greenhouse/Sojil Pots Zn(NO3) 2 6H20 8 t YR (N.S.) 7.3 9.405 Boawn and Rasmussen (1971)
Ciover/Tops 1069 Greenhouse/Soil Pots 2n(NO3) 3 6H20 2 % YR (N.S.) 7.5 0.0s 8oawn and Rasmussen (1971)
Wheat/Leaf 188 Greenhouse/Soil Pots Sludge/InS0y No Sig YR 7.% a.0% Mitchell et al. (1978)
Bush Bean/Pod 1es field In504 51 § YR 4.9 9.08 Giordano et al. (197%5)
Cozn/Forage 104 Greenhouse/Soil Pots InS04 6 \ Yield Increase 4.8 0.0% Mortvedt and Giordanc (19795)
Peas-Alaska/Tops 184 Greenhouse/Soil Pots Zn(NOy) 2 6H20 No YR 7.5 9.05 Boawn and Rasmussen (1971)
Bush Bean/Pod 101 Field Sludge 68 \ YR 5.6 9.08 Giordano et al. (1975)
CorIn/Tops 100 Soil Pots InsS0y 9 8 YR MR NR Takkar and Mann (1978)
Barley-Briggs/Grain 160 Greenhouse/Soil Pots Sludge 27 ¢ ¥R (N.S.) 6.4 9.01 Chang et al. (1982)
wWheat /Grain lee So1l Pots InS0y 19 3 YR N NR Takkar and Mann (1976)
Bactiey-Florida/Grain 99 Greenhouse/Soil Pots Sludge 14 A Yield Increase 6.9 6.0l Chang et al. (1982)
Alfalfa/rops 97 Greenhouse/Soil Pots Zn(NO3) 3y 6H20 J % YR (N.S.) 7.5% 9.05 Boawn and Rasmussen (1971)
Leztuce/Tops 96 Greenhouse/S5011 Pots 20({NO3) 2 6HR0 18 ¢ YR (N.S5.} 1.5 0.05 Boawn and Rasmussen (1971)
Bariev-Larker/Crain 94 Creenhouse/Soil Pots Sludge 11 A Yield Increase 6.9 0.01 chang et al. (1982)
8.:sh 3ean/Pod LT] Field Sludge No S:g9 YR $.3 @.05 Giordano et al. (1975)
Bosh Bean/Pod 90 Field Sludge 29 % YR 5.3 8.05 Giordano et al., (1975)
Brscccli/Flowers [X] Field None Background 4.7 NR Giortdano et al., (1979)
Bosh Bean/Pod 87 Field 2nS04 32 1 ¥R 4.9 0.905 Giordano et al. (197%)
S-ap Peans/Lesaf 84.5 Field ZnS0, 18.4 V YR (N.S.) 6.7 a.10 Walsh et al. (1972)
Leztuce/Shoots 82 Greenhouse/S511 Pots None Background 5.7 9.35 Mitchell et al. (1978)
Barley/Lesaf 81.9 Field Sludge No Inhibition 6.1-7.0 8.9l Chang et al. (1982)
C.over/Tops 8l Greenhouse/Sail Pots 2n(NO3) ; 6KH20 No YR 2.% Q.05 Boawn and Rasmussen (1971)
Cczn/Tops 81 So1l Pots InS0, Maximum Yield NR NR Takkar and Mann (1978)
Friusse! Sprouts/keads 79 Field inS04 H20 No aApparent YR 6.1 NR Boawn (1971)
wa2at/Grein 7% So1l Pots InS04 Maximum ?ield NR NR Tak«ar aad Mann (1978)



Table 44,

Phytotoxicity of zinc in vegetation, continued.

Tissue
Conce~tzdzioOn J-emiTal Torm ~azard L1214 Sign:1f:icans
2.anz’T:ssue -1d} Suna s T meriTacs ool .ad e ssonse oH Lavel Pafaczenca
3arley-Barsoy/Grain 73 Greenhouse/Soi1l Pots Sludge 15 & YR (N.S.) 6.8 6.081 Chang et al. (1982)
cabbage/Heads 73 Pield ZnS04 H30 No Apparent YR 6.1 NR Boawn (1971)
Wheat/Grain 73 Greenhouse/Soil Pots None Background 7.5 0.05 Mitchell at al. (1978)
Barley-Larker/Grain 73 Greenhouse/Soil Pots Sludge 11 ¢ Yield Increase 6.0 a.01 Chang et al. (1982)
Barley-Briggs/Straw 72 Greenhouse/Soil Pots Sludage 23 % YR (N.S.) 6.0 9.01 Chang et al. (1982)
Al falfa n Greenhouse/Soil Pots Zn(NO3) 3 6H20 No YR 7.5 €.0% Boawn and Rasmussen (1971)
Pepper/Foliage 71 Field None Background 5.1 .95 Giordano et al. (1979)
Wheat/Straw 70 Soil Pots ZnS04 29 v YR NR NR Takkar and Mann (1978)
Barley/Tops 70 Greenhouse/Soil Pots Zn[NO3) 3 6H20 No YR 7.5 9.05 Boawn and Rasmussen (1971)
Snap Beans/Tops 69 Greenhouse/Soil Pots Zn{NOj3) 2 6H20 8 ¢ YR (N.S.) 7.5 8.05 Boawn and Rasmussen (1971)
Barley-Florida/Grain 67 Greenhouse/Soil Pots Sludge 2 % Yield Increase 6.9 9.61 Chang et al. (1982)
Barley-Larker/Leaf 67 Greenhouse/Soil Pots Sludge 11 % Yield Increase 6.9 8.9l Chang et al. (1982)
Wheat/Grain 66 Soil Pots ZnS0g4 Maximum Yield NR NR Takkar snd Mann (1978)
Barley-Barsoy/Grain 65 Greenhouse/Soil Pots Sludge 4 % YR (N.S.) 6.9 0.61 Chang et al. (1982)
Bean/Seed 64 Field None Background 5.1 9.05 Giordano et al. (1979)
Barley-Briggs/Grain 64 Greenhouse/Soil Pots Sludge 23 ¢ YR (N.S.) 6.9 8.61 Chang et al. (1982)
Wheat/Leaves 63 Greenhouse/Soil Pots None Background 7.5 0.05 Mitchell et al. (1978)
Bush Bean/Vine 63 Field Sludge No Sig. YR 5.3 8.05 Giordano et al. (1975)
wWheat/Grain 62 Field None Background 5.7 NR Dudas and Pawluk (1977)
Barley-Briggs/Leaf 61 Greenhouse/Soil Pots Sludge 27 A YR (N.S.) 6.0 8.01 Chang et al. (1982)
Barley-Julia/Seedlings 60 Greenhouse/Sand Culture ZnS04 "Normal” NR NR Beckett and Davis (1979)
Barley-Barsoy/Straw 59 Greenhouse/Soil Pots Sludge 4 ¥ YR (N.S.) 6.0 9.01 Chang et al. (1982)
Wheat/Leaves 58 Greenhouse/Soil Pots None Background 7.5 9.05 Mitchell et al. (1978)
Lettuce/Leaves CV Great Lakes 54 Field None Background 5.1 g.05 Giordano et al. (1979)
Barley-Barsoy/Leaf 52 Greenhouse/Soil Pots Sludge 15 & YR (N.S.) 6.0 9.01 Chang et al. (1982)
Sweet Corn/Foliage 52 Field None Background 5.1 9.05 Giordano et al. (1979)
Barley-Larker/Straw 52 Greenhouse/Soil Pots Sludge 11 ¢ Yield Increase 6.9 8.01 Chang et al, (1982)
Barley-Florida/Leaf 51 Greenhouse/Soil Pots Sludge 2 % Yield Increase 6.0 9.01 Chang et al, (1982)
Wheat /Tops S1 Greenhouse/Soil Pots Zn(NO3) 3 6H20 No VR 7.5 9.85 Boawn and Rasmussen (1971)
Barley-Florida/Straw S¢ Greenhouse/Sol1l Pots Sludge 2 % Yield Increase 6.0 ¢.01 Chang et al. (1982)
Ryegrass/Seedlings 1] Greenhouse/Sand Culture ZnSO4 "Normal®™ NR NR pDavis and Beckett (1978)
Wheat/Grain 49 Field None Background 6.5 NR Dudas and Pawluk (1977}
Barley-Briggs/Straw 49 Greenhouse/Soil Pots None Background 6.0 e.01 Chang et al. (1982)
Lettuce/Leaves CV Great Lakes 48 Field None Backaround 4.7 8.05 Giordano et al. (1979)
Squash/Foliage 48 Field None Background 5.1 9.65 Giordano et al. (1979)
Cabbage/Heads 48 Fieid None Backaround 4.6 8.65 Giordano et al. (1979)
Barley/Grain 48 Field None Background 5.7 NR Dudas and Pawluk (1977)
Lettuce/Leaves CV Bibb 46 Field None Background 4.6 9.6s Giordano et al. (1975)
Snap Beans/Tops 46 Greenhouse/Soil Pots Zn(NO3) 3 6H20 11 ¥ YR (N.S.) 7.5 9.065 Boawn and Rasmussen (1971)
Barley/Grain 45 Field None Backcround 6.5 NR nudas and Pawluk (1977)
Wheat/Straw 45 Soil Pots Zns0y Maximum Yield NR NR Takkar and Mann (1978)
Barley-Larker/Grain 45 Greenhouse/Soil Pots None Background 6.0 e.a1 Chang et al. (1982)
Lettuce/Leaves CV Bibb 43 Field None Background 6.1 8.as Giordano et al., (1975)
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Table TR Phytotoxicity of zinc in vegetation, continued.

Tissue
Joangentration Cham:ca. Fozm izt Soil Significanc
Plant/Ticsue J3-t1 Tvoe of Expariment Anclied 3rzcSnen -1, Lavel Refezance
Barley/Grain 27 Fleld None Background 7.2 NR Dudas and Pawluk (1977)
Barley/Grain 27 field None Backgzound 7.4 NR Dudas and Pawluk (1977)
Potato/Foliage 27 Field None Backjzound 4.7 9.5 Giordano et al. (1979)
Tomato/Fruit 26 Pield None Back3zound 4.7 8.35 Giordano et al. (1979)
Barley-Larker/Leaf 26 Greenhouse/Soil Pots None Backgsound 6.9 9.01 Chang et al. (1982)
Sweet Corn/Seed 2 Field None Backgzround 5.1 9.9% Giordano et al. (1979)
Wheat/Grain 23 Field None Backsround 6.2 NR Dudas and Pawluk (1977)
Oats/Grain 24 Field None Background 7.4 NR Dudas and Pawluk (1977)
Pepper/fruit 24 Field None 8ackground 6.3 ¢.4as Giocdano et al. (1579}
Barley/Straw 24 Field None Bacikground 5.7 NR Dudas and Pawluk (1977)
Barley Briggs/Leaf F1] Gresnhousae/Soil Pots None Background 6.9 a.01 Chang et al. (1982)
Barley-Florida/Scraw 23 Greenhouse/S5011 Pots None Backgzound 6.0 0.01 Chang et al. (1962)
Oats/Grain 22 Field None Background 6.5 NR Dudas and Pawluk (1977)
Carrot/Root 22 rield None Background 6.3 8.05 Giordano et al. (1979) .
Snap Beans/Tops 21 Greenhouse/Soil Pots 2n(NO3) 2 6H20 No YR 7.5 6.0 Boawn and Rasmussen (1971)
Eggplant/Foliage 21 Field None Backgzound 4.7 0.05 Giordano et al. (1979)
Squash/Fruat 19 Field None Background 5.1 8.05 Giordano et al. (1979)
Cantaloupe/Fruit 18 Field None Background 6.3 .05 Giordano et a). (1979)
Cantaloupe/Fruit 10 Field None Background t.6 9.6% Giordano et al. (1979)
Potato/Tuber 16 Field None Background 4.7 9.0% Giordano ec al. (1979)
Barley/Strav 16 Field None Background 6.5 NR Dudas and Pawluk (1977)
Westorn Wheatgrass 5.7-34 (15) Field None Bacikground 6.2-8.2 NR Severson et al. (1977)
Eggplant/Fruit 13 Field None Backgzound 4.7 8.05 Giordano et al. (1979)
Wheast/Straw 15 Field None Background 5.7 NR Dudas and Pawluk (1977)
Wheat/Straw 14 Field None Background 6.5 NR Dudas and Pawluk (1977)
Corn/Tops 14 Greenhouse/Soil Pots None Background 4.9 0.9% Mortvedt and Giordano (197§)
Wheat/Straw 9.1 Fiald None Backjzzound 6.4 NR Dudas and Pawluk (1977)
Wheat/Straw 8.9 Field None Background 6.9 NR Dudas and Pawluk (1977)
Barley/Straw 6.4 Field None Background 6.2 NR Dudas and Pawluk (1977)
Barley/Straw 6.3 Field None Background 6.3 NR pudas and Pawluk (1977)
Barley/Straw 8.3 Field None Back3zzound 6.5 NR Dudas and Pawluk (1977)
Barley/Straw 6.9 Fiald None Backzrcurd 6.9 NR Dudas and Pawluk (i977)
Barley/Siravw 6.6 Field None Bacgzround 6.4 NR Dudas and pawlu< (1977)
Barley/Straw 6.4 Field None Backgrcocund 7.4 NR Dudas and Pawluk (1977)
Wheat/Straw 6.3 Field None Background 6.2 NR Dudas and pawluk (1977)
Oats/Straw 6.0 Field None Backgzound 7.4 NR Dudas and Pawluk (1977)
Wheat/Straw 5.8 Field Nona Backgrzound 7.2 NR Dudas and Pawiuk (1977)
Barley/Straw S.4 Field None 8ackground 7.2 NR Dudas and Pawluk (i977)
wWheat/Straw 5.2 Field None Backszound 6.4 NR Dudas and Pawlux (1977}
Oats/Straw 4.9 Field None Bac<3zound 6.% NR Dudas and Pawlux (1977)
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Table 44, phytotoxicity of zinc in vegetation, continued.

TIB3le
Songsntzation Cnenical Feorm Hazard Soil Sigaifican:
F.a~1 ‘T ssue o= TvD@¢ ©of Tupez:ment 2ozlied Pasdonga [-3:] teve! Pateczence
Cozn/Grain 2.8 rield Sludge No 2n YR 5.5 8.31 Hinesly et al. (1902)
Barley-Briggs/Grain 42 Greenhouse/Soil Pots None Background 6.9 e.01 Chang et al. (1982)
Sweet Corn/Tops 4l Greenhouse/Soil Pots Zn(NO3) 3 6H20 No YR 7.5 9.05 Boawn and Rasmussen (1971)
Barley-Barsoy/Lest 41 Greenhouse/Soil Pots §ludge 4 4 YR (N.S5.) 6.0 9.061 Chang et al. (1982)
Barley-Florida/Grain 9 Greenhouse/Soil Pots None Background 6.9 9.91 Chang et al. (1982)
Barley/Grain 40 Field None Background 6.9 ¥R Dudas and Pawvluk (1977)
Carrot/Root 39 Field None Background 4.6 9.95 Giordano et al. (1979)
Wheat/Grain 39 rield None Background 6.4 MR Dudas and Pawluk (1977)
Tozato/Foliage 38 rield None Background 4.7 9.08 Giordano et al. (1979)
Barley-Barsoy/Grain 3?7 Greenhouse/Soil Pots None Background 6.0 9.0 Chang et al. (1902)
Field Corn/Tops 37 Greenhouse/Soil Pots In(NO3) 3 6H20 Ho YR 7.5 9.05 Boawn and Rasmussen (1971)
Barley/Grain 37 Field None Background 6.4 NR Dudas and Pswluk (1977)
Bean/Folisge 37 Field None Background s.1 9.9% Giordano et al. (1979)
Wheat/Grain 37 Field None Background 6.9 HR Dudas and Pawluk (1977)
Pepper/Fruit 36 Field None Background S.1 9.0% Giordano et al. (1979)
Bazley/Grain 36 Field None Background 6.2 NR Dudas and Pawluk (1977)
Barley/Grain 36 Fleld None Background 6.5 ¥R Dudas and Pawluk (1977)
Barley-Larker/Leat s Greenhouse/Soil Pots Sludge 11 ¢ Yield Increase 6.0 é.01 Chang et al. (1982)
Leztuce/Leaves CV Romaine 3s Field None Background 4.6 9.05 Giordano et al. (1979)
Barley/Grain 3 rield None Background 6.4 NR Dudas and Pawluk (1977)
Silver Sagebrush 19-6¢ (34) Field None Background 6.2-8.2 NR Severson et al. (1977)
Sorghum/Tops 34 Greenhouse/Soil Pots 2n(NO3) 3 6H20 No YR 7.% 9.9 Boawn and Rasmussen (1971)
Lettuce/Tops 3 Greenhouse/Soil Pots Zn(NO3) 3 6H20 No YR 7.5 0.65 Boawn and Rasmussen (1971)
Sorghum/Tops 32 Greenpouse/Soil Pots 2Zn(NO3) 3 6H20 No YR 7.5 9.05 Boawn and Rasmussen (1971)
Wheat/Grain 32 field None Background 6.4 NR Oudas and Pawluk (1977}
Bariey-Briggs/Leat 3 Greenhovse/Soil Pots Sludge 23 A YR (N.S.) 6.9 8.01 Chang et al. (1982)
Beans/Pod Only 12 Field Hone Background 5.1 9.95 Giordano et al. (1979)
Let:iuce/Leaves CV Romaine 31 Field None Background 6.3 9.0S Giotdano et sl. (1979)
Lettuce/Leaves CV Boston 31 Field None Background 6.3 0.05 Giordano et al. (1979)
Wheat/Grain 31 Field None Background 7.2 NA Dudas snd Pawluk (1977)
Bariey-larker/Strav Je Greenhouse /So:1 Pots None Background 6.9 9.0l Chang et al. (1982)
Barlev-Barsoy/Leaf 3 Greenhouse ’‘S2i1 Pots None Background 6.2 9.0 Chang et al. (1982)
Barlev-Florida/Leat 29 Greenhouse ‘Soi1l Pots None 8ackgrounc 6.0 9.01 Chang et al. (1982)
Lettuce/Leaves CV Boston 29 Field None Background 4.6 9.905 Giordano et al. (1979)
Peppet/Fruit 29 Field None Background 4.6 e.05 Giordano et al. (1979)
Cabbage/Heads 29 Field None' Background 6.1 90.05 Giordano et al. (1979)
Haté Whesat 28 NR None Background NR NR Kabata - Pendias and Pendias (1984)
bariey-Barsoy/Straw 27 Greennouse “Sc1l Pots None Sackaround 6.0 9.91 Chang et al. (1982)
Aifalfa/Tops 27 Greenhouse/Scz:. Pots 2n{k03) 3 6H20 No YR 7.5 9.235 Boawn and Rasnussen (1971)




Chaney 1986). Typical phytotoxic criteria for total soil zinc
were reported by various authors as 250 to 500 ppm (Kitagishi and
Yamane 1981, Chapman 1960, El-Bassam and Tietjen 1977, Linzon
1978, Kabata-Pendias 1979, Kloke 1979, Melsted 1973, Chaney et al.
1978). The suggested 500 ppm hazard level for the Helena Valley
is also the level suggested by Chaney et al. (1978) and has been
selected because it best fit data from the reviewed literature
(Table 42).

The tolerable total soil zinc concentration (200 ppm) is
based on the observation that reductions in yields of most
species, with the exception of soybeans, were generally low at
concentrations less than 200 ppm while levels greater than 200 ppm
were shown to result in yield reductions for many crops. Vegeta-
tive yields for two of the specific crops of interest for the
Helena Valley, barley and wheat, were reported to be decreased by
16 percent and 18 percent at total soil zinc concentrations of 200
ppm and 3600 ppm respectively (Boawn and Rasmussen 1971). Mitchell
et al. (1978) noted reductions in wheat grain yields of 3 to 14
percent in the 100 to 180 ppm total soil zinc range and 12 to 29
percent at 340 ppm total soil zinc. No data were found in the
reviewed literature relating alfalfa yields and total soil zinc
levels below 200 ppm.

3.4.2.2 Extractable soil zinc

The 60 ppm phytotoxic extractable soil zinc hazard level has
been selected utilizing data reported by Boawn (1971), Boawn and
Rasmussen (1971) and Walsh et al. (1972) (Table 43). Boawn (1971)
reported normal yields for 12 leafy vegetables at a DTPA extract-
able soil zinc concentration of 55 ppm. Boawn and Rasmussen

(1971) noted a 16 percent reduction in the vegetative yield of
barley at 88 ppm DTPA extractable soil zinc and Walsh et al.
(1972) reported a 66 percent yield reduction of snap bean pods at
47 ppm DTPA extractable soil zinc. The 5 ppm DTPA extractable
soil zinc tolerable level is based on the observations of Boawn

and Rasmussen (1971) who noted no yield reductions for a number of
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crops, including wheat, barley and élfalfa, at or below this
level.

An argument can be made to revise both the phytotoxic and
tolerable extractable zinc levels upward to 125 ppm and 40 ppm
respectively. The 60 ppm phytotoxic hazard level was selected
based on two phytotoxic occurrences noted above (Table 43).
Significant yield reductions for most crops were rare at DTPA
extractable zinc concentrations less than 146 ppm. The first
significant yield reductions for wheat and alfalfa were reported
at DTPA extractable soil zinc concentrations of 146 ppm and 195
ppm, respectively (Boawn and Rasmussen 1971). Some yield reduc-
tions may occur in barley at DTPA extractable soil zinc concentra-
tions less than 125 ppm but the level appears more appropriate for
wheat, alfalfa and clover which are grown extensively in the
Helena Valley.

No significant yield reductions were noted in the reviewed
literature for any crops at DTPA extractable soil zinc concentra-
tiqns less than 40 .ppm. The maximum background extractable (1N
HCl) zinc concentration found in the reviewed literature was 26
ppm (Dudas and Pawluk 1977) and Walsh et al. (1972) noted a yvield
increase for corn grain at a 29 ppm @.1 NHCl extractable soil zinc
concentration. The maximum yield of rye was noted at 40 ppm 0.1N
MgSO4 extractable zinc (Chapman 1966).

3.4.3 Zinc in plants

There is a wide range of zinc phytotoxic levels reported
among some plant species, different plant types and for different
parts of plants (Table 44). Reported phytotoxic zinc levels range
from 60 ppm for wheat plants (Takkar and Mann 1978) to values
greater than 800 ppm for swiss chard (Boawn 1971) (Table 44).

Most values for crops of concern (cereal grains and forages) fall
within the range of 189 ppm to 560 ppm (35 and 208 percent yield
reductions, respectively) found by Mitchell et al. (1978) and
Boawn and Rasmussen (1971). Boawn and Rasmussen (1971) reported
2@ percent yield reductions for barley, wheat and alfalfa at above
ground plant tissue levels of 548 ppm, 560 ppm and 295 ppm,
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respectively. 2Zinc phytotoxicity to barley seedlings was reported
in the range of 160 to 320 ppm (Davis et al. 1978). 1It is
apparent that the suggested plant tissue phytotoxic level of 500
ppm zinc will produce phytotoxicity in most plants. Only two
values in excess of the suggested S5¢@ ppm plant tissue phytotoxic
level were found not to be phytotoxic (508 ppm for corn forage and
527 ppm for lettuce shoots) (Mortvedt and Giordano 1975, Mitchell
et al. 1978). Phytotoxic criteria levels reported in the litera-
ture ranged from 108 to 400 ppm zinc (Kabata-Pendias and Pendias
1984).

The suggested 50 ppm tolerable zinc level in vegetation is
based on the lowest phytotoxic tissue level found for crops of
interest (barley, oats, wheat, alfalfa and other forage crops).
The value 51 ppm was reported for a 20 percent yield reduction in
wheat (Boawn and Rasmussen 1971). These authors also reported a
20 percent yield reduction for sweet corn and sorghum at zinc
tissue levels of 41 and 34 ppm respectively. These values were
the only occurrences of phytotoxicity found in the reviewed

literature at levels less than the 50 ppm suggested tolerable
concentration.



4.0 HAZARD LEVELS FOR WATER

A large number of factors influence the suitability of water
for livestock consumption and for irrigation purposes. Some of
these are discussed in the following sections. A computer litera-
ture review was not conducted for this subject.

4.1 Water Quality Levels for Livestock

A number of factors, including animal tolerance, water con-
sumption and forage ingestion, are involved in the determination
of the suitability of a water source for livestock. Water con-
sumption by livestock is influenced by the species, the age, the
condition of the animals and climatic factors. Temperature
changes have been shown to vary water consumption in cattle by a
factor of three (Rittenhouse and Sneva 1973). The moisture
content of forage affects water consumption and some species such
as sheep have been shown to subsist entirely on dew or snow
(Butcher 1973). Water consumption by domestic livestock varies
between 1 and 4 gallons per day for sheep or goats and 10 to 16
gallons per day for dairy cattle (Federal Water Pollution Control
Administration 1968). It is clear that any given amount of heavy
metal in water will likely affect individual animals in a slightly
different manner.

The heavy metal content of forage and soil is another factor
which influences the allowable amount of heavy metals in livestock
drinking water. Contaminated water will only exacerbate toxicosis
produced fr9m ingesting contaminated forage. Mayland et al.
(1975) estimated cattle ingested soil in the amount of 1006 to 1560
g/animal/day. In areas with high levels of heavy metals in soils,
this source may represent a considerable fraction of the total
heavy metal intake in some animals.

Several organizations have established suitability criteria
levels for most constitutents found in water. Criteria for
arsenic, cadmium, lead and zinc are reviewed in Table 45.
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Table 45. Water quality criteria for arsenic, cadmium, lead

and zinc.
Use As Cd Pb Zn Reference
mg/L

DRINKING
WATER . @.95 g.a1 g.95 5 EPA 1983, USPHS 1962
LIVESTOCK
WATER 0.2 g.@5 g.1 25 NRC 1974
LIVESTOCK
WATER 0.5 0.085 g.1 50 Dyer and Johnson 1975
LIVESTOCK
WATER g.a5 g.61 g.d5 —-— Federal water Pollu-

tion Control Adminis-
tration 1968 (FWPCA)

Standards for arsenic have been based on total arsenic and
are usually reported on the toxicity of arsenic trioxide (Peoples
1983). Methylated forms have been shown to be one hundred times
less toxic than inorganic forms. With the exception of rats,
arsenic is'rapidly eliminated from the bodies of most animals
(Peoples 1964). Chronic toxicity in livestock has been demon-
strated at levels of 50 mg/kg forage (NRC 198d). Problems may
occur on the most contaminated soils (greater than 100 ppm
arsenic) if livestock ingest considerable quantities of the soil.
A survey of water quality in the Helena Valley in 1972 found no
arsenic values greater than 0.03 mg/L (Soukup 1972). Dyer and
Johnson (1975) suggested ¢.5 mg/L may be a more appropriate
maximum level for arsenic in livestock water but, given the
possibility of intake from other sources, the ¢.2 mg/L level may
provide a better margin of safety. Arsenic toxicosis may still
occur in very extreme cases in which ingestion of soil by live-
stock is the major contributing factor.

Both lead and cadmium tend to accumulate in animal tissues
and therefore are more prone to cause toxicosis in chronic
poisoning cases. Allcroft (1951) found that both soluble and
insoluble (lead acetate and lead carbonate respectively) forms of
lead were absorbed at about the same rate. Puls (1981l) has given
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dietary intake levels of >10¢0 ppm lead as toxic to cattle. Soukup
(1972) found a maximum lead value of ¢.044 mg/L in Helena Valley
water, well below the permissible criteria of @.1 mg/L. The
possibility of high levels of lead in forage and soil, suggests
that the drinking water criteria of 0.65 ppm lead may be most ap-
propriate for the Helena Valley.

The most appropriated hazard level for cadmium concentrations
in livestock water of the Helena Valley will depend on cadmium
levels found in forage and soils under background conditions. The
6.5 ppm criteria reported by the NRC (1974) may be the most
applicable. Chaney (1984) and NRC (1988) have given a value of
0.5 mg/kg cadmium in forage as the chronic toxicosis tolerance
level. However data discussed by Hansen and Chaney (1984) showed
that the 6.5 mg/kg cadmium value was based upon conservative
estimates for cadmium accumulation in animal livers. They felt
that when the Cd:Zn ratio is <1.0%, cadmium in feed may reach 5
ppm with little accumulation in liver and kidney tissues of
animals. However, the drinking water standard and the FWPCA
livestock criteria of O.Gi mg/L may be insufficient to prevent
cadmium toxicosis under conditions of heavy contamination,

zZinc tolerence is high in animals and dietary intake exceed-
ing 2000 ppm may be required to produce zinc toxicosis (Puls
1981). The 1972 study of the Helena Valley indicated a maximum
forage content of 232.6 ppm (dry wt.) zinc (Hindawi and Neely
1972). Soils sampled in the same study contained a maximum of
5200 ppm zinc and the mean for sites 0.67 to 10 miles from the
smelter was found to be 79 ppm (Miesch and Huffman 1972). It is
apparent that the recommend zinc limit of 25 mg/L for livestock
water will provide a sufficient margin of safety except in areas
with very high soil contamination.

No data were found that would document the heavy metal
content of snowmelt runoff and its consumption by livestock.

4.2 Water Quality Levels for Irrigation

Water quality criteria for irrigation must take into consid-

eration the nature of the specific water constituent, soil charac-
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teristics, plant species and climatic variables. Irrigation
methods can also influence the relative toxicity of some elements.
Sprinkler irrigation can result in foliar absorption or adsorption
of minerals at levels detrimental to plant growth if the water
contains excessive levels of some constituents (Federal Water
Pollution Control Administration 1968). Ground application of the
same water may not produce any adverse effects due to soil
chemical and physical properties that may reduce some elements to
insoluble forms and adsorption of elements by soil constituents
with high cation exchange capacity. Helena Valley waters analyzed
by Soukup (1972) contained no levels above the more restrictive
irrigation criteria for all soils for arsenic, cadmium, lead and
zinc (Table 46).

Table 46. Irrigation water criteria for arsenic, cadmium, lead,
and zinc.

Use AsS 'Cd Pb Zn Reference
mg/L
Irrigation
All Soils g.1 g.01 5 2 NRC 1972
Irrigation
Fine Textured
Soils 2.0 ¢.05 10 19 NRC 1972

The use of contaminated surface runoff, waters receiving in-
dustrial effluent or polluted ground water could result in waters
exceeding existing irrigation guidelines.
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5.9 REGULATORY CRITERIA FROM OTHER TECHNOLOGIES

Several state, provincial and national regulatory agencies
have attempted to set limits for metal contaminants in soils
and/or to define metal hazard levels in waste materials. These
hazard levels have been developed from different technologies and
view soils from different perspectives. Much of the criteria come
from four sources: (1) sewage sludge amendment of agricultural
soils; (2) coal overburden materials used as rooting zone material
in revegetation attempts; (3) defining hazardous materials using
various extraction techniques; and (4) setting limits for metal
contaminants in soil based on the intended future use of the soil.
The criteria presented in this section are provided for a compari-
son to hazard levels suggested in this document for the Helena
Valley. These criteria were not used to determine the Helena
Valley hazard levels. Tables 47 to 51 summarize this regulatory
information.

5.1 Criteria from Land Application of Sewage Sludgé

Metals commonly present in sludbe have been classified (CAST,
1978) as those that are likely to pose little hazard (manganese,
iron, aluminum, chromium, arsenic, selenium, antimony, mercury and
lead) for land application and those which pose significant hazard
(cadmium, copper, molybdenium, nickel and zinc). Many national
regqulatory agencies have set maximum cumulative loading levels of
these elements for agricultural lands (Table 47). These loading
levels have been set to prevent toxicity to humans or animals from
crops grown on treated agricultural lands. It is of interest to
note that Norway and Sweden prescribe very low cumulative loading
levels while the United Kindom and United States allow signifi-
cantly higher levels. Cumulative loading levels are given in kg
of metal/ha. Conversion to mg of metal/kg of soil is based on a
one acre furrow slice (6 to 7" depth) weighing two million pounds.
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Table 47. Maximum permissible cumulative metal loadings from sewage sludge to agricultural lands.

Element Medium Use Criterial Hazardl  Receptor> Method Enforcement Ref.
Response Code

As Soil Vegetation; 15kg/ha 6.7mg/kg Total British Columbia 8ritish Columbia
Crops 1982, EPS 1984

As Soil Vegetation; l14kg/ha 6.2mg/kg Total Ontario OMAF/OMOE 1981
Crops

As Soil Vegetation; 15kg/ha 6.7mg/kg Total Canada EPS 1984, Standish
Crops 1981

As Soil Vegetation; 2kg/ha 9.9mg/kg Total Netherlands EPS 1984, Webber et
Crops al. 1983

As Soil Vegetation; 1dkg/ha 4.5mg/kg Total United Kingdom EPS 1984, Webber ot
Crops al. 1981

cd Soil Vegetation; 6.8-1.5 9.4-0.7 Total Alberta Alberta Environment
Crops kg/ha mg/kg 1982, EPS 1984-

cd Soil Vegetation; 4kg /ha 1.8mg/kg Total British Columbia British Columb:a 1982,
Crops EPS 1984

cd Soil Vegetation; l.6kg/ha 6.7mg/kg Total Ontario EPS 1984, OMAF/OMOE
Crops 1981

cd Soil Vegetation; 4kg/ha 1.8mg/kg Total Canada EPS 1984, Standish
Crops 1981

Ccd Soil Vegetation; 6.2kg/ha @.09mg/g Total Denmark EPS 1984, Webber et
Crops al, 1983

cd Soil Vegetation; 6.l1kg/ha @.085mg/kg Total Finland EPS 1984, webber et

Crops

al. 1983
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Table 47. Continued.

Element Medium Use Criteria Hazard 4 Receptor5 Method Enforcement Ref.
Response Code

cd Soil Vegetation; S.4kg/ha 2.4mg/kg fotal France EPS 1984, wWebber et
Crops al. 1983

cd Soil Vegetation; 8.4kg/ha 3.7mg/kg Total Germany EPS 1984, Webber et
Crops al. 1983

ca Soil Vegetation; 2.0kg/ha 0.9mg/kg Total Netherlands EPS 1984, Webber et
Crops al. 1983

Ccd Soil Vegetation; 8.2kg/ha 0.09mg/kg Total Norway EPS 1984, Webber et
Crops al. 19813

cd Soil Vegetation; g.875 0.033 Total Sweden 2 EPS 1984, Webber et
Crops kg/ha mg/kg al. 1983

cd Soil Vegetation; Skg/ha 2.2mg/kg Total United Kingdom EPS 1984, Webber et
Crops al. 1983

cd-’ soil Vegetation; 5-203 2.2-8.9 Total United States EPS 1984, Webber et
Crops kg/ha mg/kg al. 1983

Pb Soil Vegetation; 56-10@ 22.3-44.6 Total Alberta Alberta Environment
Crops kg/ha mg/kg 1982, EPS 1984

Pb Soil Vegetation; 180kg/ha 44.6mg/kg Total British Columbia British Columbia 1982,
Crops EPS 1984

Pb Soil Vegetation; 90kg/ha 40.1mg/kg Total Ontario EPS 1984, OMAF/OMOE
Crops 1981

Pb Soil Vegetation; 190kg/ha 44.6mg/kg Total Canada EPS 1984, Webber et
Crops al. 1983

Pb Soil Vegetation; 218kg/ha 93.8mg/kg Total France EPS 1984, Webber et
Crops al. 1983

Pb Soil Vegetation; 218kg/ha 93.8mg/kg Total Germany EPS 1984, Webber et

Crops al. 1983
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Table 47. Continued.

Element Medium Use Criterial Hazard 4 ReceptorS Method Enforcement Ref.
Response Code

Pb Soil Vegetation; 1d0kg/ha 44.6mg/kg Total Netherlands EPS 1984, Webber et
Crops al. 1983

Pb Soil Vegetation; 6kg/ha 2.7mg/kg Total Norway EPS 1984, Webber et
Crops al. 1983

Pb Soil Vegetation; l1.5kg/ha @.7mg/kg Total Sweden?2 EPS 1984, wWebber et
Crops al. 1983

Pb Soil .Vegetation; 1000 446;7mg/kg Total United Kingdom EPS 1984, wWebber et
Crops kg/ha al. 1983

Pb Soil Vegetation; 500- 223.3-893.3 Total United States :EPS 1984, Webber et
Crops 20003 mg/kg al. 1983

kg/ha

Zn Soil Vegetation; 150-360 67.6-134.0 Total Alberta Alberta Environment

Crops kg/ha mg/kg 1983, EPS 1984
. H

Zn Soil Vegetation; 376kg/ha 165.3mg/kg Total British Columbia British Columbia 1982
Crops © EPS 1984

Zn Soil Vegetation; 336kg/ha 147.4mg/kg Total ontario EPS 1984, Webber et
Crops al. 1983

Zn Soil Vegetation; 376kg/ha 165.3mg/kg Total Canada EPS 1984, Webber et
Crops al. 1983

Zn Soil Vegetation; 750kg,//ha 335.06mg/kg Total France EPS 1984, wWebber et
Crops al, 1983

Zn Soil Vegetation; 758kg/ha 335.06mg/kg Total Germany EPS 1984, Webber et
Crops al. 1983

Zn Soil Vegetation; 400kg/ha 178.7mg/kg Total Netherlands EPS 1984, Webber et

Crops al. 1983
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Table 47.

Continued.

Element Medium Use Criterial Receptor3 Method Enforcement Ref.
Code
Zn Soil Vegetation; 60kg/ha 26.8mg/kg Total Norway EPS 1984, Webber et
Crops al. 1983
Zn Soil Vegetation; 56kg/ha 22.3mg/kg Total Sweden 2 EPS 1984, Webber et
Crops al. 1983
Zn Soil Vegetation; 5S6dkg/ha 250.1mg/kg Total United Kingdom EPS 1984, Webber et
Crops al. 1983
Zn Soil Vegetation; 250~ 111.7-446.7 Total United States EPS 1984, Webber et
16003kg/ha mg/kg al. 1983
1 Conversions were made to mg/Kg of soil based on a soil of 2x1861bs/acre

Criteria is given in Kg/ha.
furrow slice (plow depth of 6-7").

Sweden's values are for a 5 year loading;

Levels are related to cation exchange capacity.
high limit is for soil with CEC > 15 meg/l@8g

Plant uptake from sludge ammended soil, bioaccumulation.

Plants, and bioaccumulation jin humans from ingestion of crops.

can be repeated.

Low limit given is

for soils with a CEC of <5 meg/l@dg



5.2 Criteria from Coal Overburden Suitability for Root Zone
Material

Because strip mining for coal in the western United States
increased significantly in the 1970s several state regqulatory
agencies established guidelines for the analysis of soils and
overburden materials to determine their suitability as root zone
materials in revegetation attempts. Suitability guidelines and
suspect levels were set by some states and are shown in Table 48.
The levels for cadmium, lead and zinc established by Montana as
being suspect, have been rescinded, but not yet replaced. New
proposed guidelines are under consideration.

5.3 Criteria for Defining Hazardous Wastes

The Resource Conservation and Recovery Act (RCRA) set
criteria for determining if a waste is hazardous. Part of this
act defines the EP Toxicity Test (40 CFR) 261.24, 19 May 1984).
The levels of arsenic, cadmium and lead that are defined as the
concentration of contaminants which will produce characteristic EP
Toxicity are shown in Table 49. The state of California has also
taken a similiar approach to defining hazardous materials by uéing
two criteria; soluble threshold limit concentration (STLC), and
total threshold limit concentraction (TTLC). These criteria are
given in Table 50.

5.4 Criteria for Metal Contaminants Based on Land Use
The British Department of Environment has set draft guide-

lines for the concentration of contaminants in soils based on land

use. These criteria are given in Table 51.

5.5 Summary

Table 52 summarizes the hazard criteria for arsenic, cadmium,
lead and zinc concentrations. These data are a synthesis of
information from state, provincial and national regulatory
agencies. Heavy emphasis is given to maximum cumulative loadings
of sludge to agricultural soils.
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tals.
Table 48. Suitability criteria for soil overburden used as root zone mater

hhi

Elenent “edium Use Cratecia Haza:zd Exposure Receptor Duration Method Snforcement Ref.
Response Pathway Code
As Ove:dburden Root Zone 2.68ppm Suitability Uptake from Plants PH<6.5, Dratt tjveming Zapt. of
Mater:ial Guideline Soil (.048 Raegulation Zav:izonmenzal
HCl6.925N uality (WCEQ)
H2504) 1793
PH>6.5,
(. 4N NaHCOy)
Pb Overburden  Root Zone l@ppm Suitability Uptake from Plants PH>6.0, Drat: WOEQ 1932
Material Guideline Soil (OTPA) Regulation
pH<6.0,
(.94N HClse
.@25N H3S04)
) Overbuctden  Root Zone 10-15ppm Suspect Uptake from Plants DTPA Guidelinel ‘iontana Depactmenc
Soils Material (PH<6) ; Level Soil of Stace CLands
15-20ppm (MDSL) 1977
(pH>6)
cd Overburden Root Zone @.l-1.0ppm Suspect Uptake Ecom Plants DTPA Guidelinel MDSL 1977
Soils Matecial Level Soil
In Overburden Root Zone  49ppm Suspect Uptake from Plants DTPA Guideline!l MDSL 1977
Soils Material Level so1l
1

These guidelines have been rescinded,

with proposed guidelines under review.



Table 49. EP toxicity testing for hazardous materials.

Element Medium Use Critecaa Hazard Exposure Receptor Ducation Mechod Enfoccemant Ref.
Respose Pathway
As Soil/Waste  Removal 5.emg/L EP Toxicity EP Toxicity Federal Rescuzsa Coasacvation
pDisposal Test standard and ecovesy Ace
(RC2A, 1983
(of-] Soi1l/wasze Removal/ l1.0mg/L EP Toxicity EP Toxicity Federal
Or1sposal Test Scandard RC2A 1333
[ Soi1l/Waste Removal/ S.0mg /L EP Toxicity EP Toxicity Federal
Di1sposal Test Standard RC3A 1330

Syl



Table 50. |Identification of hazardous wastes (California).
Element Medium Use Criteria Hazard Exposure Receptor Duration Method Enforcement Ref.
Response Pathway Code
As Soil/Waste Removal/ 5mg/kg Soluble @0.2M Sodium Draft Ccalifornia
disposal wet weight threshold citrate Regulation Administrative
limit (pH 5.8) (California) Code (CAC) 1983
concentration extraction
As Soil/Waste Removal/ 500mg /kg Total Total Same as CAC 1983
disposal wet weight threshold above
limit
concentration
cd Soil/Waste Removal/ 1.0mg/kg Soluble @.2M Sodium Same as CAC 1983
disposal wet weight threshold citrate above
limit (pH 5.@)
concentration extraction
cd Soil/Waste Remnval/ 100mg/kg Total Total Same as CAC 1983
Disposal wet weight threshold above
limit
concentration
Pb Soil/Waste  Removal/ Smg/kg Soluble 0.24 Sodium  Same as CAC 1983
Disposal wet weight threshold citrate above
limit (pH 5.9)
concentration extraction
Pb Soil/Waste Removal/ 1800mg/kg Total Total Same as CAC 1983
Disposal wet weight threshold above
limit
concentration
Zn Soil/Waste Removal/  250mg/kg Soluble 0.2M Sodium Same as CAC 1983
Disposal wet weight threshold citrate above
limit (pH 5.8)
concentraction extraction
Zn Soil/Waste Removal/ 5800mg/kg Total Total Same as CAC 1983
Disposal wet weight threshold above
limit

concentration
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Table 51, Acceptable concentration of contaminants in soils (United Kingdom).
Element Medium Use Criteria Hazard Exposure Receptor Duration Method Enforcement Ref .
Response Pathway Code
As Soil Small 1 20mg/kg Threshold Ingestion Humans Total As Tentative . Smith 1981
gardens dry soil for no of soil, in top guidelines
significant crops; 4506mm of (UK)
hazard dermal soil
contact,
inhalation
As Soil Large 1 16mg/kg As above Ingestion Humans As above As above Smith 1981
gardens dry soil of soil,
crops;
dermal
contact
inhalation
As Soil Amenit 40mg/kg As above Ingestion Humans As above As above Smith 1981
Grass dry soil of soil,
dermal
contact,
inhalation
As Soil Public 48mg/kg As above As above Humans As above As above Smith 1981
open dry soil
space 4
ca Soil small 1 Smg/kg As above Ingestion Humans Total Cd As above Smith 1981
gardens dry soil of soil, in top 456mm
crops; of soil
dermal
contact,
inhalation
ca Soil Large 2 3mg/kg As above As above Humans As above As above smith 1981
gardens dry soil
cd soil Amenit 12mg/kg As above Ingestion Human As above As above smith 1981
grass dry soil of soil,
dermal
contact,

inhalation
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Table 51. Continued.
Element Medium Use Criteria Hazard Expusure Receptor Method Enforcement Ref .
Response Pathway Code
cd Soil Public 15mg/kg Threshold Ingestion Humans Total Cd Tentative Smith 1981
open dry soil for no of soil, in top guidelines
space 4 significant dermal 450mm (UK)
hazard contact, of soil
inhalation
Pb Soil small 1 558mg/kg As above Ingestion Humans Total Pb As above Smith 1981
gardens dry soil of soil, in top
crops; 450mm of
dermal soil
contact,
inhalation
Pb Soil Large 2 5506mg/kg As above As above Humans As above As above Smith 1981
gardens
Pb Soil Amenit; 1500mg/kg As above Ingestion Humans As above As above Smith 1981
grass dry soil ‘of soil;
dermal
contact,
inhalation
Pb Soil Public 2000mg/kg As above As -above Humans As above As above Smith 1981
open dry soil
space 4
Zn Soil Small 1 280mg/kg As above Ingestion Humans @.95M EDTA As above Smith 1981
gardens dry soil of soil, extractable
crops; Zn in top
dermal 4506mm of
contact, soil
inhalation
Zn Soil Large 2 280mg/kg As above As above Humans As above As above Smith 1981
gardens dry soil



Table 51. Continued.
Element Medium Use Criteria Hazard Exposure Receptor Method Enforcement Ref.
Response Pathway Code
Zn Soil Amenit 280-560 Threshold Ingestion Humans 0.65M EDTA Tentative Smith 1981
grass mg/kg for no of soil, extractable Guidelines
dry soil significant dermal Zn in top (UK)
hazard contact, 450mm
inhalation
Zn Soil Public 2808-560 As above As above Humans As above As above Smith 1981
open mg/kg
space 4 dry soil
Zn Soil Vegeta- 130mg/kg Phytotixic Uptake Plants 8.605M EDTA As above Smith 1981
tion dry soil guideline from soil Extractable
Zn

-3/}

2 Large garden > 75m2.
3 Amenity grass” includes schools, play areas etc.
Public open space includes parkland,

1 small garden is less than 75m2.

playing fields.



Table 52. Suggested hazard criteria
agency data.

for soil based on regulatory

Arsenic

Cadmium Lead Zinc

mg/kg

Soil, Total level 6-10
Soil, Extractabled level 2-5

1.,5=-2.0 1000 150-300
1.0 20 40-130

A/DPTA extractant for Pb, Cd and 2n;

1580

HCl extractant for Aas.



6.9 APPENDIX

6.1 Toxicology Mechanisms of Metals for Livestock

6.1l.1 Arsenic toxicology

Arsenic is second only to lead for heavy metal poisoning of
domestic livestock (Sahli 1982, Buck et al. 1976). Arsenic
intoxication can occur through inhalation or ingestion of arsenic
bearing compounds. The trivalent forms of arsenic are generally
more toxic than are pentavalent forms (Franke and Moxon 1936) and
inorganic compounds are generally more toxic than organic forms
(Savchuck et al. 1966). The most common means of arsenic poison-
ing is through ingestion of contaminated food and the most
affected livestock are cattle, sheep, and horses (Sahli 1982,
Selby et al. 1977). Arsenic poisoning in livestock by inhalation
of arsenic compounds is not well documented.

Absorption of arsenic is dependent upon the means of exposure
(inhalation or ingestion), the form of arsenic, the species of
animal, and the condition of the animal. Soluble forms such as
sodium arsenite are readily absorbed by all body surfaces but less
soluble forms such as arsenic trioxide are not as well absorbed
and are partially eliminated by excretion in the feces (Buck et
al. 1976). Less than 10 percent of the usually soluble forms
appear in the feces (NRC 1980). Absorbed arsenic is transported
via the blood to most body tissues. 1In peracute, acute, or
subacute poisoning, arsenic tends to accumulate in the liver and
kidneys, with levels of 2 to 100 ppm (wet weight) found in these
organs in dying animals. High levels have also been observed in
skin tissues, hair, and spleen. Absorbed arsenic compounds are
generally excreted via urine, with lesser amounts in milk and
feces (Peoples 1964, Lakso and Peoples 1975, Shariatpanahi and
Anderson 1984a). Bennett and Schwartz (1971) found that a
considerable portion of arsenic from lead arsenate fed to sheep
was excreted in feces within 3 to 7 days. Phenylarsonic compounds
are generally excreted rapidly by the urinary system in domestic

animals, with 50 to 75 percent excreted within one day and the
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remaining 25 percent excreted in 8 to 1@ days (NRC 1977).
Shariatpanahi and Anderson (1984a) found that the half life of
arsenic in blood of sheep and goats was 3.2 and 2,1 days, respec-
tively after monosodium methanearsonate was removed from the diet.
Dehydrated animals and those in poor condition are more suscepti-
ble to poisoning, probably due to reduced excretion via the
kidneys. Some ingested inorganic arsenate and arsenite have been
shown to be methylated in vivo by both ruminants and nonruminants
(Lakso and Peoples 1975, Tsukamoto et al. 1983). The action is
apparently endogenous and the result of intestinal microflora
(Penrose 1975). This action may reduce the toxicity of these
compounds.

The toxicosis of arsenic is generally attributed to the
trivalent form (Buck et al. 1976). Arsenic reacts with sulfhydryl
groups in cells inhibiting sulfhydryl enzyme systems such as
pyruvate oxidase, which is essential for proper fat and carbohy-
drate metabolism in the cell., Arsenic also uncouples oxidative
phosphorylation by substituting for phosphorus; labile arsenylated
oxidation products are substituted for stable phosphorylated
intermediates (Riviere et al. 198l). Tissues most affected are
the alimentary tract, kidney, liver, lung and epidermis (Buck et
al, 1976). Capillary damage, especially in the splanchnic area,
results in transudation of plasma into the intestinal tract and
sharply reduced blood volume, Blood pressure falls to shock
levels, the heart muscle becomes depressed, and general circula-
tory failure occurs. The capillary transudation of plasma in
vesicles results in edema of the gastrointestinal mucosa, eventu-
ally leading to epithelial sloughing and the discharge of plasma
into the gastrointestinal tract (Radeleff 19749).

Chronic arsenic poisoning through faulty diets containing
phenylarsonic feed additives are well documented (NRC 1977).
Toxicosis by phenylarsonic compounds apparently involves periph-
eral nerve degeneration and symptoms include incoordination,
inability to control body and limb movements, and ataxia. The
condition may progress to quadriplegia (Ledet et al. 1973)

152



The rapid excretion of arsenic from the system in sublethal
doses prevents any large bioaccumulation of arsenic in livestock.
Selby (1974) recommended a 14 day market withholding time for a
single dose of arsenic and a 6 week period for multiple arsenic
exposure. These authors suggested that arsenic intoxicated cattle
"...usually will represent a minimal hazard to man as a food
source."

Although epidemiological studies have implicated arsenic as a
carcinogen in humans, no literature was found indicating similar
implications in domestic livestock. The average elapsed time from
the beginning of skin treatments with arsenic compounds (Fowler's
solution) to the development of ephitheliomatous growth in humans
has averaged 18 years (NRC 1977). It is thus likely that similar
occurrences in livestock would not have sufficient time to
develop, and possible metabolic differences such as exhibited by
rats, may produce a different syndrome.

6.1.2 Cadmium toxicology

Uptaké of cadmium by domestic livestock is generally re-
stricted to ingestion via contaminated food supplies or soil.
Natural inhalation of cadmium at levels necessary to produce
toxicosis in livestock is poorly documented. Cadmium poisoning
through inhalation has been limited ‘to human subjects, usually
associated with industrial exposure., Cadmium contamination of
livestock food sources may occur from airborne fallout, which
accumulates on or in forage, or from excessive levels in forage
grown on contaminated soils. Two of the major sources of cadmium
contamination are from the land disposal of sewage sludge high in
heavy metals and from mining and smelting operations. It is
likely that most instances of cadmium poisoning in domestic
livestock (ruminants and horses) are the result of the ingestion
of contaminated feed.

Absorption of cadmium is apparently not controlled by a
homeostatic mechanism and therefore accumulation of cadmium in the
body will occur regardless of the existing body burden or level of

intake (NRC 1980). Absorption through the gastrointestinal tract
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has been shown to range from @.3 percent to 5 percent in various
animals (Doyle et al. 1974, Moore et al. 1973, Miller et al. 1967)
and is similar to the 2.7 percent absorption found for humans
(Newton et al. 1984). Data suggest diets deficient in protein and
calcium may increase cadmium absorption or retention (Larsson and
Piscator 1971, Suzuki et al. 1969). Elevated concentrations of
zinc, copper, iron, selenium or ascorbic acid tend to reduce the
deleterious effects of this element (Pond and Walker 1972, Hill et
al. 1963, Gunn et al. 1968). Cadmium retained by the gastrointes-
tinal tract appears to represent the fraction most rapidly cleared
from the body, usually within 4 to 12 days for cows and goats (NRC
1980). Lesser amounts of absorbed cadmium are excreted via bile,
intestinal tract wall and urine. Very small amounts (.062 ppm) of
cadmium have been detected in milk from Holstein cows which
suggests milk is not an important factor in the excretion of
cadmium from the body (Miller et al. 1967). Excretion of cadmium
via the urine increases markedly following renal damage but prior
to tissue damage, urine is an erratic indicator of cadmium
exposure.

The most common signs of cadmium poisoning in livestock are
reduced growth rates in young animals, anemia, infertility,
abortions and deformed young. Sheep fed cadmium have lost the
crimp in their wool, a characteristic of copper deficiency (NRC
1980).

The physiological action of cadmium within the body is
intimately associated with zinc metabolism. Cadmium apparently
leaves the blood rapidly following absorption and accumulates to
some extent in most organs in the body. Both zinc and cadmium are
known to induce the synthesis of the protein thionein to which the
metals become bound (Cousins 1979). Cadmium metallothionein
eventually accumulates in the liver and kidneys; kidneys have the
highest concentration. The degradation of metallothionein has
been shown to follow the order thionein < zinc metallothionein <
cadmium metallothionein. When cadmium metallothionein is de-
graded, the released cadmium ions are quickly incorporated into
nascent chains of thionein and retained within the body (Cousins
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1979). The cadmium metallothionein is thus maintained in the
kidneys. Cadmium then interferes with zinc in enzymes necessary
for reabsorption and catabolism of proteins, prodﬁcing tubular
proteinuria. Development of proteinuria in humans takes a number
of years of chronic exposure (more than 1@¢). High concentrations
of cadmium in kidneys of livestock fed cadmium in their diet
suggests that this condition will occur in domestic animals if the
exposure time is of sufficient duration. However, with the
possible exception of horses, it is unlikely that animals would be
maintained for such long periods, especially in large commercial
operations.

Cadmium has been shown to decrease uptake of calcium by bone
in rats and chronic exposure via water and food in the presence of
a calcium deficient diet has been implicated in the development of
the Itai-Itai disease in humans. Osteoporosis has been observed
in horses and foals near a zinc smelter and has been attributed to
direct cadmium poisoning or "the result of a conditioned copper
deficiency associated with high intakes of zinc and cadmium"
(Gunson et al. 1982),.

Studies of the effect of cadmium on the reproduction of
livestock strongly indicate a high incidence of abortions and
deformed offspring. A diet of 50 ppm cadmium succinate produced
dead and abnormal calves and lambs (Wright et al. 1977). Goats on
a diet of 75 ppm experienced 50 percent abortions, with no normal
young (Anke et al. 1974).

The tendency of cadmium to accumulate in the kidney and liver
of livestock and the low rate of elimination from the body make
bioaccumulation of cadmium very important as a means of introduc-
ing this element into the human food chain. There is less danger,
however, from consumption of livestock muscle tissues which
accumulate very little cadmium (Table 12).

Available data strongly suggests carcinogenic effects of
cadmium on humans. Many studies involving subcutaneous injections
of cadmium chloride or other cadmium salts in rats have produced
sarcoma. Similar studies with oral ingestion of cadmium in rats
and mice did not suggest cadmium was carcinogenic in the doses
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given (Friberg et al. 1974). Only a small amount of literature
exists concerning the long-term carcinogenic effects of low level
chronic cadmium poisoning in domestic livestock.

Zinc is antagonistic to cadmium and the effects of cadmium
poisoning have been somewhat attenuated by increasing zinc in the
diet. The antagonistic nature of zinc has reduced the risk of
exposure to cadmium in some areas polluted by smelters. Simi-
larly, supplemental calcium, iron, copper, selenium and ascorbic
acid in the diet has decreased the effects of cadmium toxicity.

Lead appears to be synergistic and increases cadmium toxicity.

6.1.3 Lead toxicology

Lead poisoning is the most common form of heavy metal
poisoning in livestock and has been the subject of many reports
and literature reviews (Amnerman et al. 1977, Aronson 1972, Buck
19760). 1Ingestion and subsequent absorption of lead in the
gastrointestinal tract is the primary mode of absorption in
domestic animals although Dogra et al. (1984) found bovine lungs
with lead concentrations up to 4268 ppm in industrial areas.
Sources of lead include contaminated feed, forage, and soils,
along with lead-bearing debris (storage batteries, used crankcase
oil, paint, leaded gasoline, etc.). Lead compounds are generally
insoluble and some soluble forms (lead acetate) develop insoluble
compounds (lead sulfate) in the gastrointestinal tract. Ruminants
and nonruminants absorb less than three percent and about 140
percent of ingested lead, respectively (National Research Council
(NRC) 1972). Research has shown that excessive dietary calcium
and phosphorus decrease lead absorption in rats and lambs (NRC
1980). High zinc intake has a beneficial effect on lead toxicity
in horses (Schmitt et al. 1971, Willoughby et al. 1972) and swine
(Hsu et al. 1975). Horses may be more prone to lead poisoning
than ruminants, but the higher number of incidents reported for
horses may be partially the result of ingestion of higher levels
of contaminated soils (Buck et al. 1976). Swine, sheep, goats,
and chickens are apparently somewhat resistant to lead intoxica-
tion (Damron et al. 1969, Staples 1975, NRC 1984).

156



Excretion of lead occurs through urine, feces, milk, and
hair. Studies with rats (Castellino et al. 1966) and sheep
(Blaxter and Cowie 1946, Pearl et al. 1983, Bennett and Schwart:z
1971) suggest that fecal excretion, via bile and by secretion of
lead and epithelial exfoliation in the gastrointestinal tract, may
be greater than or equal to urinary excretion. Fecal excretion of
ingested lead has been reported to range from 82 to 99 percent for
sheep (Bennett and Schwartz 1971, Pearl et al. 1983, Blaxter 19560,
Fick et al 1976) and high lead levels were found in feces of
experimental horses (Willoughby et al. 1972). Chronic exposure to
low levels of lead have been shown to produce a near steady state
in adult humans, sheep (Pearl et al. 1983), and cattle (Allcroft
1951) where metabolic excretion of lead approximately equals lead
absorption.

The estimated minimal cumulative fatal dosage of lead in
cattle is 6 to 7 mg/kg body weight per day (Buck et al. 1976).
Allcroft (1951) fed lead as lead acetate to an experimental steer
at a dose of 5 to 6 mg/kg body weight per day for 33 months before
any signs of clinical toxicosis occurred. Hammond and Aronson
(1964) observed no effects in cattle consuming 3.6 to 3.5 . mg
lead/kg body weight per day for several months. Cattle fed 6.25
mg lead/kg body weight lead per day died within 24 days (Doyle and
Younger 1984), and calves on milk diets containing lead levels of
2.7 mg/kg body weight per day died within 20 days (2Zmudski et al.
1983). Horses have been reported to be poisoned at lead levels of
1.7 mg/kg body weight per day. Evidence clearly indicates that
livestock can be poisoned by moderately low chronic lead levels.

Clinical signs of lead poisoning include anorexia, excessive
salivation, diarrhea, blindness, muscle twitching, hyperirrita-
bility, depression, convulsions, grinding teeth, ataxia, circling,
bellowing ("roaring in horses") and incoordination. Lack of
muscular control of lips and the rectal sphincter has been
observed in ponies (Burrows and Borchard 1982),

Absorbed lead is initially distributed to soft tissues via
the blood. Some of the lead is later redeposited in bone where it
accumulates and forms the bulk of the body's lead burden. Lead
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affects all major body organs and has been found concentrated in
kidneys, liver, spleen, heart and brain. Circulating lead
combines with erythrocytes and results in increased fragility of
red blood cells and their subsequent premature destruction. Lead
also depresses bone marrow and as a result fewer red blood cells
are produced. The above effects of blood result in the develop-
ment of microcytic hypochronic anemia in some animals species.
Lead causes rupture of lysosomes and release of acid phosphatase
that is required for energy production and protein synthesis.

Lead disrupts heme synthesis by interfering with several enzymes
and blocks metabolism of aminolevulinic acid which causes abnor-
mally large amounts of deltaminolevulinic acid to appear in plasma
and urine. Chronic lead poisoning causes degeneration of kidney
and liver tissues with necrosis of the renal tubule cells. Acute
poisoning produces necrosis of the gastrointestinal mucosa. The
central nervous system is affected by decreased blood supply due
to capillary damage which produces edema or collapse of small
arteries. Extensive brain lesions have Seen noted in both chronic
and acute lead poisoning in cattle (Christian and Tryphonas 1971).
These lesions involve the cerebral cortex, thalamus, hypothalamus,
medulla oblongata and proximal cervical spinal cord. Pharyngeal
or buccal paralysis in cattle and laryngeal and pharyngeal
paralysis in horses may be produced by damage to either cranial
nerves or the brain stem nuclei. Incoordination and degeneration
of muscle control occurs through segmental demyelination of
peripheral nerves.

Lead has been shown to adversely affect reproduction in
several animal species, including humans. Sheep grazing in lead
mining areés have exhibited high rates of abortions and failures
to conceive. Pregnant goats on lead-supplemented diets (lead
acetate, 50 to 6,400 mg Pb/kg/day) aborted 6 to 8 days after
starting the lead diets (Dollahite et al. 1975). There is
evidence that lead can cross the placenta and affect fetal
development (Barltrop 1969).
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The large accumulation of lead in livestock organs and bone
represents a potentially significant source of lead in the human
diet.

No documentation has been found relating chronic exposure of
livestock to lead and the subsequent development of cancer.
Studies of rats and mice subjected to rather high doses of lead
compounds via oral or parenteral administrations exhibited
malignant and benign renal neoplasms (Environmental Protection
Agency 1977).

The synergistic effects of lead and cadmium have been
documented for ponies and calves (Burrows and Borchard 1982, Lynch
et al. 1976b). Zinc appears to be antagonistic to lead and
inhibits symptoms of lead toxicity in young horses (Willoughby et
al. 1972b). These authors found that, in the presence of toxic
amounts of lead and zinc, the symptoms and tissue lead accumula-
tion normally associated with lead toxicity were suppressed and
that the clinical symptoms were those associated with zinc
toxicity. Willoughby et al. (1972b) found that dietary doses of
lead and zinc necessary to experimentally produce clinical
toxicity in foals were considerably higher than lead and zinc
levels in diets associated with natural toxicosis, thus suggesting
interaction with unknown additional elements occurred in the
natural poisoning cases. Lead has been shown to also disrupt
tissue levels of iron, copper and manganese in cattle (Doyle and
Younger 1984). There is conflicting data concerning the effect of
calcium on the absorption and excretion of lead (Pearl et al.
1983, Willoughby et al. 1972).

6.1.4 Zinc toxicology

Animals have high tolerances for zinc, and only under large,
excessive exposures have toxic effects been documented. Diets
with 3,000 ppm have been required to induce zinc toxicosis experi-
mentally, and 1,000 ppm zinc has not produced adverse effects if
there has been an adequate amount of copper and iron in the diet.
Ott et al. (1966a) has shown that 1600 to 2000 ppm zinc is

necessary to adversely affect the performance of lambs. 2inc is
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an essential element, and all body tissues contain some zinc,
Metabolic problems with zinc generally involve a zinc deficiency.

Although inhalation of industrial dust has resulted in
deposition of up to 13,311 ppm zinc in bovine lungs (Dogra et al.
1984) the normal route of zinc absorption is through the gastroin-
testinal tract. The approximate minimum requirement of zinc in
the diet is 40 to 100 ppm for young domestic animals (NRC 1984).
Absorption of zinc is controlled by homeostatic mechanisms when
zinc ingestion is within normal ranges. These mechanisms have
been shown to become markedly less effective at higher (60¢ ppm)
levels of zinc intake in calves (Miller et al. 1970, 1971). Zinc
absorption in humans has been reported to range from 16 to 77
percent of the total amount ingested (EPA 1977). Sheep absorbed
13 percent of a 39 mg per day zinc diet (Doyle et al. 1974). Zinc
deficiency and underweight conditions increase absorption while
excessive dietary calcium with phytate decreases zinc absorption.
Zinc is primarily excreted in the feces, with lesser amounts in
urine. Small amounts are also found in milk, saliva, sweat and
hair, the latter is commonly used as an indicator of body zinc
levels (Miller et al. 1965b).

Manifestations of excess dietary zinc include reduced weight
gains, anemia, reduced bone ash, decreased iron, copper and
manganese in tissues, and diminished utilization of calcium and
phosphorus (Ott et al. 1966 c,d). Lameness has been observed in
horses receiving up to 186 mg/kg body weight zinc, and severe bone
and cartilage abnormalities have been observed in sﬁine receiving
268 ppm dietary zinc. Diets with 2,000 to 4,000 ppm zinc have
produced an arthritis-like syndrome, internal hemorrhaging and 33
to 50 percent mortality in swine (Brink 1959).

Absorbed zinc binds to sulfyhdryl, amino, imidazole and
phosphate groups. Zinc is necessary for several zinc metal-
loenzyme and metalloprotein systems, including carbonic anhydrase,
carboxypeptidases A and B, alcohol dehydrogenase, glutamic
dehydrogenase, D-glyceraldehyde-3-phosphate dehydrogenase, lactic
dehydrogenase, malic dehydrogenase, alkaline phosphatase, aldo-

lase, superoxide dismutase, ribonnuclease and DNA polymerase
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(Riordan and Vallee 1976, Chesters 1978). The toxic effects of
excessive zinc include disrupting bone mineralization (by depress-
ing calcium and phosphorus levels and by decreasing the cal-
cium:phosphorus ratio), interference with copper metabolism
(lessened activity of cytochrome oxidase and catalase), and
reduced iron concentrations in some tissues (iron deficiency
anemia and reduced hepatic iron stores) (NRC 1979).

Zinc chloride has been shown to induce testicular tumors when
injected into the active gonads of some fowl, but there is no
evidence that zinc is carcinogenic when ingested. Some studies
suggest zinc supplements may inhibit tumor growth.

Zinc is antagonistic to cadmium and can reduce many of the
adverse effects produced by cadmium when the diet is supplemented
with zinc. Animals receiving both zinc and lead exhibit lower
lead in bones but higher levels of lead in kidneys and liver.

The neurologic dysfunction associated with high lead intake has
been absent in the presenée of supplemented zinc in the diet.

Zinc is antagonistic to copper and may produce copper deficiencies
at elevated levels (Eamens et al. 1984). Zinc also disrupts
levels of calcium, phosphorus and iron, as indicated above.

6.2 Toxicology Mechanisms of Metals for Plants

The toxicology of metals in plants may'involve different
biochemical mechanisms in different species and varieties (Foy et
al. 1978). Numerous other factors also influence the toxicity of
heavy metals. These factors and plant toxicology mechanisms are
presented in the following sections.

6.2.1 Arsenic toxicology

While elemental arsenic is not toxic, many of its compounds
are toxic. Chief among these are arsenate (AsO4‘3) and arsenite
(Asoz‘z). Other common forms are methanearsenate and dimethyl-
arsenate, which are commercially prepared as post-emergence
herbicides, but may also be synthesized in trace amounts in the
soil by microorganisms. Plants take up relatively small amounts
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of arsenic from soils and the arsenic levels in natural soils are
rarely high enough to cause phytotoxicity. Aerial deposition of
arsenic from smelters, or long-term application of arsenical
pesticides may elevate soil values to phytotoxic levels. Plant
toxicity to arsenic occurs when: 1) abnormally high arsenic
levels are produced in soil, either deliberately or accidentally
by man's activities; 2) a change in soil chemistry increases
arsenic availability; and 3) plant foliage is sprayed with
arsenical compounds (Wauchope 1983), Symptoms of arsenic toxicity
include wilting of new-cycle leaves, followed by retardation of
root and top growth (Liebig 1966).

Arsenite is 4 to 100 times more toxic and its compounds are
more available to plants than arsenate (Wauchope 1983). However,
in most cases arsenite is rapidly oxidized to arsenate in the
soil. Arsenic phytotoxicity is a four-stage process: 1) absorp-
tion onto plant surfaces; 2) movement to the plant interior; 3)
translocation to the site of action; and 4) a biochemical reaction
that is toxic (Wauchope 1983). Both arsenate and arsenite are
rapidly and intensely adsorbed to plant roots, resulting in very
high concentrations in the root vicinity (Machlis 1974). Because
of its extremely high toxicity to cell membranes, very limited
translocation of arsenite occurs once the chemical has penetrated
the cuticle and entered the apoplast phase of the plant system.
Membrane degradation is the result of arsenite oxidation by
sulfhydryl groups, causing cessation of root functions and foliar
necrosis upon contact (Speer 1973). Internal injury of this type
is manifested as wilting due to loss of turgor.

Arsenate is less toxic and therefore is more readily trans-
located. 1If sub-lethal concentrations are present in the soil,
substantial accumulation may occur in foliage (Liebig 1966).
Translocation occurs both intra- and extracellularly, including
Xylem and phloem transport. Arsenate does not react with sulfhy-
dryl groups, nor does it degrade cell membranes like arsenite.
Its main toxic effects are apparently due to its disturbance of
phosphorus metabolism in plants. Studies have shown that the

chemistry of arsenate and phosphate is very similar and they tend
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to replace one another chemically, but not functionally. Such
substitution of arsenate for phosphate may cause decoupling of
oxidative phosphorylation in mitochondria and inhibit leaf uptake
of chemicals. Further, as arsenate is translocated throughout the
plant it may interfere with cell organelles such as chloroplasts
in which phosphorus plays an important role (NRC 1977). Porter
and Sheridan (1981) noted reduction in the nitrogen fixing
activity at low levels (1 mg/L of added arsenic) and inhibition

of photosynthesis and respiration at very high levels (100 mg/L).

6.2.2 Cadmium toxicology

Cadmium is an element serving no apparent essential biologi-
cal function, yet it is often readily taken up, translocated and
accumulated by plants. It is found in very low concentrations in
natural soils and generally only reaches phytotoxic levels due to
anthropogenic activities. Plant uptake occurs both through roots
and leaves. Uptake of soil-cadmium is influenced by several
factors including pH, CEC, plant species and varieties and age
(Jastrow and Koeppe 1980, Boggess et al. 1978). Recently, added
chloride was shown to increase the level of soluble soil-cadmium
(Bingham et al. 1984). A study of cadmium uptake and transloca-
tion from solution has shown most of the cadmium to be retained
in plant roots (Jarvis et al. 1976). Symptoms of cadmium toxicity
include stunting and chlorosis. While much is known about the
toxicological effects of cadmium, little has been discovered con-
cerniﬁg the biochemical basis for plant toxicity.

Cadmium is chemically allied with zinc and often substitutes
for zinc in plant metabolic activities; this substitution may be a
reason for its phytotoxicity. Vallee and Ulmer (1972) proposed
that cadmium toxicity is in part due to the replacement of zinc by
cadmium at certain enzyme sites. Root et al. (1975) stated that
excess cadmium may cause chlorosis in corn leaves due to decreased
zinc uptake and subsequent changes in the Fe:Zn ratios. Cadmium
interference with zinc uptake and translocation in beans was
documented by Hawf and Schmid (1967). In contrast, added cadmium

levels significantly increased the zinc concentration of tomato
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leaf tissue (Smith and Brennan 1983). Other researchers have
reported both interference and enhancement of zinc uptake by
cadmium in different plants and at varying levels of cadmium
concentration (Hinesly et al. 1982, Pepper et al. 1983, Chaney et
al. 1976). Gerritse et al. (1983) found that increasing zinc in
the soil solution apparently increased cadmium uptake at high
solution concentrations of cadmium and decreased uptake at low
solution concentractions. Air pollution (as ozone) may interact
synergistically with cadmium to reduce crop yields, causing ozone
toxicity symptoms to develop at cadmium levels that normally would
be harmless (Czuba and Ormrod 1974). Hovmand et al. (1983)
reported that atmospheric cadmium accounted for 20 to 60 percent
of the total amount of cadmium in some agricultural crops in
Denmark.

More than 70 percent of the total amount of cadmium in tree
leaves near a zinc smelter was found to be associated with the
cell wall. The remaining cadmium was distributed among the
cytosol, vacuole sap and cell organelles (Ernst, 198d). Such a
compartmentalization of cadmium in cell walls may protect the more
susceptible metabolic sites of the cell. Cadmium content in cell
organelles is related to their function and potential for ion
uptake. For example, chloroplasts will accumulate much more
cadmium than mitochondria.

Lee et al. (1976) found that cadmium may either stimulate or
inhibit a large number of plant enzyme systems, which may cause
subsequent biochemical chain reactions. Enzyme inhibition has
been shown to be the result of cadmium affinity for sulfhydryl
groups. Such disruption of enzyme systems has been shown to
affect nitrate uptake in corn seedlipngs and amino group catalysis
and nitrogen fixation by legumes (Mathys 1975, Volk and Jackson
1973, Huang et al. 1974).

Cadmium may also negatively affect photosynthesis. It has -
often been associated with reduced chlorophyll content, possibly
due to interference with the biosynthesis of photosynthetic
pigments and biomembranes. Enzymes needed for catalytic activity
may also be inactivated by cadmium because cadmium will bind with
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sulfhydryl groups. Reduced carbon dioxide fixation may result
from cadmium substitution for zinc in zinc metalloenzymes and sub-
stitution for manganese may cause inhibition of electron flow in
plant photosystems (Ernst 1980).

Plant respiration may be enhanced or inhibited depending upon
species-specific carbohydrate metabolism. Cadmium has been shown
to cause pronounced swelling of mitochondria, with a resultant
decrease in respiration rate (Bittell and Miller 1974). Like
numerous other metals, cadmium may have a strong effect on the
properties of DNA. It has been demonstrated that cadmium may
decrease cell viability, increase single-strand breakage of DNA
and inhibit cell division (Mitra and Bernstein 1978).

6.2.3 Lead toxicology

Lead is considered a nonessential element for plant growth.
Lead uptake from soils is dependent on many factors, including
soil pH, cation exchange capacity (CEC), organic matter, calcium
content, plant species and the soluble metal concentration.
Climatic canditions such as precipitation, temperature and the
length of daylight also influence lead uptake.

Lead uptake is enhanced by low pH conditions and by soils
with little organic matter. Organic matter is known to have a
high CEC and tends to adsorb or bind most metal cations. Thus,
high CEC or organic matter content renders soil lead less availa-
ble to plants. Low pH conditions enhance the solubility of most
metals, including lead, making them more available for plant
uptake. The addition of phosphate and liming have been shown to
reduce lead uptake by plants by forming low solubility compounds
such as lead hydroxide, carbonate and phosphate (Demayo et al.
1982). Plant species also differ in their lead uptake. Lead
tends to collect in the top layer of soil and, therefore, shallow
rooted plants such as annual grasses take up more lead than deep
rooted perennials such as alfalfa.

Absorption of lead by plants is both by root uptake and
absorption through foliage of airborne lead fallout. Most of the
literature indicates that uptake by roots is the primary means of
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lead absorption (Zimdahl and Arvik, 1973). Translocation of lead
from the root system to other parts of the plant is poor, with
roots generally accumulating the highest lead concentration. The
translocation is predominantly apoplastic in nature (Holl and
Hampp 1975). 1Indirect evidence suggests transport is via sieve
tubes which are part of the phloem (food) transport system in
plants. Some lead may be precipitated in root dictyosomes,
possibly due to phosphatase enzymes (Haque and Subramanian 1982).
The dictyosome vesicles contain cell wall precursors and as the
dictyosomes move to the cell walls and fuse to it, the lead may be
bound at that site. Translocation of lead is apparently enhanced
when the soil solution is deficient in other nutrients. Many
researchers have found increased lead levels in all plant tissues
growing in a nutrient solution containing lead. The fruiting and
flowering parts of plants have been found to accumulate the least
amount of lead (NRC 1972).

The toxicosis of lead in plants is expressed by reduced
growth and vital processes such as photosynthesis, mitosis and
water absorption. Lead accumulates in tissues with high mitotic
activity and appears to be bound to polyuronic acids of the cell
walls (Holl and Hampp, 1975). High concentrations of lead are
found in organeiles such as mitochondria, chloroplasts and also in
nuclei. The lead is apparently bound to certain phosphate groups
in cells,

Roots that are in contact with lead degenerate because of a
decrease in cell division in root meristems. The photosynthetic
process is hindered by diminished CO, fixation by chloroplasts and
by the disturbance that lead causes in the transport of electron
between the site of primary electron donor and water oxidation
(Holl and Hampp 1975). The activity of many enzymes is inhibited
due to blocking by lead of sulfhydryl groups in proteins due to
changes in the phosphate levels of living cells.

6.2.4 Zinc toxicology

Zinc is an essential element in plant metabolism. Zinc

deficiency in crops is the most common micronutrient deficiency in
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the United States (NRC 1979). 2Zinc phytotoxicity exists naturally
in only isolated instances with most toxicity problems related to
anthropogenic sources such as in metal mining, smelting and
refining.

Zinc uptake by plants is influenced by the soil pH, soil
composition, CEC, organic matter, phosphorus levels, and soluble
zinc concentrations. Uptake is also influenced by the form of
zinc. 2Zinc oxides, carbonates, phosphates and sulfides are
generally less soluble and therefore less toxic than similar
concentrations of soluble zinc salts. 2Zinc availability to plants
is enhanced in low pH in soils where the solubility of many metals
is increased. The potential for zinc toxicosis is reduced in
soils high in calcium and magnesium and the increase of soil pH
from the liming of agricultural soils reduced zinc toxicosis (Lee
and Page 1967). The fixation of zinc through microbial activity
also reduces zinc available for plant uptake. Studies suggest
plants remove 1 to 3 percent of the zinc added to a soil (Taylor
et al. 1982).

Absorption of zinc is influenced by copper, phosphorus, and
iron levels. Copper and zinc are antagonistic and the absorption
of one usually depresses absorption of the other. Phosphorus in
excessive amounts can reduce zinc upfake and, conversely, exces-
sive zinc apparently depresses phosphorus metabolism., Excess iron
tends to intensify a zinc deficiency. Translocation of zinc
occurs through the xylem (water tranépoits system) and a small
amount may be redistributed via the phloem (food transport
system). Normal zinc concentrations in plants range from 15 to
150 ppm (dry matter) with zinc toxicosis commonly occurring at
levels of 4060 ppm (dry matter) (Gough et al, 1979). The suscepti-
bility of plants to zinc toxicity varies among species. Boawn and
Rasmussen (1971) have shown that monocotyledonous species (corn,
sorghum, barley and wheat) were more sensitive to excess zinc than
were dicotuledmons species (beans, peas, some leafy vegetables and
clover). Symptoms of zinc toxicity include stunted growth,
reduced yields, reduced size of leaves, necrosis of leaf tips and
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shoot apices, a reddish tint near the basal part of leaves and
curling and distortion of foliage.

Zinc is an enzyme cofactor and binds pyridine nucleotides to
the protein portion of enzymes. Zinc atoms also stabilize the
structure of yeast alcohol dehydrogenase and are an essential
component in a variety of dehydrogenases, proteinases, peptidases
and zinc metalloenzyme carbonic anhydrase (NRC 1979). Lack of
zinc, therefore, produces a general failure in the metabolic
system; RNA doesn't form, resulting in lowered protein formation,
less total nitrogen and DNA lesions.

6.3 Computerized Data Base Utilized

The following data bases have been computer searched for this
document., Descriptions are quoted directly from Dialog database
catalog for 1985,

AGRICOLA File 106, 110
. 1970-present, 2,826,000 records, monthly updates (National
Agricultural Library, Beltsville, MD).

AGRICOLA (formerly CAIN) is the cataloging and indexing
database of the National Agricultural Library (NAL). This massive
file provides comprehensive coverage of worldwide journal and
monographic literature on agriculture.and related subjects. Since
AGRICOLA represents the actual holdings of the National Agricul-
tural Library, there is substantial coverage of all subject matter
normally contained in a very large library. File 110 contains the
citations for the years 1988-1978. File 10 contains citations
from 1979 to the present. Both files have similar format and
identical coverage and pricing.

BIOSIS PREVIEWS Files 5, S5, 255
1969-present, 4,566,008 records, biweekly updates
(BioSciences Information Service, Philadelphia, PA).
BIOSIS PREVIEWS contains citations from both Biological
Abstracts and Biological Abstracts/RRM (formerly entitled Bio-
research Index), the major publications of BioSciences Information
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Service of Biological Abstracts. Together, these publications
constitute the major English language service providing comprehen-
sive worldwide coverage of research in the life sciences. Over
9,000 primary journals and monographs as well as symposia,
reviews, preliminary reports, semi-popular journals, selected
institutional and government reports, research communications, and
other secondéry sourceé provide citations on all aspects of the
biosciences and medical research. Searchable abstracts are
available for Biological Abstracts records from July 1976 to the
present. File 5 contains all the citations from 1981 through the
present. The citations for the years from 1977 through 19808 are
available in File 55, and citations for the years 1969-1976 are
available in File 255,

CAB ABSTRACTS File 50
1972-present, 1,760,000 records, monthly updates
(Commonwealth Agricultural Bureaux, Farnham Royal, Slough,

England).

CAB ABSTRACTS is a comprehensive file of agricultural and
biological information containing all records in the 26 main
abstract journals published by Commonwealth Agricultural Bureaux.
Over 8,500 journals in 37 languages are scanned, as well as books,
reports, and other publications. In some instances less accessi-
ble literature is abstracted by scientists working in other
countries. About 130,000 items are selected for publication
yearly; significant papers are abstracted, while less important
works are reported with bibliographic details only.

The following journals are included in CAB ABSTRACTS:
Agricultural Engineering Abstracts; Animals Breeding Abstracts;
Apicultural Abstracts; Arid Lands Abstracts; Dairy Science
Abstracts; Field Crop Abstracts; Forest Products Abstracts;
Forestry Abstracts; Helminthological Abstracts (A & B); Herbage
Abstracts; Horticultural Abstracts; Index Veterinarius; Nutrition
Abstracts and Reviews (A & B); Plant Breeding Abstracts; Proto-
zoological Abstracts; Review of Applied Entomology (A & B); Review
of Medical and Veterinary Mycology; Review of Plant Pathology;
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Rural Development Abstracts; Rural Extension, Education and
Training Abstracts; Leisure, Recreation and Tourism Abstracts;
Rural Sociology Abstracts; Soils and Fertilizers; Veterinary
Bulletin; Weed Abstracts; and World Agricultural Economics,

CRIS/USDA File 60

Last two years, 35,700 records, monthly updates (U.S.
Department of Agriculture, Beltsville, MD).

CRIS (Current Research Information System) is a valuable
current-awareness database for agriculturally related research
projects. The projects described in CRIS cover current research
in agriculture and related sciences, sponsored or conducted by
USDA research agencies, state agricultural experiment stations,
state forestry schools, and other cooperating state institutions,
Currently active and recently completed projects within the last
two years are included.

The subject coverage of CRIS encompasses the following
disciplines: biological, physical, social and behavioral sciences
related to agriculture in its broadest applications, including
natural resource conservation and management; marketing and
economics; food and nutrition; consumer health and safety; family
life, housing, and rural development; environmental protection;
forestry; outdoor recreation; and community, area, and regional
development.

"ENVIROLINE File 40
1971-present, 115,500 records, monthly updates (EIC/Intelli-
gence, New York, NY).

ENVIRONLINE, produced by the Environment Information Center,
covers the world's environmental information. 1Its comprehensive,
interdisciplinary approach'provides indexing and abstracting
coverage of more than 5,000 international primary and secondary
source publications reporting on all aspects of the environment.
Included are such fields as: management, technology, planning,
law, political science, economics, geology, biology, and chemistry

as they relate to environmental issues. Literature covered
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includes periodicals, government documents, industry reports,
proceedings of meetings, newspaper articles, films and monographs.
Also included are rulings from the Federal Register and patents
from the Official Gazette.

MEDLINE Files 152, 153, 154

1966-present, 4,687,000 records, monthly updates (U.S.
National Library of Medicine, Bethesda, MD).

MEDLINE (MEDLARS onLINE), produced by the U.S. National
Library of Medicine, is one of the major sources for biomedical
literature. MEDLINE corresponds to three printed indexes: Index
Medicus, Index to Dental Literature, and International Nursing
Index. MEDLINE covers virtually every subject in the broad field
of biomedicine. MEDLINE indexes articles from over 3000 interna-
tional journals published in the United States and 78 countries.
Citations to chapters or articles from selected monographs are
also included. .

MEDLINE is indexed using NLM's controlled vocabulary MeSH
(Medical Subject Headings). Over 40% of records added since 1975
contain author abstracts taken directly from the published
articles. Over 250,000 records are added per year, of which over
706% are English language.

NTIS File 6

1964-present, 1,122,000 records, biweekly updates (National
Technical Information Service, [NTIS], U.S. Department of Com-
merce, Springfield, VA).

The NTIS database consists of government-sponsored research,
development, and engineering plus analyses prepared by federal
agencies, their contractors or grantees. It is the means through
which unclassified, publicly available unlimited distribution
reports are made available for sale from such agencies as NASA,
DDC, DOE, HHS (Formerly HEW), HUD, DOT, Department of Commerce,
and some 240 other units. State and local government agencies are
now beginning to contribute their reports to the file.
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The NTIS database includes material from both the hard and
soft sciences, including substantial materials on technological
applications, business procedures, and regulatory matters. Many
topics of immediate broad interest are included, such as environ-
mental pollution and control, energy conversion, technology
transfer, behavioral/societal problems, urban and regional
planning.

POLLUTION ABSTRACTS File 41
1976-present, 110,000 records, bimonthly updates (Cambridge
Scientific Abstracts, Bethesda, MD).

POLLUTION ABSTRACTS is a leading resource for references to
environmentally related literature on pollution, its sources, and
its control. The following subjects are covered by the POLLUTION
ABSTRACTS database: Air Pollution, Environmental Quality, Noise

Pollution; Pesticides, Radiation, Solid Wastes, and Water
Pollution.

SCISEARCH _ Files 34, 87, 94, 186
1974-present, 6,189,000 records, biweekly updates (Institute
for Scientific Information, Philadelphia, PA)

SCISEARCH is a multidisciplinary index to the literature of
Science and technology prepared by the Institute for Scientific
Information (ISI). It contains all the records published in
Science Citation Index (SCI) and additional records from the
Current Contents series of publications that are not included in
the printed version of SCI. SCISEARCH is distinguished by two
important and unique characteristics. First, journals indexed are
carefully selected on the basis of several criteria, including
citation analysis, resulting in the inclusion of 90 percent of the
world's significant scientific and technical literature. Second,
citation indexing is provided, which allows retrieval of newly
published articles through the subject relationships established
by an author's reference to prior articles. SCISEARCH covers
every area of the pure and applied sciences.
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The ISI staff indexes all significant items (articles,
reports of meetings, letter, editorials, corréction notices, etc.)
from about 2600 major scientific and technical journals. In
addition, the SCISEARCH file for 1974-75 includes approximately
38,000 items from Current Contents--Clinical Practice. Beginning
January 1, 1976, all items from Current Contents--Engineering,
Technology, and Applied Science and Current Contents--Agriculture,
Biology, and Environmental Sciences that are not presently covered
in the printed SCI are included each month. This expanded
coverage adds approximately 58,000 items per year to the SCISEARCH
file.

WATER RESOURCES ABSTRACTS File 117
1968-present, 176,000 records, monthly updates (U.S. Dept. of
the Interior, Washington, D.C.).

Water Resources Abstracts is prepared from materials col-
lected by over 50 water research centers and institutes in the
United States. The file covers a wide range of water resource
topics including water resource economics, ground and surface
water hydrology, metropolitan water resources planning and
management, and water-related aspects of nuclear radiation and
safety. The collection is particularly strong in the literature
on water planning (demand, economics, cost allocations), water
cycle (precipitation, snow, groundwater, lakes, erosion, etc), and
water quality (pollution, waste treatment). WRA covers predomi-
nantly English-language material and includes monographs, journal
articles, reports, patents and conference proceedings.
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