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FOREWORD

The ACS Symrostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of its predecessor, ADVANCES
in CHEMISTRY SERIES, except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Symposiunm SERIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

Arsenic is an environmentally ubiquitous Group Va element. Al-
though it has a metallic allotropic form like the two higher Group Va
elements, antimony and bismuth, arsenic’s chemical behavior is quite
similar to phosphorus. It has four valence states, —3, 0, +3, and +35.
Arsine and methylarsines are characteristic of As in the —3 valence state
and are generally unstable in air. Arsenic metal is formed by reduction
of arsenic oxides and is a glossy black material. Arsenic trioxide is a
product of smelting operations, and it is the starting material for syn-
thesizing most arsenical compounds. It is oxidized catalytically or by
bacteria to arsenic pentoxide or orthoarsenic acid (HzAsO,). Arsines
and arsenites are generally more toxic than arsenates.

In the natural environment, most arsenicals degrade or weather to
form arsenate, although under anaerobic conditions arsenite may form.
Biotransformations may occur which result in volatile arsenicals. These,
in turn, are returned to the land where soil adsorption, plant uptake,
erosion, leaching, reduction to arsines, or other processes occur. This
natural arsenic cycle reflects a constant shifting of arsenic into the various
environmental compartments.

This symposium was arranged because of current concern and inter-
est in the quality of our environment, particularly as it pertains to trace
heavy metals. While arsenic is not a heavy metal, it is a metalloid which
has always generated much interest and controversy because many of its
compounds have toxic properties. This symposium, then, was intended
to examine the analysis, soil behavior, biotransformations, accumulations,
cycling, and modeling of arsenate and arsenical pesticides in nature.

E. A. WooLson
Beltsville, Md.
November 1, 1974
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Review of Arsenical Pesticides

S. A. PEOPLES

School of Veterinary Medicine, University of California, Davis, Calif. 95616

It is not the purpose of this paper to discuss the compara-
tive usefulness of various arsenic compounds as herbicides and
insecticides. It is rather to present information which is
needed to form the basis for evaluating the effects of such usage
on the ecosphere and the possibility of adverse effects on animals
and man. Arsenic has had such a bad name as to be nearly synony-
mous with the word "poison" and I think it would be worth putting
it in its proper place. It is a relatively common element,
present in air, water, soil, plants and animals, and the pharma-
cology of chemical compounds depends on the dose given; no action,
useful and toxic.

Considering that arsenic compounds have been known since 250C
B.C. and used in medicine since the time of Hippocrates since 400
B.C. (1), one would expect that information would be available as
to the chemical nature of arsenic compounds in nature and their
biochemical effects and metabolic fate in plants and animals.

Such is not the case, however, due in large part to the failure to
develop analytical procedures for specific compounds.

All samples were wet or dry ashed to inorganic arsenic, re-
duced to arsine with zinc and hydrochloric acid which was then
quantitated by some modification of the Gutzeit method. The
results were usually expressed as arsenic trioxide, a practice
which has lead many to the conclusion that the arsenic in the
sample was indeed trivalent arsenic and worse yet, toxicologists
frequently use the term "toxicity of arsenic for animals" as
synonymous with the toxicity of arsenic trioxide for animals (2).

Recently, an analytical method has been developed in my
laboratory which will separately quantitate the inorganic and
methylated arsenic in water, grass and urine (3) and is now being
modified for soil samples. A method using a helium plasma has
been introduced by Braman which will separate trivalent and
pentavalent inorganic arsenic and methyl and dimethyl arsonic
acids (4). The use of these methods in combination with such
isolation technics such as thin layer and column chromatography
will hopefully yield as much information about the biochemistry
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2 ARSENICAL PESTICIDES

of arsenic as is now known about phosphorus.

Chemistgz

Arsenic occurs in nature as sulfides such as orpiment and
as complex sulfides or iron, nickel and cobalt. It has valences
of 3*, 5* and inorganic and organic compounds of both are known.

A valence of -3 is also known where arsenic is combined with
hydrogen in compounds known as the arsines.

Since the synthesis of salvarsan by Ehrlich in 1905, literally
hundreds of organic arsenicals have been synthesized for use in
medicine and industry. Except for the treatment of such parasitic
diseases such as trypanosomiasis, amebiasis and filariasis, the
advent of the antibiotics rendered most of the medicinal products
obsolete but it is interesting to consider some of them since they
have found new uses under new names, as pesticides and feed addi-
tive.

The information in Table 1, taken from pharmacology textbooks
used in the 1930's shows some of these compounds and the therapeu-
tic dose levels should be of particular interest to those concern-
ed with their residue levels in food (5) (6). For example, it
would be necessary to eat 10 kg of food containing 5 ppm of
cacodylic acid to obtain a therapeutic dose.

Distribution of Arsenic in Nature

Arsenic is a ubiquitous element present in air, water, soil
and all living tissues. The finding of arsenic in any sample is
therefore not significant unless compared to the concentration
normally expected. The range of these values is given in Table 2
(7). It must be pointed out that these values are given as total
arsenic and their chemical nature is unknown. That high values
occur in sea food has been known since 1935 when Coulson reported
it in shrimp and found it to be nontoxic to rats (18). It is
clear that animals and man receive a daily intake of arsenic which
varies with geographical location and type of diet. Once again it
should be noted that the chemical nature of the arsenic in these
sources is largely unknown and therefore the fate and effect in
animals and man cannot be predicted. For example Lakso (3) found
that most of the background arsenic in Johnson grass was a methy-
lated arsonic acid, probably MSMA, a compound of low toxicity.

Absorption, Distribution and Excretion

Arsenic compounds can be absorbed by any route although the
usual entry is by ingestion. There is a common belief that
arsenic is a cumulative poison which is largely based on its
tendency to accumulate in high concentrations in the hair and
nails, which are actually excretory products and not in equilib-
rium with the living body. A second basis for this belief is the
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TABLE 1
Arsenical Drugs Used in Treating Human Disease
Drug g[ogsr?]s Use Formula
FowleT ] 005 Leuke.mno K OAs<0
Solution Tonic
) CHs
Peo's.on > 005 Tonic Na 0As = 0
Solution “eHg
CH3
Arrhenal 05 Tonic Ng 0As =0
CHy
. CH
Sodium 3
05 Tonic No OL\s/:O
Cacodylate \CH3
As === As
Arsphenamine | 3-6 Syphilis ONHZ ONHZ
OH OH
8
Atoxyl 02-.20{Trypanosomiasis| Na og; )nug
2 2
Tryparsamide 2.0 |Trypanosomigsis| NoOAs ) NH=CHy—C—NH,
OH
f 2
Carbarsane 75 Amebigsis NaOAs _)NH—C—NH,
OH
N7 S —CHp
. N H
Melarsoprol 18 |Trypanosomiasis N>: ‘)—N—O—As/
NHp <N N\§— CH— CHpOH

A Manual of Pharmacology

Pharmacotherapeutics (5)

Q)
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ARSENICAL PESTICIDES

Table II

Concentration of Arsenic in Nature

Substance Concentration
ppm

Water .01 - 1.0
Soil 1.0 - 500.0
Grass 1 - 1.6
Ferns .2 - 3.64
Vegetables .00 - 2.9
Grains .11 - .16
Corn oil .00 -
Fish o0il (ocean) 1.0 - 5.0
Fish 2.0 - 9.0
Shellfish 1.6 - 2.9
Shrimp, lobster 1.5 - 100.0
Meat .06 - 1.07
Milk .01 - .05

J. Chronic Diseases (7)
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1. PEOPLES Review 5

use of the rat as an experimental animal in arsenic studies, an
animal which is unique in its ability to store arsenic in its red
blood cells.

Table 3 (9) shows the normal values in the tissues of common
experimental animals and their response to the feeding of arsenic.
If man were included in the table he would have values similar to
those of the rabbit with values of all tissues varying between .05
and .30 ppm. Milk is exceptionally low in all animals, being
.01 - .03 ppm.

Hair and nails normally have 1.0 - 5.0 ppm but due to the
fact that they readily pick up arsenic from the environment, such
values are of uncertain value in reflecting poisoning. Blood
values are useful in measuring the body burden and rate of change
in the body as shown in Fig. 1 (10). The clearance rates clearly
illustrate the differences between animal species and the extreme-
ly slow rate in the rat.

The route of excretion is in the urine and feces and the
shape of the excretion curve in the rate as shown in Fig. 2 (11),
showing that there is a fast phase followed by a slow one, —
indicating that there are two storage pools,

The arsenic level in the milk of cows does not increase with
the blood concentration when fed inorganic arsenic, methyl arsonic
acid or cacodylic acid as illustrated in Fig. 3 (12). This may
mean that there is an active transfer of arsenic in the mammary
gland which is saturated at all times. From a residue point of
view, the presence of even toxic amounts of arsenic in animal
feed will not effect the safety of milk. The urinary excretion
of arsenic in urine has been suggested as a measure of exposure but
it is of no value unless the diet is known. Schrenk (13) found
that the eating of sea food, particularly crustacea, raised the
urinary arsenic levels by as much as 10-fold, returning to normal
in 20 - 40 hours as shown in Fig. 4, This is due to the compound
known as Coulsons "Shrimp Asenic'" and illustrates its rapid ab-
sorption and excretion.

Metabolism of Arsenic

The preceeding studies on the distribution and excretion of
arsenic are based on total arsenic determinations and say nothing
of the chemical changes that might occur. Gosio (14) noted in
1893 that certain molds growing on wallpaper containing arsenical
pigments produced a toxic gas which was identified by Challenger
(15) in 1931 as trimethyl arsine and could also be produced from
sodium arsenite and cacodylic acid. Recently McBride (16) re-
ported that a methanobacterium could methylate inorganic asenic to
form dimethyl arsonic acid and dimethyl arsine under anaeorbic
conditions. This finding suggested to us that the methyl arsonic
acid we had found in bovine urine (17) need not entirely come from
grass which contains methylated arsenic (3) but could have been
produced by the anaerobic bacteria in the rumen. Preliminary
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Figure 1. “Arsenic levels in whole blood.
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1. PEOPLES Review 9

experiments have shown that the feeding of either sodium arsinate
or sodium arsinite results in a great increase in methyl arsonic
acids in the urine, a finding which seemed to confirm this hypoth-
esis. To show that the rumen was necessary for this methylation
the same experiments have been repeated in dogs, and if confirmed
by further experiments, the carnivore can methylate inorganic
arsenic as well as the ruminant.

Experiments are now under way to find the role, if any, of
the rumen, and the biochemical mechanism of the methylation of
arsenic in the dog. The origin of methyl arsonic acid in normal
plants is still to be explored, but one could postulate that it
could be of animal origin.

The work of Braman (4) indicated that methylated arsenic
compounds are probably quite common in man and nature and only a
small beginning has been made in understanding the arsenic cycle.

It should be pointed out that unlike mercury, methylation
causes a great reduction in toxicity and is a true detoxication
process.

Toxic Effects of Arsenic

The toxicity of trivalent inorganic arsenic for living
organisms varies widely as shown in Table 4.

Table 4
Item Arsenite Arsenate
Bacteria 290 > 10,000
Algae > 1,000
Yeast 300
Daphnia magna 5.2 12.5
Flatworms 40 361
Minnows 20 250
Minnows 17.8 234
Minnows 11.6 60
Rats and mice, 96 hr LD5p oral 11.2 112
MLD, intraperitoneal 5.8 21

J. Chronic Diseases (7)

The toxic dose for rats of arsenical herbicides is shown in
Table 5, which are average values from a variety of sources.

The mechanism of toxicity is considered to be due to the
binding of - SH groups of lipoic acid by trivalent arsenic.
However, pentavalent arsenic compounds behave like phosphate in
biochemical reactions yet symptoms of poisoning are similar for
all arsenic compounds. It may be found that they can be reduced
to trivalent arsenic by mechanisms presently unknown. The fact

In Arsenical Pesticides, Woolson, E.;
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10 ARSENICAL PESTICIDES

Table 5
Toxicity of Arsenical Herbicides for Rats

Compounds Toxic Dose mg/kg
Sodium Arsenite 20 - 60
Sodium Arsenate 80 - 120
Sodium Methyl Arsenate 1200 - 1600

(MSMA)
Sodium Cacodylate 1200 - 1600

that BAL, 2,3 dimercaptopropanol, is used with some success in all
forms of arsenic poisoning is further evidence for this view.
Acute toxicity is the usual form of poisoning, with the develop-
ment of acute enteritis and death in shock. With lower doses,
there is extensive liver and kidney damage as well. The possi-
bility of chronic arsenic poisoning from continuous ingestion of
small doses is rare, due to the detoxication and excretion being
fairly rapid.

Arsine is a gas formed in the presence of acid and hydrogen
and is toxic in very low cencentrations in inhaled air. It
causes hemolysis of the red cells, resulting in anemia, hemo-
globinuria with resulting renal damage. It is rapidly fatal and
there is no known antidote. As previously noted, McBride (16)
has shown that dimethyl arsine can be produced in the bacteria
found in the mud of waterways and suggested it could cause
toxicity. This possibility seems remote since dimethyl arsine
burns spontaneously in air.

The question of arsenic as a cause of cancer has been studied
for a century without a clear decision. When arsenic trioxide is
applied to the skin or taken orally in large doses hyperkeratotic
lesions appear on the skin with a delay of many years in some
cases. These lesions are precancerous but they can also be caused
by sunlight, x-ray and thermal burns. Cancer has not been pro-
duced in experimental animals by any arsenic compound. The
incidence of cancer in arsenic industries is equivocal is spite
of continuing studies (18).

Conclusion

The use of new analytical methods will hopefully elucidate
the role of arsenic in the ecosphere and may even demonstrate that
it is essential in living tissue. The high levels in sea animals
which are constant in value and not related to industrial or
agricultural pollution, suggest this possibility. While much
research needs to be done, enough is known about the useful and
toxic effects of arsenic compounds so that their use as pesticides
and feed additives can be carried out with safety.
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The Determination of Traces of Arsenic: A Review*

YAIR TALMI and CYRUS FELDMAN
Ozk Ridge National Laboratory, Oak Ridge, Tenn. 37830**

This review is organized in terms of the main steps and topics
characterizing all trace analysis: sample pretreatment and dis-
solution, solution stability, preconcentration, isolation and de-
termination, The options now existing in each step have been pre-
sented, but no attempt is made to mention every investigation in
which each has been used. It is hoped that this treatment will
make it easier for the analyst to assemble a procedure suited to
the needs of a particular case.

Pretreatment and Dissolution of the Sample

If total arsenic is to be determined, the sample must be min-
eralized at least to the degree necessary to convert all arsenic
present to inorganic forms. The treatment chosen should be the
mildest treatment which will accomplish this conversion, so that
losses and contamination will be minimized. Several approaches
are possible:***

1. Wet Ashing. According to Portmann and Rileyl, prolonged
digestion with nitric acid, followed by evaporation to dryness
(hot-plate surface temperature ~180°) will give no losses of ar-
senic, even if several mg of chloride were originally present.
This type of attack could be used for materials such as vegetation

*
Research supported by the National Science Foundation--RANN (En-
vironmental Aspects of Trace Contaminants) Program under NSF inter-

agency agreement No,389 with the U.S. Atomic Energy Commission.

**Operated for the U,S, Atomic Energy Commission by Union Carbide
Corporation under Contract No., W-7405~Cong.-26.
dkk
A general and more detailed treatment of this subject is given
in T.T. Gorsuch's book "The Destruction of Organic Matter",
Pergamon, NYC (1970).

13
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14 ARSENICAL PESTICIDES

and animal muscle. Stronger treatment is usually advocated for
other organic materials, especially those high in lipids; however,
Kingsley and Schaffert? state that all of the arsenic present in
liver, kidney or muscle can be recovered merely by digesting the
blenderized tissue for 30 minutes in V4N HC1l. The digestion must
be open to the atmosphere, so that sulfides and mercaptans (which
may interfere with subsequent determination of As) will be elimi-
nated., Similarly, R.F. Abernethy and F.H, Gibson-’ state that es-
sentially 100% of the arsenical species in coal can be extracted
by boiling the powdered coal gently in a 1:7 mixture of HNO5 and
Hzo. The HNO, may then be eliminated, if desired, by adding 1:1
H9S804 and evaporating the solution to, fumes. According to R.B.
Baird, S. Pourian and S.M, Gabrielian~, raw sewage and primary and
secondary effluents can be mineralized by refluxing with 47 HNO, +
1% Hy05, followed by evaporation and further additions of HNOj.
Cacodylates sprayed on sandy soil can be recovered by 5 minutes of
shaking with a mixture of strong H,804 and HC1 plus decolorizing
carbon. Hamme, Young and Hunter”® state that recovery by this
rapid method averages 937%.

Other treatments have also been advocated which do not neces-
sarily mineralize biological samples completely, but liberate their
metals to a degree sufficient for some types of analysis. W. J.
Adrian”, following G.W. Gordon, left the sample overnight, with
HNO3 and HC104, in a tightly sealed polyethylene bottle. The bot-
tle was then placed in hot running water for 2-3 hours, cooled and
opened. Rapid dissolution of tissues was also achieved by A. Bou-
chard’ using concd. HyS804, CrOj and red fuming HNO, (possible con~
tamination from reagents must be considered in this case). Many
tissues can also be transformed into clear solutions with the aid
of tetramethylammonium hydroxide, either in solid or aqueous so-
lution form® or as a solution in toluene?. Heating at 60°C may be
required. Many of these milder procedures do not attack fatty and
high-1ipid tissues or bone and tooth specimens.

When stronger treatment is needed, some combination of nitric,
sulfuric and perchloric acids is usually used. In a typical pro-
cedure of this type, Chu, Barron, and Baumgarner10 alternately
heat the sample in a mixture of sulfuric and nitric acids until
the solution darkens, then add more HNO3, and repeat the process
until darkening no longer ociTrS; they complete the oxidation by
heating with HC104. Sandell recommends the use of refluxing
with such procedures in order to prevent the loss of Asj0j and/or
AsCl3. If the arsenic is eventually to be reduced to As™3 for de-
termination, the excess HNO3 remaining after wet-ashing can be
destroyed by treating the mixture with a few ml of saturated am-
monium oxalate and warming. G.I, Spielholtz, G.C. Toralballa, and
R.J. Steinberg12 rapidly (and safely) mineralized powdered coal by
refluxing it with a mixture of 68-707 HC10, and para-HIO.

P. Schrame1ll3>1%4 ghowed that reagent blanks in the dissolu-
tion of 150 mg tissue samples can be minimized by warming the sam—
ple with 100 ul concd. HZSO4 and adding 50% H509 solution dropwise,
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2. TALMI AND FELDMAN Traces of Arsenic 15

This is a refinement of W. Migault's "Caro's acid" procedure15.

2. Dry Ashing. Various procedures involving MgO/Mg(NO3),
addition have been recommended for dry-ashing vegetable and animal
tissues. One recent, widel% applicable procedure suggested by
George, Frahn and McDonaldl® involves preliminary blenderizing of
the tissue, treatment with MgO and cellulose powder and an initial
cautious charring in a porcelain crucible., When cool, the crucible
is treated with Mg(N03)2 * 6Hy0 and placed in a cold muffle fur-
nace. The temperature of the furnace is slowly raised to 555°,
and kept there for 2 hours. Good recovery was obtained for 1-2
ppm spikes added to samples. R.F. Abernethy and F.H. Gibson3 ob-
tained quantitative recovery of As from coal by igniting it with
MgO at 650°C; the residue was dissolved in 7N H,50,. 17.18

3. Oxygen Combustion., The Schiniger combustion method™ " *
(ignition of a sample in a closed flask containing 0, and an absor-
bing solution) was used on dried tissue by Schwedt and Russell9,
They obtained quantitative recovery of As on 0.5 g dried specimens
with a 750 ml flask containing 0y and 5 ml of 3N HCl. Ignition in
a metal bomb containing 0, was also found satisfactory by H.S.
Saterlee and G. Blodgettza. According to C.E. Gleit and W.D.
Holland21, biological tissues, as well as other substances can be
mineralized at a low temperature by using electrically excited
oxygen. Complete recovery of As is obtained from blood treated
with HAsO,.

4. Fusion. Minerals are usually fused with NaOH in a silver
or nickel crucible; e.g., by H. Onishi and E.B. Sandel122, These
authors state that losses of As are 0.5%; essentially all of the
As is recovered in the leach liquid23even when a residue i1s pre-
sent. J.A, James and D.H. Richards have also applied this
fusion to the determination of As in elemental Si.

Stability of Sample Solutions During Storage

This discussion pertains mainly to natural water samples and
standards, since the sample solutions produced by any of the above
methods are normally analyzed soon after preparation.

To test the stability of As at low concentrations in sea
water, J.E. Portmann and J.P. Rileyl filtered each sample through
a 0.5u Millipoze filter, and treated the filtrate with 5 Ci of
carrier—free /“As. Samples in soda-glass bottles levelled off at
16% loss after 16 days; samples in polyethylene and borosilicate
glass levelled off at 6% loss after 10 days. These authors advise
storage of such samples in frozen form in polyethylene containers.
G.C. Whitnack and R.G. Brophy24 made small additions of Na3AsO3
solution to well-water samples, and stored them in 25 ml polysty-
rene vials with polyethylene caps. No loss of As(III) from these
solutions was detectable after one week. A.S. Al-Sibbal and A.G.
Fogg25 measured the stability of solutions of both As(III) and As
(V) in various containers at the 4-20 pug/ml level. Samples of
As,05 were dissolved in NaOH solution and the solution neutralized.
This solution kept its full titer for 56 days in borosilicate glass,
soda glass and polyethylene containers, in both light and dark
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storage areas. Solutions of NaHAsO,; * 7H20 in water _did the same
for 100 days under the same conditions. R.S. Braman26 notes that
very low concentrations of As species tend to disappear rapidly
from natural water samples. In our 1aboratory27, however, no
losses of 74As(V) were experienced in distilled water (polyethy-
lene and soft glass containers) 15% HNO3 or 5% HC10, solution (soft
glass containers) over a period of 3 weeks.

Preconcentration and Isolation of As Species

The methods described in this section are oriented toward the
eventual determination of total (inorganic) As, regardless of the
original molecular form in which the As occurs. The principal
methods which have been used to preconcentrate As species are co-
precipitation and adsorption, volatilization and liquid-liquid ex-
traction,

1. Coprecipitation and Adsorption. Fe(OH)5 has been known
for some time to be an efficient collector of arsenate ion. For
example, R. Pieruccini?8 collected 100 ug of As(V) from 24 liters
of water (= 4 ng/ml) by using 150 mg of Fe(OH)3 (the As was then
determined spectrographically). J.E. Portmann and J.P. Rileyl,
precipitating Fe(OH), at pH 7, recovered 99% of the 2 ug of As(V)
present in a liter og water (2 ng/ml). This procedure has also
been used to collect As for determination by the Gutzeit29 and
xanthate30 extraction procedures. V.I. Plotnikov ad L.P.Usatova 31
carried out numerous coprecipitation experiments in 50 ml of so-
lution. They found that at pH 7, As(V) is quantitatively carried
down by the hydroxides of Ce, Zr, In, Fe, Ti and Al. The yield
decreases, especially for Al at pH >8. In all cases, coprecipita-
tion was more efficient than the addition to the As(V) solution of
a prepared hydroxide slurry. For As(III), efficient (295%) copre-
cipitation was obtained only with In and Zr hydroxides at pH 8.5.
W. Reichel and B. G. Bleakley32 obtained complete recovery of 0.2-
3.0 mg of As(V) (as well as similar amounts of Se, Te, Sb, Sn, Bi,
Pb and Fe) from 20g of Cu by coprecipitating with La(OH)3 at pH 9-
10. P.M. Santoliquido33 removed carrier-free 76As(V) quantitative-
ly from a 7N HNO;3 solution by passing it through a 7 x 40 mm col-
umn of hydrated Mn0,. The capacity of this column for As(V) is
greater than 272 ug As(V)/g MnO,. Z.G. Hanna3% used Mg(OH)z as a
coprecipitant: 0.3 ug As(V) in iO ml was treated with MgCl, +Ni,Cl,
and then with NH4OH. The precipitate obtained was dried, and ig-
nited at 600°C. No As was lost.

Thionalide 1s soluble in acetone, but insoluble in water. J.E.
Portmann and J.P. Rileyl, making use of this fact, added an acetone
solution of thionalide to a 0.5N H,50, solution of 50 ng As(III)+
74ps tracer in 1 liter of sea water, The solution was stirred,
boiled 30 min. to remove acetone, and allowed to stand overnight.
The precipitate, consisting almost entirely of thio9zlide itself,
was wet-ashed with concentrated HNO,. Recovery of ‘“As was 95%.
Talmi, et al.27 found that the high“salt content of the sample so-
lution seems to be necessary to insure complete precipitation;
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2. TALMI AND FELDMAN Traces of Arsenic 17

however, overnight storage is unnecessary if the precipitation is
performed at ~0°C.

Small amounts of As(III) (reduced from As(V) if necessary with
KI) were collected by a sulfide procedure by V.V. Sergeeva, I.S.
Levin, L.I. Tishchenko and V.S. Dankova32. Interfering elements
were first removed by cupferron precipitation and filtration. Thio-
acetamide was added to the filtrate, and hydrolized by heating the
solution. The resulting AsjSj3 precipitate was collected by centri-
fugation; the yield was 85%.

2, Liquid-Liquid Extraction. A.K. Klein and F.A, Vorkes36’37
were among the first to use xanthates to extract As(III) from food
and biochemical tissues. In this case, the first collection was
done with Fe(OH) ;s the final determination, with arsenomolybdate.
P.F. Wyatt38,39 used diethylammonium diethyldithiocarbamate in
CHC1l3 to isolate As. Since this reagent does not extract As(V),
several potentially interfering metals were removed initially by
first performing this extraction with As in the pentavalent state.
As was then reduced to As(III), and extracted from 1-10N H,S
lutions. Some potential interferences not eliminated in tﬁis way
[Cu, Bi, Sb(III)] can be removed by a Breliminary extraction with
cupferron. According to T.J. Veleker® this reagent can be used
to extract As(III) away from Ge, Sb and Bi in 6N HCl. H, Malissa
and E. Schéffmann4l found that As(III) could be precipitated by
ammonium pyrrolidine dithiocarbamate (APDC% as well as by other
dithiocarbamates at pH 2-6, C.E. Mulford®? used a methyl isobutyl
ketone solution of APDC to extract As(III) for determination by
atomic absorption. V.V, Sergeeva, I.S. Levin, L.I. Tishchenko and
V.S. Dankova 5, using an 0.5N solution of di-2-ethylhexyldithio-
phosphoric acid in decane and organic/aqueous volume ratios of 1:1
to 1:30, extracted traces of As(III) from 0.5N acid aqueous solu-
tions. The As was recovered from the organic ghase by shaking with
bromine water. A.I. Busev and M.I. Ivaniutin found that a simi-
lar reagent, diethyldithiophosphoric acid, used similarly, extrac-
ted As(III) from either weakly or strongly acidic aqueous solutions

Perhaps the simplest of Zhe procedures for segregating As is
E. Gagliardi and H.P. Woss's™t extraction of AsCl, from 6-7N HC1l
into a mixture of 2 volumes of cC1, with 3 volumes of 2-butanone,
2-pentanone or 2-heptanone. As with other extractants, potentially
interfering elements can be eliminated by conducting a preliminary
extraction with the As in the pentavalent state. According to A.R.
Byrne45, AsI, can be extracted with toluene from a solution 12N in
HyS04 and 0.05 M in KI. It can be stripped from the toluene with
6N H,S0,4 +0.05 M KI.

3. Volatilization. The principal forms in which As is vola-
tilized for analytical purposes are as a trihalide and as a simple
or substituted trihydride (arsine). After Eiological material was
decomposed with HyS0, + HNOj, E.B. Sandell distilled AsBrg, using
a special still., Some P and Sn were also distilled. G.R. Kingsley
and R.R. Schaffert? noted that arsenic compounds can be leached
from tissue homogenates with 1+2 HC1l, but that the operation must
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be performed in the open, rather than under total reflux if arsen-
ic is then to be distilled off as AsCl,. This precaution is taken
in order to expel H,5 and mercaptans which would otherwise tend
to prevent the distillation of AsCly. Recent years have seen a
rapid growth in the use of arsine evolution as a method of sepa-
rating As from its original matrix. Most authzgs who have used
Zn° in acid to generate AsH, (e.g. R.E. Madsen™®, F.J. Fernandez
and D.C. Manninga7) have first reduced the As to As(III) with SnCly
and/or KI. E.N. Pollock and S.J. West48 used TiCl; for the pre-
liminary reduction and Mg® in acid for generating AsHj. F.E. Lichte
and R.K, Skogerboe4 » however, inject a small volume of acid sam-
ple solution into a columm of granular Zn°; the sample is forced
through the column by a stream of argon. The AsHj thus generated
passes with the argon into the detection system. R.S. Braman,
L.L. Justen and C.C. Foreback’0 used NaBH, to reduce As compounds
to AsH3., They find that they can discriminate between As(V) and
As(ITI) by controlling the pH of the sample solution: As(V) is re-
duced only if pH <£1,5. The NaBH, can be injected as a solution,
or by dropping a pellet of the solid reagent into the sample solu-
tion by means of an externally operated hopper as suggested by F.J.
Fernandez3l, R.N, Sandellll, as well as R.S. Braman, L.L. Justen
and C.C. Foreback?0 caution that easily reduced ions such as Cu(II)
may interfere with the production of AsH,. After generation, the
AsHq (b.p.~-55°C) may either be passed ditectly into the detection
device or accumulated in a liquid nitrogen-cooled trap and released
to the detector over a very short period of time by warming the
trap (see below).

Methods of Determination

1. Molecular Absorption--Spectrophotometry. There are a few
reagents which produce intense-color derivatives with arsenic.
However, two of them, silver-diethyldithiocarbamate (Ag-DDC) and
ammonium molybdate are universally accepted as most suitable for
spectrophotometric measurements. The Ag-DDC52 reagent is usually
used in conjunction with the arsine generation method53,34, Arsine
is passed through 0.5%7 Ag-DDC solution in pyridine and the inten-
sity of the red color is measured at 533 nm. Beer's law is obeyed
over the 1-20 pg As range and the limit of detection is below 0.1
ppm. The arseno-molybdate complex is considered more suitable by
many because of its sensitivity, reliability and general freedom
from interferences>. Arseno-molybdic acid, formed by the reaction
of arsenate with acidified molybdate, is reduced to the blue com-
plex, the absorption of which is measured spectrophotometrically.
SnCly, 1s used by a few workers for reduction56‘58, but produces an
unstable color. Others use hydrazine sulfate39,60 but reduction
is slow. Portmann and Rileyl found that a solution 0.4N in HySO,
and 0.12% in ammonium molybdate will produce a very stable complex
at room temperature within 30 minutes. Absorption is measured at
866 nm. No Interferences were observed in the analysis of sea
water, silicate rocks or marine organisms. The arsenic can be
separated from the matrix via arsine generation61’62, solvent ex-—
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traction63,28,64,65 or coprecigltation with ferric hydroxide28 or
thionalidel. Stard and Stary extract As(III) from sulfuric acid
solutions following conversion to AsI3. The compound develops an
intense yellow color when treated with 8-mercaptoquinoline. Proce-
dures were developed to prevent interferences from the oxidation
of I to I, or from the formation of insoluble iodides. Mankova
and Maksimenko®’/ described a method based upon the reduction of
AgNO., to Ag° by AsHj. The Ag® exerts a catalytic effect on the
furtaer reduction (by Fet2) of AgNO3., There is a relationship be-
tween the reaction rate, measured photometrically, and the concen-
tration of the catalyst and thus the concentration of arsenic. The
detection limit of the reaction is 20 pg/ml.

A few workers have developed methods for the separate deter-
mination of arsenite and arsenate species®3:68,62, gpectrophoto-
meric methods have been applied to a large variety of samples in-
cluding urine69, blood and biological material70, yeasts7 , soil
and atmospheric dust’2, At the present time, spectrophotometry 1is
still the most widespread technique for the determination of arsen-
ic, mainly because of its inherent methodical and technical sim-
plicity and its low cost.

2, Radiochemical Techniques.

A. Among the various radiochemical techniques, neutron
activation analysis (NAA) is unique in its widespread applicability
to the determination of arsenic. Although, in principle, NAA is a
non-destructive analytical technique, radiochemical separation
schemes are almost always required to gvoid overlapping of various
photo—-peaks., Various such schemes’3 are based on a combination
of two or more separation techniques, such as distillation, preci-
pitation, solvent extraction or ion exchange. With the advent of
high resolution solid state detectors, the direct instrumental NAA
agproach has been attempted. Unfortunately, the high activity of

Na induced in many environmentally based samples prevents the de-
termination of arsenic at concentrations below a few ppm, since the
y-activity of these samples will have to_decay for 4-5 days before
measurement, The induced y-activity of 76As is measured by moni-
toring the 559 KeV photopeak. This peak will appear, in many sam~

%es, as the middle peak_of a triplet composed of 823r&y&= 35.3h),

As(t, ) =26.5h) and 122sb(t,,, = 67.2h) requiring the resolution
performance obtained by Ge(Li} detectors. Also, since 76ps has the
shortest half-life in the triplet, the counting should be done as
soon as possible after irradiation. NAA is one of the most sensi-
tive techniques with a detection limit of 0.1 ng using a thermal
neutron flux of 10~12 peut.-cm~2-sec~l. The method is useful at
the sub-ppm concentration level with sample sizes substantially
smaller than those required by the colorimetric methods. Through
the years, NAA has been successfully agglied to a large varletg of
samples; bioloaical and marine samples , plant tissues88
water samples’ s air-borne particulate matter92, pesticide dis—
tribution93, heavy oil spillsgz, geological samples7 :95,96, coal
ash31, and many others, Precision and accuracy for these samples
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are generally at the 3-10% range

B. Substoichiometric isotope-dilution. In 1964, a sub-
stoichiometric isotope dilution technique was reported”’: for
the determination of traces of arsenic following activation of the
sample. The method offers a simple, rapid and rather selective
radigchemical separation of arsenic. Detection limits were at the
0.0199 and 0.04100 ppm level. The method was simplified to allow
the determination of microgram amounts of arsenic without sample
pre-irradiationgg. The arsenic sample is wet-ashed, radio-labelled
with 74As standard solution, complexed with limited amounts of zinc-
diethyldithiocarbamate and extracted by CHCl4. Arsenic contents of
organic and inorganic compounds were determined with average recov-
ery better than 98.5%. However, this method cannot be easily ap-
plied to trace analysis of arsenic in complex matrices such as bio-
logical materials.

3. Electrochemical Techniques.

A. Amperometric titrations. Various potentiometric
methods are available for the determination of arsenic with Cet ,
MnO,~, 105~ 101,102 or with Dichloramine-T103, Arsenic in organic
materials can also be determined by potentiometric titrationl04105,
Errors are typically 1% and concentration ranges of 0.020-100 mg
are typical, The technique is not useful for trace levels of arsenic,

B. Polarography. Arnold and Johnsonl06 have studied and
reviewed the behavior of arsenic in various media and the mecha-
nisms of the electrode reactions using DC and square wave polarog-
raphy. They describe the determination of arsenic at the 5% level
in iron ore. Copper was determined at the 0.02-1 mg level of ar-
senic with a rsd of ¥3%. Arsenic in lead was determined at the
30-5000 ppm level, and in zinc at the 10-1000 ppm level with rsd
of 12%. 1In biological materials, the practical As level is 1-1000
Hg. The detection limit of the technique is thus generally 1-10
ppm, but below 1 ppm accuracies and precisions are much poorer.
Whitnack and Brophy23 described a very sensitive and rapid method
for the determination of arsenic in drinking water. The method
utilizes a single-sweep polarographic technique with detection
limit of 5 ppb and rsd of 5-10%. No special pretreatment of the
sample is necessary. However, the requirement of an oscilloscopic
readout or a sophisticated data acquisition system seems to have
prevented the widespread use 8§ the technique. In addition to DC
and square wave polarography1 , arsenic was also determined by
anodic stripping from a Pt electrodel®8 and by differential pulse
polarography, pppi09, More recently, Meyers and Osteryoung have
further improved the application of DPP to arsenic determination-",
The detection limit under optimized conditions is 0.3 pg/l and the
response is linear to 500 mg/l. The rsd is 1.4% for 19.3 ug/l and
16.4% for 1.93 ug/l. A procedure (applied after the arsenic polar-
ogram is obtained) was devised to correct for interferences from
Pb, snlV, TlI, or T1IV which was satisfactory down to 20 ug/l. No
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applications were described, although the method was claimed to
have been applicable to biological samples, e.g. unfiltered acti~-
vated sludge.

C. Coulometry. The determinationlif arsenic by coulometry
was described bX Bruckenstein and Johnson and by Simon, Chris-
tian and Purdy1 2 yho have applied coulometric titration to arsenic
determination in urine, Their method was later adopted by Woolson,
Axley and Kearney61 for the determination of arsenic in soil. It
was found that various salts present in soil do not interfere with
the analysis. Comparison between colorimetric and coulometric
methods indicated that there is no apparent difference between
their accuracy, although the coulometric method was more precise.

4. X-ray Fluorescence Spectroscopy. The x-ray fluorescence
spectrometric method 1s an excellent multielemental techniuqe if
simple preparation methods for x-ray samples are available, The
technique has been used for the determination of arsenic h1rockslra
organically rich 50115114, river and sea sedimentslli airfiltersll6,
and many other complex matrices. Although this method has seldom
been applied to water analysis because of its inadequate sensitiv-
ity, a few attempts have been made to improve its relative sensi-
tivity by employin% igsolation and preconcentration techniques.
These techniquesll =124 ypclude evaporation, precipitation, ion-
exchange, and solvent extraction. Marciell} has developed a quan-
titative microdetermination method for arsenic, as well as some
other trace elements, where the element reacts with ammonium pyr-
rollidine dithiocarbamate and is extracted into CHCl3. The CHClj
extract is evaporated onto a filter paper disk and detected by
x-ray fluorescence down to 0,005 ppm, with precision and accuracy
of *¥10%. Watanabe, Berman and Russelll24 determined arsenic in
water via its precipitation, with a carrier (Ni+2), by diethyldi-
thiocarbamate and filtration through a Millipore filter. The pre-
cipitate accumulated on the filter is subjected to direct x-ray
fluorescence using the Ky 48+78° (20) line. Spectral interference
was reported only from the Ly; line of lead.

5. Atomic Spectroscopy. Spectrometric determinations of ar-
senic are troubled by scattering and molecular absorption of the
light (below 200 nm) by air, matrix species present in the combus-
tion cell and by optical components of the instrument. Thus, im-
provement in these techniques can generally be accomplished by
either operating in an inert atmosphere (e.g. vacuum, Ny, Ar, He),
or using more efficient spectrometric excitation sources such as
electrode and electrodeless discharge plasmas, The following is a
short summary of various spectrometric sources applied to the de-
termination of arsenic:

A. Atomic emission spectrometry., Hall and Lorell1l25 de-
termined the arsenic content of coal samples, utilizing the p?*fib
cal enrichment process developed for the analysis of minerals ",
The working concentration range was 25-400 ppm, which is not ade-
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quate for most environmental samples, and accuracy and precision
were 5-10%. Flame emission techniques are not sensitive enough
either, due to the inadequate excitation energies provided by
flames. On the other hand, plasma discharge spectrometric sources
are much more efficient excitation sources and are therefore more
sensitive. Dickinson and Fassell2?8 have studied the detection of
arsenic at its 228.8 nm spectral line with an RF plasma source.
The system employs an ultrasonic nebulizer and desolvation before
the solute enters the plasma, and can detect arsenic as low as 0.1
ppm. Kirkbright, Ward and West129 have also studied arsenic emis-
sion with an RF plasma, but simplified the sample introduction
technique by using an indirect nebulizer and expansion chamber
which allowed the introduction of aqueous samples. The optical
system was flushed with nitrogen, which made possible the monitor-
ing of emission spectral lines in the 189-230 nm spectral region.
Sensitivity was in the 0.1-0.3 ppm range, and few chemical and
physical matrix interferences were found. Simpler plasma sources
were also used in conjunction with highly volatile arsenic com-
pounds preseparated from any complex matrix. Lichte auiSkogerboe49
using 2450 MHz microwave plasma determined generated arsine samples
via their decomposition to free arsenic whose emission intensity
was monitored. Detection limits better than 1 ng and an rsd of 5%
were obtained with good accuracy. Braman, Justen and Foreback 50
have similarly detected arsine in a d-c helium discharge with com-
parable sensitivity. Following its conversion to triphenyl arsine,
arsenic was quantitatively determined with a detection limit of 15
Pg, using the 2450 MHz microwave plasma interfaced to a gc27. Thus,
it appears that plasma sources can serve as efficient ultra sensi-
tive detectors for arsenic determination, using the atomic emissiom
spectrometric mode.

B. Atomic absorption spectrometry. Arsenic has been de-
termined by flame atomic absorgtion spectrometry in argon-hydro-
gen ’ ,alr acetylenewz"13 , and separated nitrous oxide~-
acetylene flamesl33, The detection limits reported are in the
range of 0.5-1 ppm at the 193.7 nm As line. Extensive chemical
interferences are observed from common ions when cool flames are
used. The use of the separated N;0-~CoH, flame overcomes most of
these interferences. Thus flames, although most convenient sources
only partially fulfill the requirements of an ideal atomizer,
namely (1) total sample utilization, (2) efficient and reproducible
atomization, (3) low degree of ionization, (4) inert atmosphere,
(5) long residence time to prolong observation time, (6) capability
of atomizing solids, liquids and gases, (7) fast routine analysis,
(8) low cost and simple operation. To increase the applicability
range of arsenic determination by AA, other atomizers are used
which attempt to better meet the above criteria. Ando, Suzuki,
Fuwa and Valeel36 studied the applicability of the long tube (Vycor)
absorption cell with argon, helium or nitrogen air-hydrogen flames.
With this system, a long optical path was achieved with an almost
inert atmosphere. As a result, sensitivities are improved while
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absorption by air was drastically reduced. Although sensitivity
was 6 ng/ml, the technique suffers from multiple interferences;
acid strength and concentration of salts and elements such as Ni,
Co, Al are important parameters, and hence, careful control is re-
quired in the preparation of both standards and sample solutionms.
Chu, Barron and Baumgarnerlo determined the evolved arsine by
sweeping it into an electrically heated absorption tube with argon
as carrier gas. Since no flame was employed, the background ab-
sorption was less than that of the argon/hydrogen entrained air
flame method, and the sensitivity was doubled. The rsd for a 0.4
ug arsenic standard was 0,367 compared to 4.8% for the argon-hydro-
gen flame?l. Gandrud and Skogerboe137 demonstrated the potential
capability of a hollow cathode discharge as a means for vaporizing
and atomizing samples for AA measurement. A detection limit of 10
ng was obtained, rsd values were at the 5.1-16.2% range. The tech-
nique, however, was not agplied to any "real" sample. Spielholtz,
Toralballa and Steinbergl compared the tantalum sampling boat and
application flame AA techniques. The sampling boat requires only
a fraction of a ml sample, whereas the aspiration method requires
a minimum of 10 ml. The sensitivity obtained with the boat, 0.1
ug, was at least 5 times better than with the aspiration. Arsenic
in coal and insecticides was determined by both methods.

Among the highly publicized AA techniques in recent years are
the graphite and tantalum resistor heated atomizers. These devices
use very small samples (1-50 ul) and generally provide excellent
sensitivities for many elements. It is rarely, though, in AA spec-
troscopy that one gets something for nothing, and it will be worth-
while to pay attention to some of the shortcomings characteristic
of these devices, First, the spectacular absolute sensitivities
obtained become a little less attractive when they are expressed
in terms of relative sensitivity, since only 1-50 ul aliquots can
be analyzed. Second, the sensitivity and reproducibility depend
strongly on the volume of the samples and the variation in their
location inside the atomization chamber. Also, the performance of
the atomizer tube usually deteriorates continuously, especially
when highly salted samples are analyzed. Finally, the very small
volume to which the vaporized sample is confined (which is the main
cause for the excellent sensitivities obtained) results in very
high non-specific spectral interferences compared to flame.

Nevertheless, these techniques, if used cautiously and with
thorough pretreatment of the sample, can be rather useful, as de-
monstrated by Baird, Pourian and Gabrielian™ who applied a carbon
rod atomizer to the determination of arsenic in waste water. Their
procedure requires the digestion of the sample and its preconcen-
tration (8:1), Also, large quantities of C1~ had to be removed by
precipitation with Ag+ and filtration, and various cations, by
passage of the solution through a cation exchange column. Relative
sensitivities of 10 ug/l were thus obtained with an rsd of 8%.

Knudson and Christianl38 compared the detection of arsine by
an argon/air-Hy flame to that by a graphite resistance furnace.
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Detection limits with the furnace were improved approximately by
one order of magnitude. Sensitivity was 1 ng and relative sensi-
tivity 0.005 ppb. 1In this application, the furnace is used only
as an atomizer, and no interfering matrix is present.

Chromatographic Methods

Total Arsenic. Von Endt, Kearney and Kaufman139 separated
arsenite, arsenate and monomethyl arsonic acid (MMAA) by thin lay-
er chromatography. McBride and wolfel40 identified MMAA by thin
layer electrophoresis and chromatography with radioautographic
detection. Sachs, Michael, Anastasia and Wellslé4l separated ar-
senite, arsenate, MMAA at dimethylarsinic acid (DMAA) by paper
chromatography.

The detection of inorganic arsenic by gas chromatography (gc)
via its transformation to thermally stable_ volatile derivatives
has been studied by a few woizgts. Tadmorl42 and Vranti-Piscou,
Kontoyannakos and Parissakis have desctikgd the separation of
arsenic tri-chloride, and Juvet and Fisher that of arsenic tri-
fluoride. Neither demonstrated any application of their method.
Butts and Raineyl45 utilized their gc-ms system for the separation
and detection of arsenite and arsenate, following their conversion
to volatile trimethylsilyl derivatives. Schwedt and Russel146,147
determined arsenic by gc following its conversion to triphenylar-
sine, The analytical procedure involved combustion of the sample
in a Schoniger flask and absorption of the arsenic in hydrochloric
acid solution, extraction of the arsenic as dithiocarbamate, and
its phenylation with diphenylmagnesium after solvent evaporation.
The triphenylarsine formed was separated by gc with detection lim-
it of 0.4 ng and relative sensitivity (in sample) of 2 ppm. 27

A modification of this method was developed in our labomtory
eliminating the need for the tedious and uncertain vaporization
step, and extending the relative sensitivity to 30 ppb for solid
samples and 0.05 ppb for water samples. The analytical procedure
involves the wet HNO3-HC10, digestion of the sample, coprecipita-
tion of arsenic with thionalide and filtration on a 0.8 ym Milli-
pore filter, the transfer of the precipitate to a 20 ml vial, and
its reaction with 1.5 M phenylmagnesium bromide-ether solution
following the dissolution of the precipitate in benzene. The
phenylation process is complete after 40 minutes, and excess phen-
ylmagnesium bromide is destroyed with 27 thioglycolic acid-water
solution. Aliquots of the organic layer are injected into the gc
column, and the separated triphenylarsine is detected with a micro-
wave emission spectrometric detector (MES)27’148‘151 via monitor-
ing the emission intensity at the arsenic 228.8 nm spectral line.
Sharp, well resolved peaks are obtained with a retention time in
the 70-80 second range. Due to the excellent spectroscopic selec-
tivity of the detector, and since the plasma is ignited after the
solvent peak is eluted, only triphenylarsine is detected and no
cleanup procedures are required for the extract.

The gc column is made of graphitized carbon beads (produced
in our laboratory) coated with 1,5% FFAP. The close-to-perfect
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spherical shape of the beads and their inertness eliminated adsorp-
tion and tailing problems that were found for arsenic compounds
with many other columns. Using the above method, coal, fly ash,
orchard leaves,bovine liver, sea and river water were analyzed with
accuracy and precision of 5-10%. Figures 1 and 2 show some typi-
cal chromatograms obtained.

Speciation-Organo~Arsenic. Determination of monomethylarsen-
ic acid (MMAA) and dimethylarsinic acid (DMAA) is usually accom-—
plished through the analysis of their total arsenic content, Amon§
total arsenic methods used for this purpose are colorimetrylsz‘ls,
ion exchange chromatograph¥155, coulometry156’157, NAA158, titri-
metry159, and distillation 60. Radioactive tracers have been used
to study the transportation, persistence and degradation of herbi-
cides 1in soils »162 Nevertheless, there is a real need for
analytical methods capable of separating and quantitatively deter-
mining the various organoarsenic compounds introduced into or pro-
duced by the environment,

Braman and Forebackl62 reduce arsenic compounds to their cor-
responding arsine derivatives with NaBH4, accumulate them in a cold
trap and selectively volatilize them into a dc helium plasma where
they are spectrometrically detected down to 1 ng. The arsines are
volatilized in the order of their boiling points, thus achieving
a readout formally analogous to a thermal volatilization curve.
Using- this method, As(III), As(V), MMAA and DMAA were quantitative-
ly determined in water, urine, bird eggshells, seashells and lime-
stone at sub-ppb concentrations. Cox and Alexanderl63 accumulated
air samples above solutions of methylating micro-organisms and sep-
arated the generated trimethylarsine by gas chromatography. John-
son, Gerhardt and Auelb4 described two methods for the separation
of MMAA by gc. The first involved the synthesis of the trimethyl-
silylate derivative of MMAA, which was highly volatile and chroma-
tographed well, Unfortunately, the method was nonselective, since
several arsenic compounds, including As;03, have yielded the same
product. In the second method, MMAA reacts with ethylene glycol
to form a selective derivative which chromatographs well. The de-
rivative was detected either by a microwave plasma detector (1.5ng,
detection limit) or by an alkali flame ionization detector (1 ng,
detection limit). Lodmel1166 reacted MMAA and DMAA with allylthio-
ureal67 in aqueous solution at 70°C for 5 minutes. Aliquots were
separated by gc and determined simultaneously by flame ionization
detector (FID) and a N20/CZH2 flame spectrometric detector (FSD).
Although the FSD is highly superior in selectivity (Figure 3), its
sensitivity is inferior to that of the FID. We believe that the
microwave emission spectrometric detector (MES) will furnish both
the selectivity and sensitivity required for this analysis. The
gc—=MES system described earlier?’ has also been applied to the de-
termination of various arsenic acids2’. Although the study is in-
complete, the preliminary results are very promising. The method
is based on the reduction of the acids with NaBH, to their corre-
sponding arsines and their separation by a gc column. The arsines
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Figure 1. Chromatogram of triphenylarsine
benzene solutions, I: 0.1 ug/ml; II: 0.2 pg/ml;
111: 0.3 pg/ml (all injections are 3 ,l).
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generated are extracted into a benzene layer which is in direct
contact with the aqueous reaction solution. In the future, the
arsines will be accumulated on a solid adsorbant or a cold trap
prior to their introduction into the column. The column is a 6%
carbowax 20 M on 60/80 mesh chromosorb 101. As with triphenylar-
sine, the arsines are quantitatively detected via monitoring the
arsenic emission intensity in the microwave plasma. To ensure the
positive identification of various peaks in the chromatogram, the
column was also interfaced to an organic mass spectrometer. Figure
4 shows the chromatogram obtained from a reduced mixture of ar-
senous oxide, monomethylarsonic, dimethylarsinic, ethylarsonic and
propylarsonic acids. All acids were reduced to the expected cor-
responding arsines, in addition to small amounts of AsH3, probably
due to As50, impurities in the reagent. The reduction of cacodylic
acid was less straightforward. While at room temperature, only
(CH4)9AsH was formed; at 75° (reaction vessel's temperature) AsHj,
(CH3)AsH2, (CH3)2AsH and (CH3)3As were all shown in the chromato-
gram. Under these conditions, there seems to be some ligand-ex-
change side-reactions.

The potential advantages of this method over the selective
volatilization scheme3? are the following:

1. gc separation is less ambiguous, better controlled and
more reproducible than a thermal volatilization procedure.

2. Sharp, well resolved peaks are obtained and thus peak
heights, rather than integrated areas are used for measurements.

3. The MES detector is more sensitive, detection limit ap-
proximately 30 pg, and much more reproducible than the dc dis-
charge.

4, 1In contrast to the volatilization-dc plasma system, where
severe deposition problems may occur in the spectrometric cell, no
such problems occur with the gc-MES system.

Figure 5 shows the chromatograms obtained for 0.1l ppm benzene
solutions of (CH3)3AS. The linear response of the calibration
curve was observed for at least the 0.1-10 ng range.
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Introduction

Inorganic arsenicals have been used in agriculture as a pes-
ticide or plant defoliant for many years. In localized areas
oxides also contaminate soils by fallout from smelting ore, espe-
cially sulfide ores, and from burning coal. Past use of arseni-
cals has not resulted in serious problems with human or animal
poisoning but severely reduced plant growth due to As phytotoxi-
city has been observed, especially on former orchards and cotton
fields. Once toxicity is observed, it persists for several years
even though no additional As is added. Most attempts to amelio-
rate As toxicity by the addition of salts which might reduce the
level of available As in soils have not been very successful.

Historically, inorganic arsenicals (lead arsenate, calcium
arsenate) were used as insecticides beginning in the latter part
of the 17th century (1). Paris Green (which contains cuprous
arsenite) was successfully used to control the Colorado Potato
Beetle in eastern United States by 1867 (2). Lead arsenate has
been used for insect control on a variety of fruit trees and, for
many years, was the only insecticide that would successfully con-
trol codling moth in apple orchards and horn worm on tobacco.
Calcium arsenates have been applied to cotton and tobacco fields
to protect these crops from boll weevils, beetles and other in-
sects. Arsenic trioxide has been widely used as a soil sterilant
(3) and sodium arsenite has been used for aquatic weed control
(%) and as a defoliant to kill potato vines prior to tuber har-
vest (5).

In recent years use of inorganic arsenicals has decreased
markedly. Sodium arsenite has been banned and can no longer be
used as a vine~killer or defoliant (6). Organic arsenicals have
largely replaced inorganic As salts as herbicides and since they
are applied at a lower rate of application, this has reduced the
amount of As applied to the soil. Also, much lower quantities
of lead arsenate are now used in orchards because fruit growers
rely primarily on carbamates and organic phosphates to control
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insects. However, where long-term residual insecticidal activity
is needed to protect orchards from chewing insects, lead arsenate
is still being used to a limited extent by some growers. Also,
inorganic arsenicals continue to be used on golf greens and fair-
ways in some areas of the United States to control annual blue-
grass.,

The primary objectives of this paper are: (a) to review the
relationship between arsenic sorption and soil properties and the
possible mechanisms of As sorption in soils, (b) to review vari-
ous soil test methods in terms of their ability to predict As up-
take and phytotoxicity, (c) to review relationships between soil
As and plant uptake which result in phytotoxicity and potential
hazards to humans or animals consuming plants grown on soils con-
taining high levels of As, and (d) to review methods of amelio-
rating As toxicity.

Occurrence and Distribution of As in Soils

Arsenic is ubiquitous. in nature and is found in detectable
amounts in nearly all soils and in many rocks and minerals. Sur-
veys of soils in the United States show that As levels range from
0.2 to 40 ppm for uncontaminated soils, and up to 550 ppm for As-
treated soils (7, 8). Comparisons of As-treated vs. untreated
soils were made by several researchers and are reported in Table
1. These data indicate that untreated soils seldom contain more
than 10 ppm As. In fact, Fleischer (9) reports that the average
As content of untreated soils is only 5 ppm. Even though soils
can vary greatly in their native As content, the levels of As in
noncontaminated soils generally have not been high enough to
cause phytotoxicity and they do not represent a significant
health hazard (10). The As content of most rocks and minerals is
similar to that found in soils, except for sulfide ores, sedimen-
tary Fe and Mn ores, and rock phosphate which occasionally con-
tain as much as 2000 ppm As (9). Coal usually contains about 25
ppm of As (11). Even though soils and soil parent materials vary
considerably in their native content of As, no clearly defined re-
lationship has been noted between the As content of soils and the
climatic conditions or geological formations in which the soils
were developed.

Under field conditions high levels of total soil As have been
observed more often where crops have been treated with an arseni-
cal insecticide as compared to a defoliant. This is due to the
difference in the total amount of As applied. For instance, soil
analysis indicates that some orchards have received over 1000 kg
As/ha (12) as compared to about 10 kg As/ha where sodium arsenite
was used as a potato vine defoliant (13).

Fate of Arsenic in Soils

Arsenic Chemistry. While As chemistry is in many ways simi-
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lar to the other Group V elements, it is more metallic (i.e. more
labile in behavior) than P, which is essentially covalent.

In

Table 1. A comparison of As levels in As-treated and uncontami-

nated soils in North America

Sampling Total As Content
site Uncontaminated  Treated Crop Source of data
soil soil*
-------- pPpm AS —m—mem——
Colorado 1.3-2.3 13-69 orchard (61)
Florida 8 18-28 potato (12)
Idaho 0-10 138-204 orchard (12)
Indiana 2-4 56-250 orchard (12)
Maine 9 10-40 blueberry (12)
Maryland 19-41 21-238 orchard ( 8)
New Jersey 10.0 §2-270 orchard (12)
New York 3-12 90-625 orchard (12)
North Carolina U4 1-5 tobacco (30)
Nova Scotia 0-7.9 10-124 orchard (28)
Ontario 1.1-8.6 10-121 orchard (62)
Oregon 2.9-14.0 17-439 orchard (50)
3-32 4-103 orchard (12)
Washington 6-13 106-830 orchard (34)
8-80 106-2553 orchard (12)
4-13 ug orchard (44)
Wisconsin 2.2 6-26 potato (54)

* These are results from soils that had been repeatedly treated
with an As pesticide or defoliant. Soils treated experimentally

are not included.

strongly reducing environments, elemental As and arsine (-3) can
exist, but arsenate (+5) is the stable oxidation state in oxyge-
nated environments., Under moderately reduced conditions such as
flooded soils, arsenite (+3) may be the dominant form (14).
dence exists (15) that dimethylarsinic acid may be an important
and ubiquitous As compound which has not heretofore been identi-
fied due to lack of methods for detection and quantification.

Biological Transformations. The -3, +3, and +5 valence
states can form compounds containing the C-As bond and are
readily interconverted by microbes, although there is no evi-

dence the energy produced by oxidation is used for microbial

Evi-

growth (16, 17). Fleisher (9) and Wood (16) have suggested that
microbial formation of volatile arsine or Gther volatile reduced

As compounds might play a role in the discharge of As to the at-
mosphere. Reed and Sturgis (18) indicated that arsine may be
lost from flooded soils. Wood (16) pointed out the marked simi-
According to Wood, in

larities between the Hg and As cycles.
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reduced environments such as sediments, arsenate is reduced to
arsenite and methylated to methylarsenic acid or dimethylarsinic
acid. These compounds, which are extremely toxic, may be further
methylated (trimethylarsine) or reduced (dimethylarsine) and may
volatilize to the atmosphere where oxidation reactions will re-
sult in reformation of dimethylarsinic acid. Thus studies which
do not monitor the various possible forms of As can result in
misleading information.

While precise information of the oxidation-reduction poten-
tial at which arsine, arsenite, and arsenate dominate is not
available, Turner (17) calculated the E' for the arsenate-arse-
nite reaction to be +77 to +167 mV (pH 9.0). He suggested that
bacterial oxidation of arsenite involved an adaptive arsenite-
dehydrogenase system. It is possible that this enzyme complex
evolves as a protective mechanism. The optimum pH for oxidation
was between 6.0 and 6.7, and 15 strains of heterotrophic bacteria
capable of carrying out this reaction were readily isolated.
Deuel and Swoboda (1l4) obtained experimental evidence that arse-
nite oxidation occurs at about +100 mV. This work shows that ar-
senite will be oxidized in aerated soils, where the oxidation-
reduction potential commonly is in the range of +400 to 600 mV.
However, the rate of arsenite oxidation in soils is also of im-
portance in estimating the residual activity of arsenite. While
rate data have not been obtained, the perfusion experiments of
Quastel and Scholefield (19) showed complete oxidation of .0025M
sodium arsenite in 8 days in an unenriched soil., When the soil
was enriched by perfusion with sodium arsenite until constant oxi-~
dation rates were obtained, complete oxidation occurred in about
4 days. Thus arsenite will not persist for long periods in well
aerated soils which have significant biological activity.

Sorption of Arsenic in Soil. In most soil systems, the chem-
istry of As becomes the chemistry of arsenate., This ion has
properties similar to phosphate including formation of insoluble
salts with a number of cations, and sorption by soil constituents.
For a comprehensive discussion of the behavior of soil and ferti-
lizer phosphorus, see Black (20) and references cited therein.One
major difference between P and As appears to be that while soils
contain appreciable organic-combined phosphate, they do not con-
tain measurable levels of organic As (21).

Solubility reactions may play a role in As retention by
soils, For example, iron arsenate is extremely insoluble, main-
taining an arsenate concentration of only about 1011y in solu-
tion, compared to about 10-5M for the Ca or Mg arsenates (22).
The modified Chang and Jackson (23) procedure for fractionation
of inorganic soil P was first applied to As-contaminated soil by
Johnson and Hiltbold (21). They found that about 90% of the As
was associated with the clay fraction of a Chesterfield sandy
loam previously treated with organic arsenicals, and that most of
this As was associated with soil Al. However, this approach
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assumes that As extracted by ammonium fluoride is Al-bound and
that removed by sodium hydroxide is Fe-bound. This is not neces-
sarily the case as it has been shown that some of the P released
by ammonium fluoride is subsequently resorbed by other soil con-
stituents and then removed by the sodium hydroxide extraction
(24). This was confirmed for As by Jacobs et al. (25) who also
applied the Williams et al. procedure (which corrects for P re-
sorption) to As- contaminated soils. They obtained results sug-
gesting that most of the As was sorbed by amorphous Fe and Al com-
ponents in soils.

Woolson et al. (12) conducted an extensive survey of As
forms in As-contaminated soils from throughout the United States.
They found that, as would be predicted, soils with a high reac-
tive Fe (oxalate extractable) content had predominately Fe-bound
As, but that when the reactive Fe was low, the dominant form of
As was controlled by the relative levels of exchangeable Ca and
reactive Al (see also reference 26).

A number of reports have indicated that As is more toxic on
coarse-textured (i.e., sandy) than on fine-textured (i.e., high in
clay) soils (3, 27, 28, 29, 30, 31, 32, 33, 34, 35). This is ex-
plained in part by the marked increase in surface area as the
clay content increases. Also, as would be predicted from the As
fractionation work discussed previously, sorption of arsenate in-
creases with the amount of "active" (extractable) Fe or Al con-
tent of soils (12, 25, 26, 30, 36, 37, 38).

Sorption of As by soils is time dependent. Indications of
reversion to less soluble (and hence less toxic) forms of As have
been obtained in the field (39), greenhouse (35), and laboratory
(26, 40). This is illustrated by Figure 1 (from reference 25)
which shows the amount of As extracted from a sand (Plainfield)
and a silty clay loam (Waupun) after equilibration for up to 12
months. More As was extracted by the Bray P-1 (0.025N hydro-
chloric acid + 0,.3N ammonium fluoride) than by 1.0N ammonium ace-
tate (pH 7.0) and more As was removed from the sand than the
silty clay loam. From 3 to 6 months equilibration was required
before As reached an apparent equilibrium with these soils. Simi-
larly, Woolson et al. (26) found that soluble (ammonium acetate
or ammonium chloride extractable) As decreased to a constant
value after about 4 months, and that the rate of decrease differed
among soils. Iron-bound As continued to form even after the Al-
bound fraction had reached a maximum level and begun to decline.
Decline in As toxicity with time in field and greenhouse studies
have been reported (3 27, 35). However, in a field study,
Steevens et al. (13) found Tittle decline in As phytotoxicity to
peas or potatoes with time.

Arsenic Movement and Persistence in Soil

While downward movement (leaching) of phosphate in soils is
believed to be very limited (20) several workers have indicated
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that arsenate leaching may be a significant factor in reducing As
toxicity of surface soils (3, 13, 26, 33, 41). The profile dis-
tribution of As in a Plainfield sand which had received up to 720
kg/ha of As in 1967 was investigated by Steevens et al. (13).
These results, along with 1974 profile analyses by the authors,

are presented in Table 2.

Table 2. Profile distribution with time of total soil As in a
Plainfield sand after surface application of sodium arsenite in
1967. [J. Environ Qual. (13)]

As Applied Depth, cm LSD

Year kg/ha 0-23 23-38 38-53 53-68 68-83 .05
——————————————————— PPM AS——-w—m——m———

1967 0 3.0 - -- - -- -—

45 11.0 - - - - --

90 23.0 - - - - -

180 73.0 - -- -- -- -

720 250.0 - - - - -

1968 0 3.0 - - - -- --

45 19.0 - -- -- - -

90 26.0 - - - - -

180 63.0 - -- - - -—

720 150.0 - -- -— -- --

1970 0 3.6 1.2 1.8 1.3 1.2 0.8

45 14.1 2.3 1.4 1.9 1.6 1.1

90 27.0 3.4 1.5 1.2 1.4 3.2

180 45.0 4.8 1.9 1.7 1.1 4.5

720 100.0 65.0 8.6 3.3 2.0 4.2

1974% 0 1.6 1.0 1.3 .5 .6 .9

45 8.1 1.2 1.4 .7 .7 4.5

90 4.4 1.8 1.6 1.3 1.3 5.1

180 21.6 2.8 1.5 1.1 1.3 9.9

720 82.8 50.6 19.6 2.6 3.7 24.9

% Walsh and Keeney, unpublished data, 1974,

Through 1970, these plots received about 75 cm of precipitation
and 50 cm of irrigation per year. Alfalfa has been grown on the
experimental area during the past 3 years, but it was not har-
vested. The plots were not irrigated since 1970. Phytotoxicity
persisted at the 180 and 720 kg/ha As plots from 1967 to 1970,
and the 720 kg/ha plots are still essentially barren in 1974, 7
years after As application on a coarse textured soil. However,
there has been a significant decline in total As with time in the
surface soil of all As-treated plots. Part of this decrease can
be explained by As leaching; by 1970 As had definitely been
leached to the 38-53 cm depth in the 720 kg/ha plots, and leach-
ing rate was related to the amount applied in agreement with the
work of Tammes and de Lint (33). By 1974, the surface soil of
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the high As-treated plots had decreased further, but the rate of
decrease was much less than in previous years., Significant a-
mounts of As had accumulated in the subsoil, and in the 720 kg/ha
plots, total As was above background to 83 cm.

These results show that As will leach in a sandy profile,
and that in time sufficient As will be leached to significantly
reduce phytotoxicity. However, the rate of As loss from the sur-
face soil decreased markedly with time, indicating that As is
persistent even in a soil with low sorption capacity.

When the profile results are summed, all of the As applied
in 1967 cannot be accounted for as total As in the profile. One
possibility is that significant amounts of As are lost from this
soil by wind erosion (40). Tammes and de Lint (33) calculated an
average half life of 6.5 * 0.4 years for As persistence on two
Netherland soils. Since quantitative profile As balances on the
plots reported in Table 2 have not been achieved, half-life cal-
culations with these data are not possible. However, in the 720
kg/ha plots, total As in the surface soil had declined to 40% of
the original value in only 3 years, and to 33% by 7 years.

Arsenic Phytotoxicity

Soil "unproductiveness" due to arsenical poisoning resulting
from heavy application of arsenical pesticides has been noted by
many researchers (3, 28, 42, 43, 44). 1In reviewing the litera-
ture, it is appareﬁ% ?ﬁht—?he_ﬁbs?_éerlous problems occur in
fields where orchards are removed and then replanted to an agro-
nomic or horticultural crop (28 44). Substantial amounts of ar-
senical herbicides have been used on golf greens but As toxicity
has not been reported on bent grass or coastal bermuda grass.

Arsenic is not an essential plant nutrient but occasionally
small yield increases have been observed at low levels of As, es-
pecially for tolerant crops such as potatoes, corn, rye and wheat
(40, 45, 46). Liebig et al. (47) reported that root growth of
lemon p! plants in solution culture was enhanced by 1 ppm As as ar-
senate or arsenite; 5 ppm of either form of As was toxic and ad-
versely affected both top and root growth. Woolson (46) postula-
ted that As response was due to stimulation of plant systems by
small amounts of As since other pesticides (e.g. 2, 4-D) stimu-
late plant growth at sublethal dose levels. Another reason for
the yield increase might be that arsenate would displace phos-
phate from the soil with a resultant increase in phosphate avail-
ability (40).

Plant Sensitivity. Plants vary considerably in their toler-
ance to high levels of soil As. In his review on As, Liebig (43)
included the following classification of vegetables and small
fruits in terms of their tolerance to water-soluble As:

Very tolerant: Asparagus, potato, tomato, carrot, tobacco,
dewberry, grape, and red raspberry.
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Fairly tolerant: Strawberry and sweet corn, beet and
squash.

Low or no tolerance: Snap bean, lima bean, onion, pea, cu-
cumber , alfalfa and other legumes.
Liebig (43) also indicated that rye and Sudan grass were very
tolerant to soluble As. Recently, Deuel and Swoboda (29) re-
ported that soybeans were more sensitive to As toxicity than cot-
ton. Jacobs et al. (40) found that crop tolerance to As was in
the follow1ng order: potatoes > peas > sweet corn > snap beans.
Woolson et al. (32) reported the As tolerance of six vegetable
crops to be as follows: Cabbage > tomato > radish > spinach >
lima beans > green beans.

Relationship of Extractable As to Plant Growth. Many re-
searchers have attempted to relate the amount of As in the soil
with plant growth. As would be expected total soil As is not a
good predictor of water soluble As or As phytotoxicity when these
relationships are compared among soils with widely differing char-
acteristics (12, 40, 48) However, total As accurately predicts
phytotox1c1ty when studles have been limited to a narrow range of
experimental treated soils (40, 49). In general, a highly signifi-
cant relationship has been observed between some form of extrac-
table As and plant growth. Extractants commonly used to measure
available As include hot water, Bray P-1, mixed acid (0.05N hydro-
chloric acid + 0.025¥N sulfuric acid), 0.5N hydrochloric acid, 1N
ammonium chloride, 1N ammonium acetate (pH 7.0) and 0.5N sodium
bicarbonate. The results of a few recent studies, summarized in
Table 3, show that soil type and plant specie influence the "cri-
tical" level of soil As at which a yield depression might be ex-
pected. The "critical" level ranged from 25 to 85 ppm As and
from 3 to 28 ppm As for total soil As and for water soluble As,
respectively. The critical levels for available As as measured
by the Bray P-1, the mixed acid or sodium bicarbonate ranged from
10 to 22 ppm As.

Greenhouse work by Woolson et al. (46) conclusively shows
that plant growth on As-contaminated soils is related to total As
and available As. All correlations presented in Figure 2 are
highly significant, however, use of the available tests more ef-
fectively predicted plant response as compared to total As. The
three available As tests compared in Figure 2 were equally effec-
tive in predicting response to As. In a related study Woolson
(gg) found the growth of six vegetable crops were reduced by 50%
at levels of 6.2 to 48.3 ppm of available As as measured with the
mixed acid procedure. These data presented in Table 4 also show
that the available As levels account for 64 to 83% of the varia-
tion in yield for six greenhouse-grown vegetable crops.

Greenhouse experiments were also conducted by Deuel and
Swoboda (29) in which experimentally treated soils were used to
relate levels of As extracted from the soils with yields of cot-
ton or soybeans. These results, presented in Table 5, show that
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hot water, 1N ammonium chloride and 0.5N hydrochloric acid extrac-
ted As levels that were significantly correlated with plant
growth.

Table 3. Levels of soill As at which significant yield depres-
sions occur.

Level of As at which Source
Crop Soil significant yield de- of
name type pressions occurred data

Total Water Available
As soluble As

As

Blueberry Colton Ppm AS —=-ms-eos

loamy sand uy 6 - (49)
Cotton Amarillo fine

sandy loam -- 8 -- (29)
Cotton Houston Black

clay - 28 - (29)
Soybean Amarillo fine

sandy clay -- 3 - (29)
Soybean Houston Black

clay - 12 - (29)
Potatoes, Plainfield
sweet corn loamy sand 68 —— 22t (40)
Snap beans, Plainfield
peas loamy sand 25 - 1ot (40)
Corn (Avg. of 13

soils) 85 - 10% (46)

t+ Extracted with Bray P-1 (0.025N HCL + 0.3V NH F)

¥ Extracted with either 0.5N NaHCO3 or 0.05N HC% + 0.025N HQSOL+

Table 4. Regression of available arsenic* on total dry-plant
weight for six vegetable crops. [Weed Science (32)]

Regression Correlation Available As
Crop equationt coefficient at GRSO#

(r) (ppm)

Green beans y = 77-34 log x§ 0.89 6.2

Lima geans y = 107-55 log x 0.83 10.9

Spinach y = 88-37 log x 0.91 10.6

Cabbage y = 114-38 log x 0.80 48.3

Tomato y = 109-42 log x 0.87 25.4

Radish y = 96-36 log x 0.8l 18.0

® Available As-soil extracted with 0.05N HQSOL+ and 0.025N HC1

+ Calculated by least squares method

¥ GR50 = available soil As content necessary to reduce plant
growth to 50% of that grown on non-arsenate-treated soil

§ x = available soil As
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Table 5. Correlation coefficients for yield vs. extractable
arsenic. [Journal of Environmental Quality (29)]

Extractant®
Soil Crop H20 HC1 NHuCl
Amarillo Soybeans -.943 -.915 -.914
Houston Soybeans -.968 -.931 -.938
Amarillo Cotton -.951 -.830 -.960
Houston Cotton -.954 -.895 -.918

# All of the correlation coefficients are significant at the 0.05
level.

Jacobs et al. (40) studied the relationship between soil As
and the yields of several vegetable crops grown on an irrigated
Plainfield Sand. All extractants were negatively correlated
with crop yields at the 0.0l probability level (Table 6). Total
As and ammonium acetate or Bray P-1 extractable As were equally
effective in predicting reduced yields as levels of soil As in-
creased.

Table 6. Relationships between total or extractable soil As and
yield of vegetable crops. [Agronomy Journal (40)]

As Crop¥®
fraction Potatoes Peas Snap beans Sweet corn
NHuOAc -0.91 -0.85 -0.73 -0.91
Bray P-1 -0.91 -0.88 -0.77 -0.93
Total -0.92 -0.87 -0.76 -0.03

% All correlation coefficients significant at the 0.0l probabil-
ity level,

Prior work clearly indicates that several soil tests can be
used to predict As phytotoxicity. Even though water soluble and
total As satisfactorily predict As phytotoxicity, soil testing
laboratories will find it more convenient to use Bray P-1, sodium
bicarbonate or the mixed acid extractant because these extrac-
tants are now routinely used for available P. Furthermore, they
extract more As than water, and eliminate the digestion step
needed for total As.

Plant Uptake of Arsenic. Application of many chemical ele-
ments results in substantial increases in crop assimilation of
those elements. In the case of As such bioaccumulation would be
hazardous to human beings or animals because of toxicity of As
and its possible relationship to cancer, artereosclerosis and
chronic liver diseases (10). TFortunately, the edible portion of
plants seldom accumulates a hazardous level of As, primarily
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because most plants are sensitive to As toxicity and growth is
usually severely reduced before a level of As hazardous to man or
animals accumulates in the plant. When As poisoning does occur,
it is usually due to direct ingestion of a surface residue of As
or the ingestion of spring water or muds containing abnormally
high levels of As (50, 51).

The edible portion of most fruits and vegetables grown in As-
treated soils contain less than the tolerance of 2.6 ppm as al-
lowed by the U.S. Public Health service for As-treated fruits and
vegetables. The highest levels of As are found in plant roots,
the vegetative top growth is intermediate, and edible seeds and
fruits contain the lowest level of As. Jones and Hatch (50) ana-
lyzed vegetable plants growing on As-treated soils on several
experimental farms in Oregon and found the roots, tops (stems and
leaves) and edible portion to contain an average of 7.1, 5.0, and
1.2 ppm As, respectively. TFleming et al. (52) and McLean et al.
(53) observed that vegetables grown on soils treated with hlgh
levels of lead arsenate seldom contained more than 1 ppm As in
the edible portions. A wide range of forage and vegetable crops
were grown by Jones and Hatch (50) on As-treated and adjacent
untreated soils in Oregon. They found the As content in the edi-
ble plant parts to be only 1.2 and .41 ppm As in the treated and
untreated areas, respectively. On the other hand, Small and
McCants (30) found that the concentration of As in flue-cured to-
bacco varied from 2 ppm As where no As was applied to 14.3 ppm
where 54 kg As/ha or lead arsenate had been applied to the soil.

Arsenic levels of less than 1.0 ppm were found by Jacobs et
al. (40) in potato tubers even where severe As toxicity occurred.
The peeling, however, contained up to 48 ppm As where the soil
had been experimentally treated with 720 kg As/ha. The authors
suggested the high levels of As in the peelings was due to minute
quantities of As-contaminated soil adhering to the surface of the
potato tuber, rather than assimilation of As into the peeling
itself. A survey of potato grower fields in Central Wisconsin
where 8 to 65 kg As/ha as sodium arsenite had been applied over
a period of several years revealed that the potato peelings did
not contain more than 2-3 ppm As (54). It was concluded, thus,
that past usage of sodium arsenite in Wisconsin had not caused
harmful levels of As to accumulate in potato tubers. High As
levels have also been observed in washed, unpeeled radishes (32).
As with potatoes, part of the As may have been adsorbed on the
surface of the radish root.

Woolson (32) found a significant positive relationship be-
tween available soil As and the concentration of As in the whole
plant for six greenhouse grown vegetable crops (Table 7). Corre-
lations between available soil As and the concentration of As in
" the edible plant parts were generally poorer, especially for
plants in which the seed or fruit was consumed (32). As previ-
ously noted, plants tend to exclude As from the seeds and fruits.
Hence, soil tests for available As would not be a reliable
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indicator of the amount of As in the edible plant tissue.

Woolson (32) has pointed out that where the edible part of a crop
is not the root or whole plant, it is unlikely that the tolerance
level for As (2.6 ppm) would be exceeded even where As toxicity
reduced growth by 50%.

Table 7. Regression of available soil As on the As content in
whole dry plant or edible dry-plant part [Weed Sci. (32]

Regression Correlation Arsenic

Crop equation coefficient at GRSO
(r) (ppm)

Green bean y = 0.4 + 4,2 log x* 0.93 3.7t
Lima bean y = 0.5+ 1.2 log x 0.49 1.7
Spinach log y = —0.129 + 1.1 log x 0.90 10.0
Cabbage y = 0.4 + 1.8 log x 0.77 3.4
Tomato y = -0.1 + 3.3 log x 0.80 4.5
Radish log vy = -0.147 + 1.4 log x 0.88 43.8

% x = available soil As
+ Available As at GR50 was used to calculate As content (see
table 4).

Wherever soils have been treated with substantial quantities
of As, the surface of the aerial portion of the plant may be con-
taminated with dust. The work of Jacobs et al. (40) showed that
the concentration of As in potato leaves, stems and petioles was
related to the surface area of the plant parts and the prevailing
wind in relation to plots treated with high rates of As, Plant
As concentration bore little relationship to As treatment; thus,
these workers concluded that substantial external contamination
of the plant tissue in the field had occurred. In light of this
work, it appears that some of the data in the literature on plant
uptake of As would be questionable unless the researcher very
carefully washed the plant tissue to remove adsorbed soil parti-
cles. For instance, Jones and Hatch (50) reported that the top
growth of vegetable plants growing on untreated soil adjacent to
As-treated soil contained 3.1 ppm As while the roots from these
plants contained only 1.1 ppm As. Since roots normally accumu-
late more As than the top growth, it appears that the top growth
must have been contaminated with soil particles from the adjacent
orchard soil which had been treated with As for several years.

Alleviation of As Toxicity

Since registration of inorganic arsenicals for use on nearly
all vegetable and agronomic crops was cancelled in 1968 (6), a
high priority problem at the present time is to find ways to re-
store As-contaminated soils to their optimal level of production
(§§). Several approaches have been attempted.
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Molar P/As Ratio. One approach is to add sufficient phos-
phate to the system to depress the uptake of arsenate by the
plant. Hurd-Karrer (37) showed in solution culture work that
this hypothesis was valid and that a molar P/As ratio of at least
5 was needed to protect against As toxicity to wheat. Rumberg
et al. (56) also reported that phosphate will improve growth in
nutrient solutions containing sufficient arsenate to be toxic.
The results with soils systems, however, have been less clear,
due in part to the difficulty of evaluating "available" P and As.
For example, Jacobs and Keeney (35) found that P additions did
not influence As toxicity on a silt loam soil. This soil had a
high P fixation capacity and available P probably did not in-
Crease greatly. However, with a sandy soil, P actually en-
hanced As toxicity. They hypothesized that, with the sand,
pPhosphate may have displaced sorbed arsenate resulting in the en-
hanced toxicity. Similar results were obtained by Woolson et al.
(26) with a sandy loam soil. When sufficient phosphate was added
to maintain an available P/As ratio of about 7, improved yields
resulted. This effect was not consistent, however, and at very
high levels of added As (1,000 ppm), phosphate did not overcome
As toxicity even at a P/As ratio of 10.

Addition of Fe or Al Compounds. Since As is sorbed by Fe
and Al components of soils, another obvious approach is to am-
mend the soil with Fe or Al salts. Large amounts ( 5 to 10
metric tons/ha) of ferrous sulfate or ferric sulfate have occa-
sionally reduced As toxicity (57, 58, 59). Steevens et al. (13)
attempted to alleviate As toxicity on a sandy soil by application
of 4 metric tons/ha of ferric sulfate or aluminum sulfate. The
Fe treatment had a slight beneficial effect while the Al treat-
ment actually depressed yields further. Both treatments de-
creased As uptake by potatoes.

Cultural Practices. Deep plowing to dilute the As concentra-
tion of the surface scil and expose As to more sites for fixation
would seem to be one of the most economical methods of decreasing
toxicity. This approach was suggested by McLean et al. (53) and
Albert (31). Vincent (27) also suggested growing tolerant cover
crops such as rye or Sudan grass. When plowed under, these crops
reduced subsequent As toxicity. Apparently As toxicity to fruit
trees is involved with induced Zn deficiency, as foliar appli-
cation of zinc sulfate or Zn chelates will overcome As toxicity
to peach trees (42, 60).

Leaching. Woolson et al. (26) pointed out that in soils in
which added phosphate desorbs arsenate, deliberate leaching of
the soil after addition of phosphate may be a viable approach to
removing As from the root zone. This would seem feasible since
the limited data (13, 26, 35) indicates that phosphate most like-
ly will desorb arsenate on sandy soils, which also are easiest
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to leach since they are very porous.
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Behavior of Organoarsenicals in Plants and Soils

A. E. HILTBOLD

Agronomy and Soils Department, Agricultural Experiment Station,
Auburn University, Auburn, Ala. 36830

During the past 20 years the organic arsenical herbicides
have come into extensive use. The more commonly used compounds
are sodium or ammonium salts of MAAL/ (methanearsonic acid), MSMA
(monosodium methanearsonate), DSMA (disodium methanearsonate), and
MAMA (monoammonium methanearsonate). The methanearsonates differ
from inorganic orthoarsenate in having a methyl substitution of
one of the hydroxyl groups linked to the arsenic atom. Replace-
ment of another hydroxyl by a second methyl group produces di-
methylarsinic or cacodylic acid (hydroxydimethylarsine oxide).

?H PH P‘Na+
0=As~OH 0=As-CH, 0=As-CH;

éH3 bH3 ICH3

MAA Cacodylic acid Na cacodylate

OH 0~Nat OH
0=1l§s-0'Na+ 0=1:§s—0'Na+ 0=§s-0'NHz

CHj CHj CHj

MSMA DSMA MAMA

Figure 1. Formulae of organic arsenical herbicides.

Methanearsonic acid is a dibasic acid with pKa values of 3.61
and 8.24 at 18C for dissociation of the first and second OH groups
(1). The relative proportion of ionic and molecular forms of
methanearsonate is determined by solution pH; Figure 2. At pH
5.93 essentially all of the methanearsonate exists as the univa-
lent ion, or in terms of herbicide formulation as MSMA. The undis-
sociated acid (MAA) increases in solution as pH falls below 5.93
and the proportion of univalent ion decreases. Solutions of MAA
are acid, about pH 2. With increasing pH from 5.93 the divalention
(DSMA) increases in proportion. DSMA solutions are aklaline,
about pH 10.5.

1/Abbreviations used in the text are the common names of these
herbicides accepted by the Weed Science Society of America.
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Cacodylic acid has a single acidic OH; pK;=6.19 at 25C (1l).
The proportion of ionic form increases from near zero at pH 4.0
to essentially 1007 at pH 8.5, Figure 3. Cacodylic acid solutiomns
are mildly acidic while Na cacodylate solutions are mildly alka-
line. While various acid or salt formulations of these organoar-
senicals may be applied, their chemical form in soil solution is
determined by the existing pH. 1In most agricultural soils with
pH values in the range pH 5.0 to 7.0 the univalent ion of methane-
arsonate predominates almost to the exclusion of the undissociated
or divalent forms. Both cacodylate ion and acid may occur in
soils, with the acid form predominant at pH<6.2 and the ionic form
predominant at pH>6.2.

Herbicidal Properties and Use Patterns

MSMA, DSMA, and MAMA are available in liquid form. DSMA is
marketed also as a white, crystalline powder. Cacodylic acid may
be obtained in crystalline form or in mixture with Na cacodylate
as a liquid. All of these products are highly soluble in water.
They are applied with surfactant as sprays to the foliage of weeds.
Theyhave no preemergence activity at rates used for weed control.

Methanearsonates are used most extensively for postemergence
control of annual grass weeds in cotton (Gossypium hirsutum L.).
Activity of the methanearsonates on johnsongrass [(Sorghum hale-
pense (L.) Pers.)] purple nutsedge (Cyperus rotundus L.), and
yellow nutsedge (Cyperus esculentus L.) makes these herbicides an
important part of the weed control program in cotton. Substantial
control of these weeds is provided by the methanearsonates (2),
but repeated applications are usually required. MSMA is regis-
tered for use in cotton at 2.2 to 2.8 kg/ha and DSMA at 2.2 to 3.4
kg/ha. In order to avoid injury of cotton and arsenic (As) resi-
dues in cottonseed, use is restricted to the stage between the
time when plants are about 10 cm tall and when they first bloom
(3). Sprays must be directed to cover small weeds in the drill
row but minimize contact with cotton leaves.

Selective control of crabgrass (Digitaria sanguinalis (L.)
Scop. and D. ischaemum (Schreb.) Muhl.) and dallisgrass (Paspalum
dilatatum Poir.) in established turf is provided by the methane-
arsonates with minimal injury of most turfgrass species. Nutsedge
is more persistent but may be effectively controlled with repeated
applications of 4 kg/ha (4). Methanearsonates are also widely
used in non-crop areas for control of johnsongrass and various
weeds on rights~of-way, along ditch banks, etc.

Cacodylic acid and Na cacodylate are non-selective, foliar
contact-type herbicides (5). Use is restricted to non-crop areas
where they are useful in controlling many herbaceous and woody
species. Rates required for effective control range from 3 to 5
kg/ha and may be repeated as necessary. Tree injection with caco-
dylic acid provides selective elimination of undesirable species
in established stands. Cacodylic acid is also used in turfgrass
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renovation for complete kill of existing vegetation prior to re-
seeding the desired species. The inactivation of cacodylic acid
in soil and its lack of residual phytotoxicity are advantages.

Behavior of Organoarsenicals in Plants

Organic arsenical herbicides are intended for interception by
weed foliage rather than by soil as would be the case with a pre-
emergence-type herbicide. The fraction of the applied herbicide
intercepted by foliage varies widely with weed density and spray-
ing conditions. The extent to which the intercepted fraction is
absorbed, translocated, and metabolized may influence the amount
and chemical form of the material that ultimately reaches the soil
An understanding of the fate of an herbicide in plants may provide
useful background for its study in soil.

Absorption. While organoarsenicals may be absorbed by roots
of johnsongrass (6), Coastal bermudagrass [Cynodon dactylon (L.)
Pers.] (7), and bean (Phaseolus vulgaris L.) (8) in solution cul-
ture, root uptake from soil is drastically reduced (7). The pri-
mary pathway of entry into plants is through the leaves and stems.
Duble, Holt, and McBee (7) compared uptake of As by Coastal bermu-
dagrass from several sources of application of DSMA, Figure 4.
Application to foliage was at 4.5 kg/ha, to soil at 17.9 kg/ha,
and to roots in nutrient solution at 12 ppm.

Absorption usually occurs within several hours after appli-
cation (9). Keeley and Thullen (10) found that exposure of yellow
nutsedge leaves to MSMA and DSMA for as little as 5 and 15 minutes,
respectively, controlled this weed. However, 24- and 48-hr expo-
sures were required for control of purple nutsedge.

Surfactants are routinely included in spray solutions to
increase coverage and enhance absorption. McWhorter (11) found
that increases in phytotoxicity of DSMA to johnsongrass resulting
from added surfactant were greatest at low rates of DSMA near th-=
margin for weed control. Similarly, Keeley and Thullen (10)
observed improved control of regrowth of purple nutsedge following
foliar application of DSMA with surfactant, Table I. The larger
responses to surfactant were obtained at the low rate of DSMA and
at the high temperature. Apparently surfactants facilitate entry
of methanearsonate into the treated leaf; then, with temperature
favorable for growth, the herbicide is translocated to critical
sites. In cotton, however, severe injury from topical applica-
tion of MSMA occurred at low (13C) temperature but not at 31C, a
more favorable temperature for growth. This injury was aggravated
by surfactant (l2).

There is evidence of greater absorption of MSMA than of DSMA.
When equal amounts of MAA, MSMA, and DSMA were applied to cotyle-
dons of young cotton, Keeley and Thullen (12) found that absorp-
tion of MAA and MSMA was severalfold greater than that of DSMA.

In the field, topical applications of MSMA were more injurious to
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Figure 4. Distribution of As in Coastal bermudagrass 7 days
after foliar, nutrient solution, and soil applications of
DSMA. Regrowth from a foliar application represented 3 weeks

growth after clipping to ground level 7 days after treatment
@-.

cotton than equal rates of DSMA, and the difference became more
pronounced with higher application rates and later stages of
growth (13). Temperature may also influence the relative absorp-
tion of MSMA and DSMA. In purplenutsedge growingat29C, absorptionof
MSMA and DSMA did not differ, but at 13 and 20C absorption of MSMA
exceeded that of DSMA (10). An explanation of the differential
absorption of the methanearsonates may lie in the pH of their
solutions, their predominant ionic or molecular species, and the
permeability of leaf membranes to these species. The evidence
suggests that the undissociated acid or univalent ion penetrates
more readily than the divalent ion.

Plant species differ in their sensitivity to methanearsonates,
probably due in part to differences inpermeability of leaf sur-
faces. Leaves of yellow nutsedge have been found to be more perme-
able to these herbicides than those of purple nutsedge (10). The
tolerance shown by cotton and many turfgrasses for methanearsonates
is fundamental to the use of these herbicides for selective weed
control. The basis for this tolerance is not yet clear. Tolerance
among plant species is relative, however, as evidenced by severe
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injury of cotton from foliar applications at bloom stage (3).

Translocation. Herbicide movement out of the treated tissue
and into more critical sites of activity is essential if the
herbicide is to function more than as a desiccant. The superior-
ity of methanearsonates over contact type herbicides such as Na
arsenite is due in part to their more extensive translocation (8,
9). Compared to amounts that may be present in treated tissue,
however, relatively small amounts are translocated to other plant
parts. In soybean [Glycine max (L.) Merr.)] and crabgrass, Rumberg,
Engel, and Meggitt (9) found that less than 2% of the DSMA recov-
ered 6 hr after application to the leaves was translocated into
other plant parts. Sachs and Michael (8) reported that 6% of the
MSMA absorbed in treated leaves of bean was translocated during a
3-day period. In purple nutsedge, less than 157 of the applied
DSMA was moved out of the treated shoots in 5 days (14). 1In
Coastal bermudagrass, 247% of the applied DSMA was translocated
from treated leaves to other plant parts in a 5-day period (7).
Difficulty of obtaining adequate translocation of methanearsonates
to johmsongrass rhizomes (11) and nutsedge tubers (14, 15) makes
repeated applications necessary.

Increasing temperature within the range favorable for growth
generally accelerates translocation of methanearsonate. Rumberg
et al. (9) reported more rapid translocation of DSMA at 30C than
at 15C in soybean and crabgrass. The increased translocation was
also associated with increased phytotoxicity of DSMA to crabgrass.
Similarly, movement of methanearsonate from treated nutsedge
plants into daughter plants was found to be greater at 29C than
at 13C (10). 1In cotton, contact injury of cotyledons by MSMA may
preclude translocation to the leaves and terminal bud, sparing
the plant severe injury. At low temperature (13C), however, con-
tact injury was negligible and MSMA translocation exceeded that
at 31C, resulting in stunting or death of the plant (12).

Both acropetal and basipetal translocation moves methane-
arsonate out of treated leaves of johnsongrass (6), nutsedge (10,
14), bean (8), Coastal bermudagrass (7), soybean and crabgrass (9).
Sckerl and Frans (6) observed very little basipetal movement of
methanearsonate in cotton, although foliar and stem application
moved acropetally. Basipetal movement of methanearsonate to
rhizomes and tubers is critical to the control of hardy perennials
such as johnsongrass and nutsedge. Methanearsonate applied to
nutsedge shoots is translocated to newly developing rhizomes,
shoots, and tubers as indicated by phytotoxic reaction and As
determination (14, 16). Accumulation of As in these active growth
sites suggests that meristematic tissues are the major points of
herbicidal activity.

Metabolism. There is no evidence of substantial degradation
of rupture of the C-As bond of organoarsenicals in plants. MSMA-
derived COp in the respiratory CO; of treated Coastal bermudagrass
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and purple nutsedge leaves amounts to a small fraction of the
herbicide in the tissue (7, 14). Cacodylic acld is apparently a
very stable compound in bean plants; chromatographic analysis
showed little if any As assoclated with any fraction other than
cacodylic acid itself (8). Extracts of MSMA-treated bean, how-
ever, revealed two As-containing fractions: parent MSMA and an
unidentified complex of MSMA with some plant component (8). Simi-
lar complexes have been observed in johnsongrass after treatment
with MAA (6) and Coastal bermudagrass after application of DSMA
(7). Radioassay and As analysis of the DSMA complex verified the
persistence of the C-As bond (7). The mechanism of phytotoxicity
of the organoarsenicals is not known. Critical levels of As
required for control of regenerative parts such as nutsedge tubers
have not been established (16).

Behavior of Organoarsenicals in Soil

Much of the spray that is not intercepted by foliage is
deposited directly on the soil. In addition, much of that which
is intercepted by weeds reaches the soil indirectly when rain
washes leaf surfaces or killed vegetation decays. While methane-
arsonate or cacodylate may be applied in acid or salt form, once
in the soil the predominant ionic or molecular form is determined
by soil solution pH. In most soils (pH 5 to 7) the univalent ion
of methanearsonate is the dominant form. Cacodylate exists in
approximately equal concentrations of undissociated acid and caco-
dylate ion in moderately acid soils.

Adsorption. Much of the reduction in activity of organoarse-
nicals upon reaching the soil 1s attributable to adsorption by
soll colloids. When solutions of DSMA, Na cacodylate, arsenate,
and phosphate were equilibrated with 16 soils, Wauchope (17)
found that adsorption by individual soils increased in the order:
phosphate < Na cacodylate < DSMA = arsenate. Adsorption of all four
chemicals was correlated with soil clay content (r = 0.81 to 0.96)
A similar relationship of DSMA adsorption and soil texture was
observed by Dickens and Hiltbold (18) in four surface soils. Sub-
soils have been found to be much more adsorptive than surface
soils for MSMA, probably as a result of their greater contents of
clay and iron oxides (19). When several clay minerals of equal
particle size were compared as to their adsorption of DSMA, kaoli-
nite was considerably more effective than vermiculite over a
range of solution concentrations (18). The greater adsorptive
capacity of kaolinite and limonite relative to the 2:1 type clays
vermiculite and montmorillonite (Table II) was attributed to the
affinity of methanearsonate for mineral surfaces with exposed
hydroxyl groups.

The amount of methanearsonate adsorbed by clay increases
with the concentration of the equilibrium solution (18). Vaiden
clay adsorbed DSMA equivalent to 81 ug As per g soil in
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equilibrium with 3 ppm As in solution. Results cited by Wauchope
(17) indicate adsorption of 2270 ug As per g of clay soil in
equilibrium with DSMA solution containing 75 ppm As. These
results show great adsorptive capacity in soils, yet, from the
standpoint of potential injury to plants, the primary concern
must be with the concentration in equilibrium solution.

While initial adsorption of arsenicals is rapid (17), long-
term changes result in redistribution of As into less soluble
forms (20). During an 8-week period after application of cacody-
lic acid to three soils, Woolson and Kearney (20) observed de-
clining amounts of water-soluble cacodylic acid and increasing
amounts in a less soluble fraction associated with aluminum.
Inorganic arsenate in soil has been shown by Jacobs, Syers, and
Keeney (21) to become progressively less extractable, with as
much as 1 to 6 months required to reach equilibrium. Retention
of arsenate was correlated with clay and free iron oxides in 24
solls. Removal of iron oxides and alumina by prior treatment
markedly reduced the adsorptive capacity of soil for arsenate (21)

Plant growth in soils containing added organoarsenicals pro-
vides another view of the progressive inactivation. Schweizer
(22) added DSMA to a silt loam soil at rates extending from 2.5
to 480 ppm. Cotton planted immediately after application was
injured at DSMA rates of 80 ppm or greater. In replantings 16
weeks after application, rates of 120 ppm or more were required
for injury. Continued amelioration of toxicity was evident in
cotton planted 24 and 32 weeks after application.

Addition of phosphate to DSMA-containing soil aggravated the
injury of cottonm (22). Apparently phosphate displaces methane-
arsonate from adsorption sites, increasing its activity in the
soil solution at the levels of phosphorus applied.

Table II. Adsorption of DSMA from 25 ml of 5.0 ppm As Solutions
by l-g Samples of Augusta Soil Separates and by Cer-
tain Reference Materials (18)

Equilibrium DSMA adsorbed
Material solution %
ppm As ug As per g total applied
Augusta silt loam
Sand: 4.40 15.0 12
Silt 4.43 14.3 11
Clay 0 125.0 100
Limonite 0 125.0 100
Montmorillonite~—=—====- 4.39 15.3 12
Kaolinite 1.20 95.1 76
Vermiculite-—==—-cuawa— 3.71 32.3 26
Weeds
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Leaching. Packed columns of soil have been used in leaching
studies in the laboratory. Ehman (23) reported results from
applications of DSMA and cacodylic acid to soil colummns 30 cm in
depth. Passage of 152 cm of water through the columns removed 9%
of the arsenical from a sand soil and 6% from a clay soil.
Dickens and Hiltbold (18) applied DSMA to the surfaces of a loamy
sand and a clay loam in 23-cm columns at 112 kg/ha on an area
basis. Approximately 52% of the applied DSMA was leached from
the loamy sand during passage of 76 cm of water. None was
leached from the clay loam. Analysis of the clay loam columns
revealed nearly half of the applied DSMA in the 0 to 2.5 cm
depth with none deeper than 15 cm (18).

Variation of soil pH in the range pH 5.5 to 6.5 did not
affect the leaching of methanearsonate in Norfolk loamy sand (18).
This is not surprising, considering the dominance of the univalent
form of methanearsonate over this pH range. In order for as much
as 20% of the applied methanearsonate to exist as undissociated
acid or as divalent ion the soil pH would have to be 4.2 or 7.6,
respectively. Therefore, pH changes in the range encountered in
agricultural soils should not appreciably influence the chemical
form of methanearsonate. Soil pH influences the activity of alu-
minum in clay and hydrous oxides of the soil colloidal system,
but apparently the adsorptive capacity of soil is determined more
by the amount of these colloids than by pH effects on their acti-
vity.

Leaching of arsenic applied as MSMA, DSMA, and MAMA in the
field was reported by Johnson and Hiltbold (24). These herbicides
were applied repeatedly over a 4-year period for control of nut-
sedge in turf on a sandy loam soil. At the end of this period
the soil was analyzed for As. Greatest concentrations of As were
found in the upper 5 cm and decreasing concentrations with depth
to 30 cm, Figure 5. The soil was not stirred during the applica-
tion period; thus, downward movement was attributed to leaching.
There were no differences among methanearsonates as to their rate
of leaching. Rate of application affected the quantity of As
recovered at the several depths but did not appear to influence
the rate of downward movement. Results in this soil indicated a
slow but perceptible movement of As into subsurface horizons to
at least 30 cm depth (24). Further field experiments of Hiltbold,
Hajek, and Buchanan (19) showed less mobility of As in soil pro-
files. After 6 years of MSMA applications to soils growing cot-
ton, As distribution in the profiles showed little if any evi-
dence of leaching below the plow depth, 23 cm. The chemical form
of As in these soils at the time of their analysis was not deter-
mined.

Metabolism. 1In contrast to the stability of the C-As bond
observed in methanearsonates in plants, microbiological oxidation
occurs in soils. Dickens and Hiltbold (18) found methanearsonate-
derived COy evolved from 4 soils in amounts ranging from 0.7 to
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Figure 5. Distribution of As in soil after applying methanearsonates at three
rates for 4 years. Total As applied equivalent to 16, 32, and 64 kg As/ha.

Shaded portions represent recovery of applied As, averaged across MSMA,
DSMA, and MAMA treatments (24).
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5.5% of the added MAA during a 30-day incubation. Von Endt,
Kearney, and Kaufman (25) reported oxidation of the methyl carbon
of MSMA in 4 soils amounting to 1.7 to 10% during a 3-week period.
Methanearsonate oxidation in these soils was proportional to

their organic matter contents (25) or to their total COz evolution
(18). These observations, along with the dependency of microbial
isolates on energy sources other than methanearsonate (25), indi-
cate a predominantly passive metabolism of methanearsonate in soil,
with little response on the part of the microbial population. Ar-
senate has been identified as the product of methanearsonate oxi-
dation in soils (25).

Woolson and Kearney (20) reported two loss processes for caco-
dylic acid in soils. Under aerobic conditions, approximately 417%
of the applied cacodylic acid was oxidized to CO2 and arsenate,
while 35% was lost from the soil as a volatile organoarsenical
compound during a 24-week period. Under anaerobic conditionms,
degradation via COp was nil, yet 61% of the applied cacodylic
acid was volatilized, possibly as dimethyl arsine.

A gaseous loss mechanism for As was proposed by Thom and
Raper (26) in 1932. They observed in laboratory studies the mi-
crobiological reduction of arsenate with evolution of arsenical
gases. Active fungi were isolated from arsenic-toxic field soils.
Challenger (27) and coworkers later defined the methylation of As
by Scopulariopsis, Aspergillus, and other fungi. Their studies
showed the reduction and methylation of arsenicals including
Asj0,, NapHAsO,, DSMA, Na cacodylate, and Na propylarsonate. Tri-
methylarsine [(CH3)3As] was the most common gaseous product. 1In
all cases, As was reduced to thetrivalent state and all substi~
tuent oxygen atoms replaced by methyl groups. With methanearso-
nate, cacodylate, and propylarsonate, the evolved arsine contained
the original alkyl intact: trimethylarsine and dimethyl-n-pro-
pylarsine. The mechanism proposed by Challenger (27) was a step-
wise reduction and methylation of arsenate through arsenite,
methanearsonate, and cacodylate to the completely reduced and
methylated trimethylarsine. Recently, Cox and Alexander (28)
isolated species of Candida, Gliocladium, and Penicillium produc-
ing trimethylarsine from arsenicals including MAA and cacodylic
acid. The only evidence of bacteria methylating As is that of
McBride and Wolfe (29), reporting the synthesis of dimethylarsine
by the anaerobe Methanobacterium. In this mechanism the inter-
mediate cacodylic acid was reduced directly to dimethylarsine
without the final methylation. The extensive volatilization of
As from cacodylic acid-treated soils (20) when incubated anaerobi-
cally would necessarily implicate bacteria such as Methanobacter-
ium. Under aerobic conditions, fungi appear to be the active
microorganisms.

Persistence. Loss of phytotoxicity with time after applica-
tion of organoarsenicals to soil may be viewed as a measure of
persistence. Results of Schweizer (22) and Ehman (23) indicate
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extensive inactivation and diminishing effects on subsequent
crops. Yields of a variety of field crops were unaffected by
residues of methanearsonate equivalent to 68 kg As/ha applied
during the previous 4 years (24). Similarly, yields of cotton
were unaffected by 6 annual preplant applications of MSMA at 10,
20, and 40 kg/ha (19). On the other hand, Singh and Campbell (30)
found that both DSMA and MAMA, when applied to turf at rates of
5.0 and 4.5 kg/ha, respectively, twice annually for 2 years, per-
sisted in the upper 5 cm of a silt loam soil in amounts sufficient
to injure oats (Avena sativa L.) and soybeans, as shown by bio-
assay of soil 9 months after the last application.

Estimates of the rate of methanearsonate oxidation to CO7 and
inorganic arsenate are provided by soil incubations with Lac-
labeled methanearsonate (18, 25). In light texture soils of low
organic matter content, 2% per month appears to be a reasonable
estimate of oxidation. In clay soils with more organic matter
and larger microbial populations, about 10% per month may be
oxidized. If these rates remain constant, as would be the case
in a first-order reaction, the amount of residual methanearsonate
at any time after application may be calculated. A first-order
function appears to be the simplest and most realistic representa-
tion of methanearsonate metabolism in soil. This is supported by
the observation of equal percentage losses among widely differing
rates of application (20, 25). Moreover, the general lack of
microbial response to added methanearsonate (18, 25) suggests a
passive degradation dependent primarily upon concentration.

This contrasts with the degradation of the phenoxyalkanoic acid
herbicides, for example. With these, microbiological adaptation
occurs, resulting in rapidly accelerated decomposition, elimina-
tion of the lag period, and development of the enrichment effect
(31).
The first-grgeg rate law may be expressed as follows:
k = _tQ_ log —g—o— and t, = ___._0-293
where: k = rate constant
t time
Co = initial concentration
C = concentration at time t
ty, = half-life of decomposition

Substituting and solving for 2 and 10% decomposition per
month yields values of 0.7847 and 0.2827, respectively, for con-
centrations remaining 1 year after application of unit concentra-
tion of methanearsonate. Half-lives corresponding to 2 and 10%
per month loss rates are 34.31 and 6.58 months, respectively.
The residue of N annual additions is given by the equation (32):

In Arsenical Pesticides, Woolson, E.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1975.



66 ARSENICAL PESTICIDES

r=1+f +f 24 £3 4 —omemeee £0-1
Co
ry =1
Co ) 1-f)
where: f] = fraction left after one year

r = accumulated residue, immediately after
addition of annual increment
The limit of the maximum amount of residueéi)
the expression 1 . The residue pattern for a Buda
1-f
1 ppm MSMA-As is given in Figure 6, assuming first—order decompo-
sition to inorganic arsenate at 10% per month (above) and 2% per
month (below). No losses of As from the soil are considered.
Annual application of 1 ppm MSMA-As in the plow layer is approxi-
mately that provided by two postemergence sprays of MSMA in cotton
at 2.5 kg/ha each. At the higher decomposition rate the maximum
amount of residual MSMA is 1.39 ppm and is approached after seve-
ral applications. Residual MSMA in this situation remains at
very low levels and the principal product accumulating is arse-
nate. At the low rate of decomposition the maximum amount of
residual MSMA is 4.64 ppm and is approached after 30 annual addi-
tions. At this time the soil residues would be 15% as MSMA and
85% as arsenate.

The foregoing estimates of residue accumulation do not take
into account losses of As from the soil. Field experiments (19,
24) indicate loss of As from soil during periods of repeated
application of methanearsonate. In situations where loss of As
in soil erosion and crop removal were nil, approximately 40 to
60% of the As applied as methanearsonate was unaccounted for in
total As determinations of the soil. These results suggest a
gaseous loss process of considerable important with regard to
residue accumulation. Preferential methylation and volatiliza-
tion of methanearsonate would further reduce residual concentra-
tions and alter the proportion of methanearsonate and arsenate.

o is given by
1 additions of

Uptake of As by Crops. The literature dealing with inorganic
As in soils and crops shows that plants generally absorb and
translocate relatively small amounts of As. Little information
is available on the appearance of As residues in crops resulting
from root absorption of methanearsonate or methanearsonate-de-
rived As. Ehman (23) reported significant levels of As in
several field crops planted immediately after application of DSMA
to soil, but rates of 35 kg/ha or more were required. Johnson
and Hiltbold (24) reported As residues in field crops grown on
plots receiving methanearsonate applications during the previous
4 years. Cottonseed and soybeans contained higher levels of As
than corn (Zea mays L.) grain or vegetative material of sorghum-
sudan hybrid (Sorghum vulgare Pers. X S. Sudanense (Piper) Stapf.).
Cool-season forages accumulated less As than summer crops.

In Arsenical Pesticides, Woolson, E.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1975.



4. HiLTBOLD  Organoarsenicals in Plants and Soils

ppm As IN SOIL

IN SOIL

ppm As

YEARS

Figure 6. Residue pattern for annual additions of 1 ppm MSMA-As and
first-order half-life of 6.58 mo (top) and 34.31 mo (bottom)
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Later experiments (19) with soil applications of MSMA at ele-
vated rates preplant to cotton over a 6-year period failed to
show As residues in cottonseed grown on 3 soil types.

Sustained used of methanearsonates at rates recommended for
weed control does not appear to result in hazardous accumulation
of As in harvested crops. Methanearsonates are extensively
adsorbed in soil and subject to little movement in leaching.
Loss from treated fields may occur where erosion is severe.
Volatilization of methylated As appears to be a significant loss
process that limits As accumulation in soil and probably accounts
for the ubiquitous occurrence of As in soils generally. The
organcarsenicals are oxidized microbiologically producing arse-
nate. While arsenate is subject to methylation and volatile
loss, much of the residual As in soil reverts to progressively
less soluble forms with aluminum and iron compounds.
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Arsenicals in Animal Feeds and Wastes

C. C. CALVERT

Biological Waste Management Laboratory, Agricultural Environmental Quality
Institute, Agricultural Research Service, Department of Agriculture,
Beltsville, Md. 20705

Since arsenic trioxide was first obtained from copper smelt-

ing over 4000 years ago, this element has been used for a variety
of medicinal purposes (;). The modern era of arsenic use in
medicine began with the characterization of arsanilic acid by
Erlich and Bertheim in 1907 (2) and was extended more recently by
the discovery in 1945 by Morehouse and Mayfield (3) that an
organic arsenical, 3-nitro-4-hydroxyphenylarsonic acid commonly
called (3-nitro), could be used to control coccidiosis and promote
growth in chicks. Since that time, other organic arsenicals such
as arsenosobenzene, arsanilic acid, 4-nitrophenylarsonic acid and
p-ureidobenzenearsonic acid have been shown to have both thera-
peutic and growth-promotant properties as feed additives for
poultry and swine.

At the present time, all of these compounds, with the
exception of arsenosobenzene, are approved by the U.S. Food and
Drug Administration for use in poultry and swine feeds but only
at levels low enough to preclude residues in edible animal tissue
which would be a hazard to human health. The objective of this
discussion will be to review briefly the efficacy of these arsenic
compounds with respect to animal production, the absorption and
excretion of these arsenicals when fed to animals and, finally,
the fate of arsenic in animal excreta.

Arsenicals in Swine and Poultry Feeds

Table 1 shows the chemical structure of 4 arsenicals
currently approved for use as growth promotants or therapeutic
agents, or both, in poultry and swine feeds. The arsenic in all
these compounds is pentavalent. Changing the substituents on the
ring changes the growth-promoting and anti-parasite effects of the
compound. Note that arsanilic acid and 3-nitro are approved for
both poultry and swine, whereas 4-nitrophenylarsonic acid and
p-ureidobenzenearsonic acid are approved only for turkeys. The
use of these compounds in turkeys is limited to feeding for thera-
peutic purposes and may not be used as growth promotants (4).
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Table 1. Chemical structure of arsenicals used in
animal feeding

As O (OH)2 As O (OH)2
NO2
NH2 OH
Arsanilic Acid 3-nitro~4-hydroxyphenylarsonic Acid
(Poultry & Swine) (Poultry & Swine)
As O (OH)2 As O (OH)2
NO2 NH CO NHZ
4-nitrophenylarsonic Acid p-ureidobenzenearsonic Acid
(Turkeys) (Turkeys)

The FDA has established levels at which these compounds may
be used in animal feeds, and it has also determined the maximum
levels of arsenic that may be present in marketed poultry and
swine. These maximum use levels and maximum tissue levels are
shown in Table 2. In order that these tissue levels may be met,
the user of arsenical-containing feed is required by FDA regu-
lations to withdraw the arsenic-containing feed for at least 5
days before slaughter.

Growtii Response from the Use of Arsenicals

Many experiments have expanded on the original demonstration
of the efficacy of 3-nitro and other arsenicals in both poultry
and swine rations. No attempt will be made in this discussion to
cover all of the research that has been conducted with the
arsenicals in feed, but a few examples of the types of responses
obtained will be presented. A number of reviews on this subject
are in the literature and should be consulted for more detailed
information (5-9).

Baron (9), at a symposium in London in 1969, presented
examples of the type of responses that may be obtained by feeding
arsenicals to growing chickens. Results of a study in which
3-nitro was fed in 15 trials to a total of 1148 birds for a
4-week period are shown in Table 3. As can be seen in this table,
the average response in weight increase due to arsenic in these
studies was 4.1%. The response in feed to gain ratio was 1.6%.
The results shown in Table 4 show the average responses from 5
trials involving more than 2500 chickens for an 8-week feeding
period. This period represents the time needed to bring a
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chicken to market size. In this test, the increase in weight was
not significant, but feed conversion with arsenic supplement was
significantly improved - 1.99 g of feed to produce 1 g of live
weight gain with the arsenical compared with 2.04 g of feed for
each gram of gain with the controls.

Table 3. Summary of tests to show the effect of feeding
3-nitro-4-hydroxyphenylarsonic acid (0.005%) on
the weight gain and feed efficiency of bf7iler
chicks during the first 4 weeks of life.=

Average
Average Average feed
Average weight feed conversion
Treatment Trials Birds weight response conversion response
(No.) (No.) (g) %) (g feed/g ¢
weight)
3-Nitro 15 1148 530 4.1 1.70 1.6
Nonmedicated
controls 15 1148 510 - 1.73 -

1/ Source: (9).

Table 4. Summary of tests to show the effect of feeding
3-nitro (0.005%) on the growth and feed
efficieniy of broilers during the first 8 weeks

of life.,=
Average
Average feed

Treatment Trials Birds weight conversion

(No.) (No.) (g) (g feed/g weight)
3-Nitro 5 2568 1448 1.99
Nonmedicated

controls 5 2568 1430 2,04

1/ Source: (9).

Results of an investigation by Hansen (10) on the response
of growing swine to 3-nitro are shown in Table 5. The arsenical
was fed in this study for the full growing period and resulted in
a significant improvement in both average daily gain and feed
conversion.
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Table 5. Effect of 3-nitro on growth i?te and feed
conversion of growing sheep.—
Average daily
gain from weaning

to 90.9 kg Feed conversion
(kg) (kg feed/kg weight)
3-nitro (40 mg/kg of feed) 0.79 3.50
Nonmedicated controls 0.75 3.56

1/ Source: (10).

Reporting these results is not intended as an endorsement
for 3-nitro as the arsenical of choice in animal feeding.

Similar responses have been shown with other arsenicals such as
arsanilic acid for chickens, turkeys and growing swine. In the
experiments reviewed for this report, no negative responses to
arsenical additives were obtained if supplementation did not
exceed recommended levels. There were a few instances reported
in which no improvements in growth and feed efficency were
obtained from the addition of arsenicals to swine and poultry
diets, but the high frequency of positive effects from arsenicals
gives the producer that small edge that may well be the difference
between a profit and loss in a modern swine and poultry feeding
enterprise.

Arsenicals are also approved for feeding in combination with
other feed additives such as coccidiostats and antibiotics. There
have been many experiments reported in the literature testing
combinations of the arsenicals with the wide variety of anti-
biotics and coccidiostats used in poultry and swine diets. Two
reviews of these experiments (5,9) should be consulted for more
detailed information. In many instances, a combination of
arsenical and antibiotic has improved growth that is greater
than that obtained with either of the additives fed alone. There
is at present no explanation as to why one antibiotic will respond
one way when combined with an arsenical and another will respond
another way.

Mechanism of Action

A number of theories have been proposed for the mechanism of
action of arsenicals in increasing growth in swine and poultry.
Peoples (8) has suggested that the arsenical may inhibit those
organisms that cause thickening of the gut wall and therefore
result in more efficient absorption of nutrients. Another theory
is that these compounds act like antibiotics and inhibit harmful
bacteria. However, studies of the bacteriostatic value of
arsenicals by Frost and Spruth (6) indicate that with certain
bacteria, Escherichia coli and Clostridium perfringens, for
example, the arsenicals are much less effective than conventional
antibiotics. Another theory, proposed by Pope and Schaible (11),
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suggests that arsenicals may exert a sparing effect on protein.
In this study, egg production in hens fed a 13% protein diet was
increased by the addition of arsanilic acid to the diet to a
level comparable with the egg production in hens fed a 16.5%
protein ration. Russo et al. (12) also found that arsanilic acid
reduced urinary nitrogen excretion in swine, and they suggested
that arsenicals exert a sparing effect on protein by reducing
protein catabolism. Thus, no one mechanism can likely explain
the action of an arsenical, and probably a combination of factors
produces the observed responses.

Uptake and Depletion of Arsenic from Tissue

Arsenicals in an animal's feed will result in arsenic
residues in tissues. Data in Table 6 show that the feeding of
arsanilic acid at 0.01% of a chick diet and 3-nitro-4-hydroxy-
phenylarsonic acid at 0.005% results in low levels of arsenic in
liver tissue. Feeding 10 times the approved levels of either of
these arsenicals did not result in 10 times the level of arsenic
in the tissues. The data suggest that in chicken liver tissue,
there is an upper limit for arsenic. These same authors also
presented evidence that arsenic in liver and muscle of chicks
quickly reached a plateau level and did not increase further
when arsanilic acid was fed continuously at 0.005% of the ration
for a 9-week period.

Table 6. Arsenic fouf in livers of chickens fed various

arsenicals.—
Compound and Arsenic (As203) in-
feed level Feed Fresh liver
———:—-—— ppm ————————

Arsanilic acid:

0.01% 45.4 1.2

0.1% 455 6.4
3-nitro-4-hydroxyphenylarsonic acid:

0.005% 18.7 2.4

0.05% 187 7.5
Dodecylamine p-chlorphenylarsonate:

0.017% 23.3 2.9

1/ Source: (6).

Evidence for the rapidity with which arsenic is taken up and
eliminated from chicken tissues is shown in Table 7. These data
by Baron (9) show that in the kidney, liver, muscle and skin of
chicks fed 0.005% 3-nitro, there is a low-level uptake of arsenic
that plateaus after 7 days of feeding and is well below tolerance
levels after only 1 day of withdrawal of the arsenical.
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Table 7. Summation of arsenic levels (3-njtro, .005%
of the diet) in chicken tissues.™—

Days
On Test 1 7 56 70 71 75 80 84
On Med. 1 7 56 70 - - - - Non-
Off Med. - - - - 1 5 10 14 Med.
PPM Arsenic
Kidney .93 .76 .52 .64 .22 ,10 .09 .08 .05
Liver 1.31 2.43 1.26 1.26 .69 .43 .32 .19 .08
Muscle .03 .07 .05 .04 .03 .01 .02 .02 .02
Skin .05 .11 .06 .05 .08 .02 .03 .03 .02

1/ Source: (9).

Feeding arsanilic acid to swine also results in uptake of
arsenic in liver, kidney and spleen and, to a lesser extent, in
muscle and blood. The method of feeding, and in particular the
water intake, may also influence the deposition of tissue arsenic.
Vorhies et al. (13) reported that arsenic in liver increased
from 1.8 ppm to 3.3 ppm when water intake in swine was reduced.
An earlier study by Bridges et al. (14) also showed this effect.
None of the arsenicals have been approved by FDA for use in feed
for ruminant animals (beef cattle, dairy cows or sheep). However,
the current interest in the use of animal wastes, particularly
dried poultry excreta, as animal feed supplements has generated
interest in the arsenic content of these wastes and in the effect
of arsenic on the ruminant. Studies on the uptake of arsenic
from arsenicals in sheep have been conducted at our laboratories
at Beltsville. In these investigations, arsenic, as arsanilic
acid, has been fed to mature wethers at levels up to 273 mg/kg
of diet for a period of 28 days. The levels of arsenic found in
various tissues is shown in Table 8. All tissues showed
increasing levels of arsenic as the dietary arsenic levels
increased.

Table 8. Arsenic levels in tissues of wethers fed arsanilic
acid for 28 days.

Arsenic Whole

fed blood Liver Kidney Muscle

(mg/kg of

diet)  emmee— mg/kg dry tissue —-————-

0.0 <0.01 <0.01 <0.01 <0.01

26.8 0.063 3.1 3.2 0.2
144.4 0.270 26.8 12.2 1.1
273.3 0.536 29.2 23.6 1.2

At the end of the 28-day feeding period, all sheep were
placed on an arsenic-free diet, and every 2 days an animal from
each treatment group was killed for sample collection. Table 9
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shows the results of a 6-day depletion period in liver arsenic.
At all levels of arsenical feeding, there was a rapid depletion
of arsenic from liver tissue to levels that are below the
tolerance levels established by FDA for edible tissue from
poultry and swine.

Table 9. Depletion of arsenic in liver of wethers fed
arsanilic acid for 28 days.

Arsenic Withdrawal time (days)
Fed 0 2 4 6
(mg/kg of diet) =  ————- mg/kg D.M. ———ce——m——m
0.0 <0.01 <0.01 <0.01 <0.01
26.8 3.1 4.9 2.9 1.9
144.4 26.8 15.4 8.4 3.5
273.3 29.2 27.0 11.4 5.0

As described in this section, arsenic is deposited in
animal tissue after low-level feeding, but in all species
studied, there is a rapid excretion of this element after
withdrawal of the arsenical from the feed.

Metabolism of Arsenic

The metabolism of ingested arsenic from the arsenicals has
been investigated by a number of researchers. Moody and
Williams (15-17) in a series of experiments showed that chickens
excreted arsanilic acid largely unchanged without evidence that
it was converted into any other organic arsenic compound or to
inorganic arsenic. Four-nitrophenylarsonic acid, however, was
partly converted to arsanilic acid and 3-nitro was partly
converted to 3-amino-4-hydroxyphenylarsonic acid. There was no
indication that any of the 3-nitro was converted to inorganic
arsenic.

Frost (18), Hansen et al.(19) and Overby and Frederickson
(20) all showed that in poultry and swine, a high percentage of
ingested arsenic is excreted and that this excretion is very
rapid. In our own work with growing sheep in a 5-day balance
trial, about 877% of all ingested arsenic was excreted. Table 10
presents the results of this study. Results from this study also

show that about 76% of the 3-nitro in poultry waste fed to sheep
was excreted in feces.
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Table 10. Arsenic excretion in wethers fed driei/broiler
o, manure during a 5 day balance trial.=
Dried~’ Total Total Total
poultry Arsenic arsenic fecal urinary Arsenic
Ration manure in feed intake arsenic arsenic excreted

(%) (mg/kg DM) (mg) %)
1 0 <0.01 <0.01 <0.01 <0.01 <0.01
2 7 3.42 14.3 8.5 3.4 83.2
3 14 4.95 25.1 18.4 4.4 90.8

1/ Feed intake measured and total feces and urine collected
during the last 5 days of a 15 day feeding period.

2/ Contained arsenic from 3-nitro-4-hydroxyphenylarsonic acid
in dehydrated broiler manure.

Fate of Excreted Arsenic

There is concern over the extent to which arsenic in animal
excreta used as a fertilizer or as a nutrient source in animal
feeds presents a hazard to crops or the food chain.

One study conducted by Morrison (21) showed no increase in
arsenic in soil, water or forage after poultry litter containing
from 15 to 30 ppm arsenic had been applied to land at a rate of
4 to 6 tons per acre per year for 20 years. The rate of arsenic
application was approximately 100 g per acre per year, and
the amount found in the soil was approximately 1.8 ppm. This
level was comparable with that found in soils with no poultry
litter added. Volatilization and leaching undoubtedly would
account for the disappearance of the 2000 g of arsenic deposited
over the 20-year period. Undoubtedly, higher levels of manure
will be used, which could result in higher levels of the
arsenical residues being deposited on various kinds of soils.
However, levels of arsenic applied under these conditions will
not likely begin to approach the levels reported when various
herbicides and pesticides have been used on crops and soils for
long periods of time. To produce a level of arsenic in soil
comparable to the 550 ppm found by Williams and Whetstone (22),
2200 tons of poultry litter per acre per year containing 15 to
30 ppm arsenic would have to be applied.

In a recent experiment by Woolson (23), the persistence and
chemical distribution of arsanilic acid in Lakeland sandy loam,
Hagerstown silty loam and Christiana clay loam were examined.
Two application rates (158 and 790 ppm arsanilic acid) and two
moisture levels (75 percent of soil capacity and flooding to
establish aerobic and anaerobic conditions respectively) were
imposed on the three soil types. After a 32-week incubation
period less than 10 percent of applied arsanilic acid could be
extracted from any soil type. Total arsenic remained constant
in the Lakeland and Hagerstown soils and decreased somewhat in
the Christiana soil sample. The disappearance of arsanilic acid
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occurred more rapidly under anaerobic conditions in all soil
types. It appears that under the conditions of this experiment
arsanilic acid is rapidly degraded to arsenate and an organic
fraction and this degradation proceeds more rapidly in anaerobic
soils. There seems to be some reduction of arsanilic acid to
a volatile organic arsenic compound in Christiana soil.
Processed animal wastes are being considered for use as a
feedstuff for certain classes of livestock and poultry;
consequently there has been some concern with respect to feed
additive residues, including arsenic, in processed animal wastes.
The regulations regarding waste recycling will likely specify
maximum residue levels that will not be harmful to animals or
present a hazard to human health. The final proposal has not
been prepared by the FDA at the present time; so we cannot state
exactly what will be required with respect to arsenic and other
feed additives.

Summary

In summary, arsenicals are used as feed additives to promote
growth in poultry and swine as well as to treat specific diseases
of these species and appear to have an established role in
modern livestock and poultry production. The responses in general
are small but may represent the difference between a profit and
loss to the animal producer.

Arsenic can be detected at low levels in tissues of animals
receiving arsenicals. However, this arsenic 1s rapidly eliminated
when arsenicals are removed from the feed for the required 5-day
period. This process appears to be well regulated, and there does
not appear to be a hazard to the consumer from arsenic in edible
animal tissue.

The arsenicals appear to be largely excreted unchanged in
chemical structure with no toxic metabolites produced and with no
evidence of the conversion to inorganic forms of arsenic in the
animal. Because arsenicals are excreted for the most part in
feces, no evidence is available to indicate that the amounts of
arsenic that might be incorporated into soils by the disposal of
animal wastes would constitute any problem with regard to plant
growth or ultimately to arsenic contamination of consumer
products.
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Microbiological Methylation of Arsenic

DONALD P. COX’

Department of Agronomy, Cornell University, Ithaca, N.Y. 14850

The biological methylation of arsenic was first
recognized during several poisoning episodes in the
early nineteenth century (1). Several individuals
succumbed in their sleep to arsenic poisoning, the
cause of which was not immediately recognized.
Initially it was attributed to the presence of
particles of arsenic in the room air originating from
wallpaper pigments. Others thought biological
activity might have reduced these arsenic pigments
to arsine which was the toxic agent.

An experimental approach ultimately determined
the cause of gas formation when an Italian scientist,
Gosio, isolated and characterized some volatile
arsenic-producing fungi. He exposed potato pulp con-
taining arsenic trioxide to the air and soon detected
growth of molds accompanied by a garlic-type odor.
From these cultures he isolated a mold Penicillium
brevicaule (Scopulariopsis brevicaulis) which pro-
duced copious quantities of gas with a garlic=-like
odor. Gosio trapped samples of the gas from this
culture and converted it to arsenic proving that the
metal had truly been volatilized by the fungus (2).
An associate, Bignelli, performed an elemental
analysis on the gaseous material and incorrectly
deduced the structure of diethylarsine (3).

It wasn't for another thirty years that the
structure of '"Gosio gas'" was determined by
Challenger's group in England. A great deal of
research on biological methylation of metals was
performed by Challenger and associates over twenty odd
years beginning with the methylation of arsenic com-
pounds (1,4). These researchers cultured several
strains of S. brevicaulis on bread crumbs containing
arsenic trioxide and the gas produced was precipitated
in aqueous solutions as either the mercuric chloride,

‘Present address: Unjon Carbide Corp., Chemicals and Plastics, P. O. Box 8361, South Charleston,
W. Va, 25303 81
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picrate, or nitrate derivatives. These salts were
tediously compared with derivatives made from
authentic methylated arsenic compounds by melting
point analysis. Challenger indisputedly proved the
structure of "Gosio gas" to be that of trimethyl-
arsine. From these studies, Challenger proposed a
metabolic pathway in S. brevicaulis for the production
of trimethylarsine from arsenite (Figure 1). To
elucidate the mechanism of the methylation reaction,
Challenger demonstrated that alkylated arsenicals
supplied to the mold were methylated in available
positions on the metal and were not first reduced

to the inorganic state. This was shown by incubating
ethylarsonic acid with the mold and isolating the
volatile product, ethyldimethylarsine. This same
experiment established that trimethylarsine could

not be formed by dismutation or the movement of alkyl
groups from one arsenical to another. A dismutation
reaction would have resulted in a mixture of alkylated
arsenicals (1,5).

F0110w1ng Challenger's effort, little other
experimentation concerning b1010g1ca1 arsenic
volatilization by pure cultures was performed for
some time except for several notable observations.
Thom and Raper (6) detected garlic odors produced by
five species of Asgerglllus, one of Penicillium and
one species of Fusarium in the presence of 1500 pg/ml
As003, however, the gas was not identified.

Zussman et al. (7) observed volatilization of arsenate
but not arsenite by Trichophyton rubrum.

The use of arsenicals as wood preservative
agents spawned another study which revealed the
biological methylation phenomenon (8). In this
study a total of sixty-five species of "wood rotting"
fungi were tested for inhibition by or metabolism
of arsenic trioxide. Of these, two species of
Lenzites provided evidence for volatile arsenic
formation. The gaseous product presumed to be
trimethylarsine was not identified. The study did
not reveal whether arsenic-containing wood preserva-
tives would promote a similar production of the
arsenic gas by these two species.

Studies of arsenic methylation in soil have been
also somewhat limited. The formation of volatile
arsenic compounds by soil microorganisms was
observed by Epps and Sturgis (2). When passing air
through flooded soil containing arsenate, they were
able to trap arsenic compounds in an acid solution
receiving the exhaust air stream. Recent studies
with an arsenic herbicide (cacodylic acid) further
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supported the hypothesis that arsenic-volatilizing
organisms are ubiquitous in nature. Three types of
soil demonstrated loss of total arsenic over several
months of incubation. These samples containing high
levels (100 ng/ml) of cacodylic acid emitted detectable
garlic odors (10). Arsenic metabolism in the soil is
discussed in greater detail in another portion of this
symposium.

With the advent of ecological concern over dis-
posal of waste arsenic compounds and the potential
contribution of arsenic residues from pesticide
application, new studies were initiated concerning
biological methylation of arsenic. The biomass of
waste treatment plants are a potential source of
microorganisms which could form volatile arsenic
compounds. Under anaerobic conditions, a species of
Methanobacterium has already been observed to volatil-
ize arsenic. Cell free extracts and/or whole cell
preparations of this organism produced dimethylarsine
in presence of arsenate or arsenite which were shown to
obstruct the methane-forming mechanism (11). Under
these conditions, methane formation was not only shown
to be inhibited by arsenic compounds but also by
selenium and tellurium compounds and previously by
mercury (12).

Recognizing the potential for volatilization of
arsenic via metabolism of pesticide residues, studies
in our laboratory were begun to find organisms capable
of methylating arsenic compounds. Aerobic enrichment
cultures were initiated using domestic sewage and
four different arsenic compounds. Sodium arsenite,
sodium arsenate and salts of methylarsonic and
dimethylarsinic acids were chosen on the basis of their
use as pesticides and their being intermediates in
Challenger's proposed pathway. After a short incuba-
tion period, garlic odors were noted in enrichment
cultures containing either dimethylarsinic acid at
pH 4, 5, and 7, monomethylarsonic acid at pH 5 or
sodium arsenate at pH 4. Three different species of
fungi were then isolated and identified as:

1) Candida humicola (Dazewska) Diddens and Lodder;

2) Gliocladium roseum Bain and 3) a Penicillium
species (13). Each of these species was then examined
for its ability to produce trimethylarsine from four
different arsenic-containing compounds. The production
of trimethylarsine by each culture appears in Tables I,
II, and III. As is evident all three species formed
the gas expeditiously on the methylated arsenic
substrates at neutral and acid pH. Only the Candida
species was able to demonstrate trimethylarsine
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production on inorganic arsenicals and only in acid
conditions.

TABLE I (13)
Trimethylarsine Production by Candida humicola

nmole TMA in headspace

Compound pH 5 pH 6 pH 7
DMA 87 41 2
MMA 9 6 0
AsO4= 6 0 0
AsO2~ 8 6 11

Culture age: 1 week, time after capping: 3 days.

TABLE II (13)
Trimethylarsine Production by Gliocladium roseum

nmole TMA in headspace

Compound pH S pH © pH 7
DMA 10 52 253
MMA 2970 3700 2970
AsOy= 0 0 0
AsO9~ 0 0 0

Culture age: 1 week, time after capping: 6 days.

TABLE III (13)
Trimethylarsine Production by a Penicillium Species

nmole TMA in headspace

Compound pPH 5 pH 6 pH 7
DMA 22 14 6
MMA 429 62 254
AsO4= 0 0 0
AsQ9o~ 0 0 0

Culture age: 4 days, time after capping: 3 days.

The Candida species was unique in its ability to
methylate four arsenicals and this organism was
selected for more thorough studies of its control
mechanisms (14). The greatest quantity of trimethyl~-
arsine per cell was produced when C. humicola was
cultured in presence of either arsenate or dimethyl-
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arsinate (Figure 2). Smaller amounts were produced
from cells grown in presence of arsenite or methyl-
arsonate even though, in this case, their arsenic
concentrations were about twice as high as in the
arsenate or dimethylarsinate grown cultures. The
specificity of the methylation reaction of this
organism for arsenic compounds was next tested by
growing cultures with other anions of Group 5 elements
which were of similar chemical nature to arsenate.

The phosphate ion is very similar in structure and
chemical properties to the arsenate ion although
stricter reducing conditions would be necessary to
allow the formation of methylated phosphines. Not
surprisingly, our attempts at viewing methylated
phosphorus compounds formed by C. humicola metabolism
were unsuccessful. Similarly, no gas production could
be detected in presence of nitrate, nitrite, ammonia
or antimonate ions.

The presence of some of these ions in a culture
of C. humicola methylating arsenic was not, however,
without effect. We did observe a definite inhibition
by the presence of phosphate on trimethylarsine
production from arsenate, monomethylarsonate or
arsenite (Figure 3). The inhibition by phosphate of
trimethylarsine formation from arsenate was effective
at phosphate levels as low as 10 pg/ml or one one-
hundredth the concentration of arsenate. Phosphate
was completely inhibitory at 1000 ng/ml (0.1%)

(Figure 4). The addition of phosphate to suspensions
producing trimethylarsine from dimethylarsinate

caused no inhibition (Figure 3) even at concentrations
as high as eight times the arsenate concentration.

The observation that phosphate does not inhibit
the conversion of dimethylarsinate to trimethylarsine
by C. humicola is of special interest in light of the
report by Da Costa (15) that phosphate did not relieve
dimethylarsinate toxicity to arsenic-sensitive micro-
organisms. Phosphate addition did relieve arsenate
and arsenite toxicity.

These two phenomena, arsenic toxicity and
volatilization, might conceivably be coupled in mold
metabolism., The toxicity mechanisms of arsenicals
are not completely understood but one postulated
mechanism involves their reaction with sulfhydryl
groups in cellular protein. Another may be arsenate
interference with oxidative phosphorylation,
specifically inhibiting adenosine triphosphate
synthesis. Possibly, a third mechanism of arsenic
toxicity exists in which a single toxicant is formed
from metabolism of the various arsenicals. Our results
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indicated that phosphate suppresses gas evolution by
preventing trimethylarsine formation in the pathway
between monomethylarsonic and dimethylarsinic acids.
The hypothetical inhibitor might then be an inter-
mediate in the pathway of trimethylarsine production.
The conversion of arsenate, arsenite or monomethyl-
arsonic acid to the toxicant may conceivably be
blocked by phosphate while dimethylarsinate conversion
(if indeed, it is not the toxicant) to the hypotheti-
cal compound is not. Much further study is needed to
clarify this point.

The inhibition of trimethylarsine formation is
catalyzed with anions of other Group 5 elements,
Surprisingly enough, sodium hypophosphite did not
inhibit trimethylarsine as did orthophosphate
(Figure 5). Antimonate was toxic to trimethylarsine
production at equimolar concentrations to arsenate
but nitrate at this level was not. Nitrite stopped
trimethylarsine production but the site of inhibition
could be unrelated to the methylation process since
it is known to be toxic to cells at slightly higher
concentrations.

It is well known that S. brevicaulis and certain
other cultures can form methylated derivatives of
selenium and tellurium compounds (1,11,16). Our
strain of C. humicola was also shown to produce
dimethylselenide from selenite and selenate and a
volatile product from tellurate (17). It was
determined if the presence of these anions and those
of other Group 6 elements would affect trimethylarsine
formation. 1In fact, sodium salts of selenite and
selenate strongly inhibited trimethylarsine synthesis
and tellurate did moderately so (Figures 6 and 7).
The addition of as little as 10 pg/ml, a ratio of one
part selenite to 100 parts of arsenate, inhibited
trimethylarsine production (Figure 8). Selenate
also inhibited trimethylarsine but a ten times higher
concentration than selenite was required to be as
effective. Tellurate inhibited at equimolar concen-
trations to arsenate. Interestingly enough, the
sulfate anion did not inhibit trimethylarsine pro-
duction from arsenate at equimolar concentrations of
sulfate to arsenate (Figure 6). It was noted, however,
that dimethylselenide production from selenite by
C. humicola was partially inhibited by equimolar
amounts of sulfate but not arsenate (Figure 9).

These previous results indicated that partially
separate methylation systems in C. humicola might
function for selenium and arsenic. To aid in studying
this phenomenon, C. humicola was grown in presence of
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either selenite, arsenate or in absence of both. The
arsenate-grown cells were then incubated in presence
of either arsenate or selenite and the time was
measured for the formation of the appropriate gas.
The same was done with the selenite-grown and the
un-induced cells. The lag periods for trimethylarsine
production from selenite-grown, arsenate-grown and
un-induced cells were measured and compared. As is
evident in Figure 10, the arsenate-induced cells
produced trimethylarsine sooner than the selenite-
induced cells which in turn were more rapid than the
un-induced cells. Likewise, the selenite-induced
cells produced dimethylselenide sooner than the
arsenate-induced or the un-induced cells. One might
conclude that the methylation systems have some
separate enzymatic steps although more studies are
needed.

As stated earlier, trimethylarsine production is
inhibited by selenate and selenite as well as phosphate
however, the addition of these compounds did not only
inhibit trimethylarsine production but actually
appeared to remove trimethylarsine from a growing
culture in a closed system as indicated in Figure 11,
This was supported by demonstrating a loss of a known
amount of authentic trimethylarsine placed in a closed
system with selenite (17). A loss of the gas did not
occur in presence of phosphate or arsenate or in
absence of cells (Figure 12). Previous work describing
a chemical complex which can form between selenium
metal (18) and trimethylarsine may explain the
phenomemon since C. humicola suspensions containing
selenite produce an orange colloidal material,
identified as selenium metal (17), in addition to
dimethylselenide. No chemical evidence for such a
trimethylarsine-selenium compound was found but if
formed, could account for the severe inhibition of the
arsenic-methylating system.

From an ecological standpoint, studies are needed
to determine if volatile forms can be assimilated and
stored by higher animals. An arsenic analysis on a
species of marine kelp found that this plant was
concentrating the metal one-thousand fold (;g). In
light of past evidence that methylated metals, namely
mercury, can be bio-magnified to toxic levels by
passing through natural food chains (gg) studies are
needed to determine if this phenomenon occurs with
arsenic. To date one study has been made indicating
that some arsenicals may not be as ominous as mercury.
A model ecosystem containing four aquatic organisms
with dimethylarsinic acid and dimethylarsine did not
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Figure 11. The effect of the addition

of sodium selenate or potassium phos-

phate on trimethylarsine production by
a growing culture of C. humicola

Figure 12. Rate of disappearance of tri-
methylarsine incubated with and without
cell suspensions of Candida humicola and
100 pg of Na.,SeO,, 1.0 mg of KH,PO,, or
NaH,AsO,/ml
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show significant bio-magnification (21).

In summary, evidence for the methylations of
arsenic compounds by three mold species from sewage
has been presented. The frequent use of arsenic
compounds as pesticides provides a potential hazard
if closed biological systems containing populations
capable of methylating are exposed to arsenicals.
One of these three species, a yeast, has been shown
to methylate selenium and probably tellurium anions
as well as arsenic compounds. The methylation

mechanisms for selenium and arsenic in this organism

appear to be partially found in a common pathway.
Despite the widespread usage of arsenic compounds,
little is known of the behavior of this element in
natural ecosystems and with regard to the potential

95

hazard of arsenic poisoning, the need for further study

is self-evident.
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Bioaccumulation of Arsenicals

E. A. WOOLSON

Pesticide Degradation Laboratory, Agricultural Research Service,
U.S. Department of Agriculture, Beltsville, Md. 20705

Arsenic, as a natural component of aquatic systems, is
accumulated by aquatic organisms. The bioaccumulation ratio (BR)
for arsenic, as used in this paper, is defined as the ratio of
arsenic concentration in the organism divided by the concentration
of arsenic in water. An arsenic content of 2 pg/liter or 2 ppb,
an approximate average for sea water, will be assumed for data
supplied by authors who did not measure the concentration of
arsenic in sea water when analyzing arsenic in marine organisms.

Salt water (marine) organisms accumulate much more arsenic
than do most fresh water organisms. Furthermore, aquatic plants
accumulate much more arsenic than do higher members in the aquatic
food chains. In marine plants, BR values of 71,000 have been
observed.

A, Arsenic in fresh waters

Arsenic concentrations measured in fresh water bodies are
listed in Table 1. The concentrations reported in a survey of
U, S. lakes and rivers ranged from <10-1100 pg/liter (1). The
high value of 1100 ug/liter was taken downstream from a sewage
treatment plant on the Irwin Creek in North Carolina. The con-
tamination source was never identified although a company pro-
ducing arsanilic acid had been in operation recently. At the
next monitoring station downstream, the arsenic level returned
to 10 pg/liter. Arsenic is precipitated and complexed in water
and appears in the sediments of both lakes and rivers. Searles
Lake, California, a highly saline lake, had the highest values of
any water reported. Other high saline lakes, however, contain
only traces of arsenic. The Waikato River in New Zealand has
arsenic present from geothermal waters, the outflow from Lake
Taupo, the Wairakei thermal area, and the thermal region at
Orakei-Korako. Spring waters (2) which were high in bicarbonate
and passed through thermal layers frequently contain elevated
arsenic levels.
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Table 1. Arsenic content of natural fresh waters

Concentration
Source (ug As/1) Reference
U. S. Lakes, Wisconsin 4-117 (3)
" ", Michigan 0.5-2.4 C))
" ', Superior 0.1-1.6 (E)
" " | Searles Lake 198,000 -
Calif, 243,000 &)
" ", Calif.; <2000 ppm dissolved solids 0-100 (2)
" ", Calif.; >2000 ppm dissolved solids 0-2000 (2)
" lakes and rivers <10-1100 (D
" Columbia River 1.6 (6)
Japan, lakes 0.16-1.9 (6)
", rivers 0.25-7.7 (6)
Germany, Elbe River 20-25 6)
Greece, lakes 1.1-54.5 (6)
Sweden, rivers 0.2-0.4 (6)
N. Zealand, Waikato Riverd/ 5-100 (8)
Spring Watersb/; California, 130-1000 )
Kamchatka, USSR, N. Zealand
0il and gas field waters; California,
Louisiana, Hungary 0.0-5800 (2)
Thermal waters; Wyoming, Nevada, California,
Alaska, Iceland 20-3800 (2)
Spring watersE/; USSR, Wyoming, Algeria,
Iceland 30-500 (2)

§77High in bicarbonate, geothermal origins
2/ High in bicarbonate and boron
&/ Deposit travertine

High arsenic levels have been found in some drinking waters
(Table 2). Contamination arises from obtaining water that passes
through layers of arsenical pyrites, leaching of mine waste piles
(9), or drilling wells through layers of contaminated soils (10).
The last-named source of contamination resulted from improper
storage of an arsenical grasshopper bait, and those drinking the
water became ill. Of the 18,204 community water supplies
studied, fewer than 1% exceeded the recommended 10 ug/liter level
for arsenic (14). The average content of arsenic in fresh water
is below the recommended drinking water quality standards for the
U. S. and probably is about 1.5 to 2 ug/liter.

In Arsenical Pesticides, Woolson, E.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1975.



7. WOOLSON Bioaccumulation 99

Table 2. Arsenic content of drinking waters

Source Concentration Reference
(ug As/1)

Argentina tr-300 (11)
Argentina, Cordoba Province 300-10002/ (iz)
Canada 300-7500 (13)
U. S. tr-100b/ (1%

", Wenatchee, Wash. 5-62/ (15)

" | Minnesota 11,800-21,0004/ (10)
Taiwan 250-8508/ (e

a/ Contains vanadium also; contains waste products from mining
Less than 1% exceeded 10 ug/1

</ Watershed which received lead arsenate

4/ we1l dug through area containing grasshopper bait

€/ Naturally contaminated artesian well water

B. Arsenic in marine waters

Concentrations of arsenic in the marine environment
generally range from 0.15 to 6 ug/liter, with an average value of
ca. 2 ug/l (Table 3). Areas near the river outflows tend to have
higher arsenic levels than the oceans as a whole. The data of
Chapman (17) are 100-fold higher than those reported by other
authors. No apparent reason for this discrepancy exists.

Scientists disagree as to the oxidation state of arsenic in
sea water. Many believe that arsenic exists in sea water in the
+3 state; others believe that it is predominately in the +5 state.
Sugawara and Kanamori (18) showed that the +5 As/total As ratio
was close to 0.8 in ocean water. Diagrams of E vs pH for sea
water indicate that arsenic would be in the +5 state in all
oxidizing layers of the ocean (19). Chemical reduction may take
place at lower depths where oxidation is not great or may be
mediated by microorganisms. In any event, an equilibrium between
arsenate and arsenite exists in sea water. The same type of
equilibrium probably exists in any stratified lake (19) where
precipitation, oxidation and reduction, and adsorption, reduction
and methylation occur within a single lake.

In the aerobic aqueous layer, reduced forms of arsenic will
be oxidized to arsenate and both may coprecipitate with ferric
hydroxide. Turbulence and convection transport arsenate to the
oxygen-depleted hypolimnion where it may be reduced and form
arsenite or AsS;. These reactions depend on sulfur concentration
and the Ej. Coprecipitation, absorption, adsorption, and crystal
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Table 3. Arsenic content of marine waters

Source Concentration Reference
(ug/As/1)

England 106-760 17
England 2 Z0)
English Channel 2-5 (21, 22)
Pacific coast 3-6 (6
N. W. Pacific Ocean 0.15-2.5 (6)
Indian Ocean 1.3-2.2 (6)
S. W. Indian Ocean 1.4-5.0 6)

growth may cause arsenate to accumulate in the sediments, where
reduction of ferric arsenate and arsenite results in either
solubilization as arsines, stabilization as insoluble sulfides,
or reduction to arsenic metal. Microbial methylation and reduc-
tion solubilize arsenic, also. Further, diffusion through the
sediments, or mixing by currents or burrowing organisms, can
cause the arsenic to reenter the water phase.

Arsenic in the water phase is adsorbed or incorporated into
benthic organisms, algae, zooplankton and phytoplankton. This
arsenic is converted to organo-arsenical compounds as well as
water-soluble compounds within these organisms (23, 24, 25).

Fish consume the algae or microscopic organisms and further trans-
form the arsenical to a more complex compound (gg) Crustacea

and filter-feeding shellfish may absorb arsenic from the water
directly or from microscopic organisms.

C. Arsenic in fresh water organisms

In model ecosystem studies (Table 4), catfish and Gambusia
concentrated arsenic from <1 to 130 times the conc. in water
respectively. Daphnids and crayfish concentrated arsenic by
factors of 4 and 5, respectively, in water, while algae concen-
trated it to 34 times the water concentration. Concentrations of
cacodylic acid and arsenate in fresh water organisms do not
appear to correlate well with one another. Algae and daphnids
accumulated more cacodylic acid than they did arsenate, but
Gambusia fish accumulated much less. MSMA (monosodium methane-
arsonate) accumulated to give BR values similar to those for
arsenate, except the value was ninefold less for algae.

The 14C BR values for 4C cacodylic acid (CA) in the aquatic
system were much higher than those for arsenic, poss1bly because
it degraded. 14C_BR values reached 163 to 27, 000 in algae, 89 to
35,000 in duckweed, 4 to 1,000 in snails, 2 to 275 in catfish,
and 3 to 14 in crayfish (31). Corresponding BR values for
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arsenic in this same experiment were: algae, 3 to 17; duckweed,
0 to 3; snails, 2 to 21; catfish, <1; crayfish <1 to 16 (28).

Presumably, the

D. Arsenic in aquatic animals

C is split from the As atom and incorporated as
labeled 14C02 or some other metabolite, possibly CHs.

Concentrations of arsenic are generally much lower in fresh

water fish than in marine fish (Table 5).

A BR value of 3 to 30

for various fresh water fish was reported by Pratt et al., (29) and
10 to 20 by Gilderhus (30). Marine organisms concentrated
arsenic to give BR values ranging from 9 for crustacea and shell-
The latter value was on a

fish (17) to 64,100 for shrimp (31).

dry weight basis. Dry weight contents and the resulting ratios

are always higher than those calculated on a fresh weight basis.

Table 5. Bioaccumulation Ratio values for As in aquatic

organisms
Specie ppm As in BR values)d/ Reference
tissue
Haddock 2-10.8 1000-5400&/ ) (25
Kingfish 8.86 4430 €]
Crustacea and 1.5-3.1 750-1550 (5)
shellfish 0.018-1.06 9-530 an
Assorted fish 0.076-2.27 38-1135 (32)
Assorted fish <1-6.4 <500-3,200/ (33)
Shrimp 3.6-48 1836-64,100¢/ (31) (25
Mackrel 4,7-9.2 2350-4600</ T(25)
Cod 24.3 12,1505 (25)
Assorted fresh 0.1-0.2 10-20 (30)
water fish 0.035-0.298 3-304/ (29)

a/ Concentration in tissue/concentration in water
=/ A marine concentration of 2 ug As/l is used in all calculations

-

Y/ Water concentration assumed to be 10 pg As/liter

¢/ Dry weight basis

In general, for various assorted salt water fish, the concen-
tration ratios are 10 to a 100 times higher than those reported

for fish and crustacea in fresh water.

This difference may be a

function of arsenic concentration to which the organism is
exposed on a continuing basis.
generally lower in fresh water than in the marine environment.

E. Arsenic in aquatic plants

Arsenic concentrations are

Bioconcentration ratio values for arsenic in aquatic fresh
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water plants ranged from 1 for duckweed in a model ecosystem
study (27) to 20,000 (7) for submerged weeds in the Waikato River
in New Zealand (Table 6). The arsenic in the Waikato River is
from geothermal origins and at places is quite high. Emerged
weeds from the same river concentrated arsenic only about 100
times. Lakeweeds concentrated arsenic to give BR values of 110-
14,500 (8). Cacodylic acid was accumulated by algae to a much
higher degree than arsenate (28), whereas MSMA BR values were
about the same (26) as for arsenate.

Table 6. BR values for arsenic in fresh water plantsi/

Specie ppm As in BR values Reference
tissue
Algae 2-12 3-17 (27)
Algae 27 34 (26)
Algae 4 4b/ (26)
Algae 4.5-9.8 7-16358/ (28)
Algae - 590-4600 (24)
Algae 550 7,000 €
Submerged weeds 20-971 800-20,000 (7)
Emerged weeds 8-12 100 @)
Lakeweeds 11-1450 110-14,500 (8)
Duckweed 1-3 1-3 (27

3/ BR = concentration in plant/concentration in water
b/ Treated with MSMA
&/ Treated with cacodylic acid

Marine plants accumulated or bioconcentrated arsenic to a
much higher level than fresh water plants (Table 7). Seaweed
contained 350 to 71,000 times more arsenic than sea water (34, 25).
Algae contained between 50 and 47,500 times the concentration in
water, depending on the species.

Table 7. BR values for arsenic in marine plantSE/

Specie ppm As in BR values Reference
tissue

Algae 4,.8-94 2,400-47,000 (36)
Algae 0.1-95 50-47,500 (37)
Algae 1.67 835 (20)
Algae - 200-3000 (24, 35)
Seaweed 0.7-12 350-6000 (5
Seaweed 60-142 30,000-71,000 (25, 34)

a/ Concentration in tissue/concentration in water
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Since arsenicals do bioaccumulate in the aquatic environment,
the question of possible biomagnification exists, Biomagnifica-
tion is the process whereby succeeding organisms in the food chain
have higher levels of a contaminant than previous members. With
arsenic, this does not appear to be true. Algae, which are low
in a food chain, contain much higher arsenic levels than do fish
and consumers of fish. Since the BR value is derived by dividing
the arsenic concentration in tissue by the arsenic content in
water, one reason for high BR values in algae is the inherently
low value for arsenic both in sea water and in fresh water.

Algae does concentrate arsenic against a concentration gradient.
The actual levels of arsenic in any organism seldom exceed 100
ppm.

F. Form and toxicity of incorporated arsenic

Two further questions about arsenic bioaccumulation are the
identity of the arsenic compound after incorporation and its
resulting toxicity. Lunde (23, 24, 25, 35) and Woolson et al.
(26) have shown that arsenic is present in algae and fish as both
water-soluble and lipid-soluble arseno-organic compounds. Lunde
concluded that "algae seem to be an important source of the
arseno-organic compounds found in higher marine organisms." In
studies with fresh water model ecosystems (26), small amounts of
arsenate were present in all organisms fractionated on a
Sephadex column (Fig. 1). However, algae contained an additional
unknown , Xl, and crayfish contained another unknown X5, in
addition to X;. MSMA (Fig. 2) in the same ecosystem was found in
all three organisms and was apparently transformed to another
unknown, Xz, only in Daphnia. About 30% of the MSMA was trans-
formed, based on 14c Contents of the extracts. These studies
by Lunde and Woolson indicate that arsenate is not a major form
of arsenic in aquatic organisms.

The toxicity to sheep of arsenic in lakeweeds has been
examined by Lancaster et al. (8). The weed, Lagarosiphon major,
contained 288 ppm As, and was fed as 20% of the sheep diet for
3 weeks with no ill effects on the animals' health. Residues
increased during feeding, but declined when the lakeweed was
removed from the diet.

Coulson (31) fed shrimp, containing 128 ppm As, to rats at
a dietary level of 13.3 ppm As. He also included As;0z in his
feeding studies at the same dietary level. The rat livers con-
tained 20-fold less arsenic with the shrimp diet than with As;04
in the diet. More than 98% of the arsenic fed in the shrimp was
excreted within 4 days of feeding, whereas only 21% of the A520
fed was excreted. When humans ate shrimp, all of the arsenic was
excreted within 4 days after consumption. The arsenic contained
in shrimp obviously is not as toxic or as easily absorbed as As,03.
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SEPARATION OF MSMA FRACTIONS

MSMA
100 ALGAE
75
50
1) COLD 5% TCA
25 ;s'.‘: \ ................. HOT 5% TCA
= o -:“A . l“ ] lm“l.
>
= 100 DAPHNIDS
~
75
£
£ 50
: =l A
= o A AN N
S o "‘U :‘ . [ 1 1
&
CRAYFISH

3 2

40 60 80 100 120 140

TUBE NUMBER

Figure 1. Separation of incorporated arsenic

compounds from aquatic organisms treated

with "As, in a model ecosystem. X,—tubes
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G. Conclusions

In summary, arsenic is bioconcentrated by aquatic organisms
but not biomagnified. Plants usually accumulate more arsenic
than fish, and crustacea accumulate intermediate amounts. Marine
organisms normally contain more arsenic than their fresh water
counterparts. However, the arsenic contained in the organisms is
apparently not toxic to animals or humans, and is readily excreted.
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Arsenic in the Environment

ROBERT S. BRAMAN
University of South Florida, Tampa, Fla. 33620

Introduction

Environmental studies of arsenic are intriguing exercises
largely because (1) the chemistry of this element provides for
several molecular forms to exist in both air and water; (2) inter-
actions with the biosphere can occur; and (3) in most instances
analytical chemistry is required involving very small sample
sizes. A brief historical excursion into the subject of arsenic
in the environment would start with the ancient, known toxicity of
compounds of this element, touch on the toxicity of arsenic if
used in wallpaper and be composed thereafter of laboratory studies
on the biomethylation of arsenic in cultures, analyses for total
arsenic, analyses of industrial locations for arsine in air, and
radiochemical tracer studies of arsenic in soil experiments. Much
of this work has gone a long way in helping to define the analyti-
cal chemistry problem, a logical starting point in studying the
environmental chemistry of arsenic,

Because of the likelihood that methylated forms and inorganic
forms of arsenic would exist, it became obvious early that analyti-
cal methods were needed to speciate arsenic, that is, to determine
the chemical forms present and at concentrations ordinarily found
in the environment. Except in instances of high arsenic pollution,
total arsenic in water is in the 1-10 ppb range, and in air in the
0-10 ng/m3 range. Prior to work in our laboratories adequate me-
thods for air and water arsenic speciation analyses at these levels
had not been developed. The problem of analyzing water, air and
to some extent biological samples for methylarsenic compounds and
inorganic As(III) and As(V) at environmental concentrations usu-
ally encountered has now to a considerable extent been solved. By
using these methods and the laboratory work of others it has been
possible to better substantiate the environmental chemistry of
arsenic.

108
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Analytical Methods

Many methods have been developed for the determination of
total arsenic and for the several arsenic compounds of interest in
environmental studies. The silver diethyldithiocarbamate method
(1) has a limit of detection of 0.2 ug As or 2 ppb, too insensi-
tive for much work. In addition, the methylarsenic compounds pro-
duce a much different molar absorptivity than does inorganic ar-
senic (2). Thus the method is inaccurate. Peoples, Lakso and Lais
(3) made use of this in developing a differential spectrophoto-
metric method for partially distinguishing between methylarsenic
and inorganic arsenic compounds down to 0.02 ppM.

Neutron-activation and atomic absorption methods have been
widely used for total arsenic. Talmi and Feldman (4) are develop-
ing gas chromatographic-emission detection methods and have re-
ported their progress in this symposium.

Johnson and Pilson (5) have developed a colorimetric method
for distinguishing between arsenic (III) and arsenic (V) and ap-
plied it to sea water analyses. The method is not suitable for
organic analyses,

Based upon work in our laboratories (2, 6, 7) methods have
been developed and applied to water analyses for the speciation of
arsenic in aqueous samples. Fundamentally, the method involves
reduction of methylarsenic acids or inorganic arsenic to the cor-
responding arsines which are then separated and detected in an
emission type detection system. Observation of the arsenic emis-
sion line gives a limit of detection well below 1 ng and a posi-
tive means of identifying arsenic. Identification of methylar-
senic compounds in samples has been confirmed by comparison to
standards and by a modification of the colorimetric method devel-
oped by Peoples, Lakso and Lais (3). Identification is also sup-
ported by the reduction pH selectivity of the several arsenic com-
pounds. The method has been extensively studied (2) and also suc-
cessfully used by others (8) in environmental analyses. It has
been adapted for use to analysis of biological materials (9).

Air analyses for arsenic have proved difficult. Arsenic is
present as fine particulate (8). Gordon and Zoller (10) have
found that the element is enriched in particulate far above that
expected for average coastal materials. This again implied ineffi-
cient collection of very fine particulate or the presence of vapor
forms.

Because of known environmental methylation of arsenic from
our earlier work on water analysis it was decided to attack air
analysis from the point of view that trimethylarsine, dimethyl-
arsine, methylarsine, arsine and their oxidation products as well
as inorganic, non-volatile As(III) and As(V) could be present in
air and had to be specifically identified. The analytical method
for water analysis provided a good procedure to apply so long as
sample collection and processing could be suitably adapted. Early
work with solution air scrubbers and Millipore filters showed that
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the volatile forms of arsenic are not trapped quantitatively (if

at all) and that, moreover, glassware was an intolerable contribu-
tor to inorganic arsenic background. Studies were then initiated
on collection of the volatile arsines on gold-coated and silver-
coated glass tubes of the same type used in earlier, successful
air analyses for volatile forms of mercury (11).

Arsines were quantitatively but irreversibly absorbed onto
gold-coated glass beads. Silver-coated glass beads did, neverthe-
less, prove to be a satisfactory collecting medium. All of the
volatile arsines were found to be quantitatively collected on 4 cm
long columms at air flow rates up to at least a face velocity of
32 cm/second from 22°C to 35°C and under conditions of up to 100%
relative humidity.

Quantitative removal of the arsines without dealkylation or
disproportionation was obtained by a mild, warm alkaline wash fol-
lowed by a hot water wash. The arsines are probably air oxidized
in the washing process since analysis of the air sample collecting
tubes required reduction by sodium borohydride to detect the meth-
ylarsines. A typical analysis is shown in Figure 1. Identifica-
tion of peaks as trimethylarsine or dimethylarsine again was done
by retention time comparison with known standards. The limit of
detection for air analysis was approximately 0.3-0.5 ng per sam-
ple. Concentration limits of detection obviously depend upon sam-
ple size.

These methods briefly described above have been used to carry
out environmental studies on arsenic. Results of this together
with the referenced works of others has helped to definitely estab-
lish the ambient environmental chemical forms of arsenic and to
better define its chemical transformations.

Environmental Forms of Arsenic

Table I summarizes the molecular forms reported as found in
the environment. Table II lists the analytical results on a num-
ber of samples. Not included are commercial phenylarsenic type
compounds, obviously present where used, but not yet identified
remote from such locations. Methyl and dimethylarsinic acid or
salts are not excluded from the table because they are produced by
biomethylation and are not exclusively commercial products. It is
suspected that trimethylarsine and possibly dimethylarsine may
exist to an unknown extent as a complexed or oxide form in air or
in water but this has not been definitely established.

The listing of the methylarsenic compounds does not imply
that they are completely ubiquitous. For example, many water sam-—
ples have been analyzed giving less than the limit of detection of
methylarsenic compounds. Sea water is a case in point. In work
done at several locations in the Sargasso Sea (9), methylarsenic
acids were not detected in open ocean water. This means that if
present they were less than 17 of the total sea water arsenic
which is approximately 2-3 ppb.
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Methylarsenic compounds were found, nevertheless, in large amounts
associated with the palegic Sargassum weed biocommunity on this
same research cruise. Using the same analytical methods as re-
ported by us, Carpenter and Crecelius (8) have also found methyl-
arsenic compounds including also possibly trimethylarsine asso-
ciated with Kelp plankton and shrimp tissue from the North Pacific.

Methylarsenic compounds are also associated with lakes and
ponds, and are especially high where the pond is surrounded by
fertilized lawns as in residential areas. Polluted seawater bays
also contain the alkylarsenic compounds. As is shown in Table II,
the amount of inorganic arsenic generally exceeds the amount of
organic arsenic present,

Organic arsenic in biological specimens could exceed the
amount of inorganic arsenic present. This was found to be the
case in human urine and is also suggestéd by Peoples, Lakso and
Lais (3) in their work with animals.

Air analyses for volatile arsenic compounds have been only
recently underway and it is not possible to be completely general,.
Dimethylarsine and trimethylarsine have been detected in air, but
only in arsenic treated areas. Methylarsenic compounds were well
below 1 ng/m3 in other ambient air samples. A few analyses of air
from houses have shown <0.5 ng/m3 methylarsenic compounds. Tri-
methylarsine has been detected in air over a lake containing meth-
ylarsenic compounds. Arsine itself may be produced in soil
treated with arsenicals but more work is needed to confirm this,

Environmental Transformations

Much work has been done with cultures. Early evidence for
biomethylation of inorganic arsenic to the methylarsenic acids and
volatile forms is in the work of Challenger (12). McBride and
Wolfe (13) later showed that anaerobic cultures of methanebacter-
ium could produce what they identified as dimethylarsine. It is
also possible to obtain trimethylarsine from cultures of aerobic
fungi from sewage plants as reported by Cox in this symposium (14)

We have found that a pond water sample (mixed culture) having
arsenite added and a nutrient media added, after a period of time
will produce the alkyl-arsenic acids and trimethylarsine under
aerobic conditions. In these experiments it was found that meth-
ylarsonic acid appeared first, followed by dimethylarsine and
finally followed by trimethylarsine or trimethylarsine oxide. The
presence of bottom sediments and anaerobic conditions were not
necessary to achieve the biomethylation. Thus, methanobacterium
are not the sole source of environmental biomethylation. Core
samples from a lake and a pond exhibiting methylarsenic acids were
taken and analyzed by section for alkyl arsenic compounds. Re-
sults indicated a maximum percentage of methylarsenic acids in the
top layer but by no means in high concentrations. The absence of
methylarsenic compounds below the top layer of bottom core indi-
cates that the methylarsenic acids may remain in the aqueous phase

In Arsenical Pesticides, Woolson, E.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1975.



8. BRAMAN Arsenic in the Environment 115

rather than become associated with sediment. Dealkylation could
also occur in the sediment. Methylarsenic acids could be carried
down with natural ferric hydroxide precipitation processes.

Radiochemical techniques have been used to show that dimeth-
ylarsinic acid and methylarsonic acid (or salts) when applied to
soil are at least partly lost by volatilization (15, 16).

By the use of the air analysis technique to analyze air
trapped under glass (see Figure 2), a number of arsenic compounds
have been found to be converted to volatile dimethylarsine and
trimethylarsine in soil. Table III shows the collection of ar-
sines under the glass jugs as a function of time of day over a
two-day period. Dimethylarsinic acid treated soil gave the more
striking results. Note that methylarsines are immediately ob-
served with dimethylarsine decreasing slowly. Trimethylarsine
evolution builds up slowly, although observed even in the first
two-hour sampling period. A similar study was made with sodium
arsenite, methylarsonic acid and phenylarsonic acid. Sodium ar-
senite exhibited a several-hour induction period prior to detec-
tion and a slow evolution of trimethylarsine.

Methylarsonic acid exhibited a comparatively more rapid pro-
duction of trimethylarsine than arsenic(III). Soil treated with
substantial amounts of phenylarsonic acid did not produce any de-
tected arsines over the first 12 hours of the experiment. After
13 days phenylarsonic acid treated soil did evolve volatile ar-
sines, particularly trimethylarsine. Aside from the dimethylar-
sinic acid experiments, trimethylarsine was the chief arsine ob-
served in these experiments. This observation could be attributed
to the pKa values and their effect on reduction of the methylar-
senic acids. Dimethylarsinic acid has a pKa of 6,13 while the
others have pKa values on the order of 2. Arsenic acid reduction
appears to require acids in the undissociated form before reduc-
tion will proceed.

Nevertheless, biomethylation reactions of all arsenic com—
pounds appear to proceed through dimethylarsinic acid and if this
is so, why is dimethylarsine not observed together with trimethyl-
arsine 1n every case? Two mechanisms could be functioning in
these soll experiments. One could be a reducing process which
operates to reduce free dimethylarsinic acid to the arsine; the
other methylates. Biomethylation to trimethylarsine of dimethyl-
arsinic acid would then have to proceed in a manner involving a
complex or surface action of some type. Those working with labora
tory culture biomethylation have mixed identifications. Challen-
ger (12) reported trimethylarsine in aerobic cultures, McBride and
Wolfe (13) reported dimethylarsine in anaerobic cultures while our
work gave mixed products.

It is possible that in anaerobic conditions that reduction of
the dimethylarsenic intermediate to the free arsine could be more
rapid than in the presence of oxygen. Furthermore, the presence
of mixed products could result from two types of biomethylation
occurring in soil at the same time. Clearly further work is
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indicated.

The possibility of volatilizing arsenic out of fertilized
soil was explored using a pelletized phosphate-containing commer-
cial fertilizer. Inorganic arsenic is a known trace constituent
of phosphates used in fertilizer. A 20 ft x 20 ft patch of ferti-
lized grass was prepared using the recommended 3 1b/100 ft“ ferti-
lizer loading. The fertilizer was "watered in" with a lake water
sprinkling system. The lake water analyzed 0.76 inorganic arsenic,
0.07 ppb methylarsonic acid, 0.16 ppb dimethylarsinic acid and
0.14 ppb trimethylarsine in solution. Air was analyzed in jugs
placed in the fertilized grass patch, and over an unfertilized but
watered patch of the same grass. An ambient air sampler was also
set up to sample air over the fertilized patch. After a period of
a few hours, small amounts of trimethylarsine were noted.

Data are given in Table IV. It would appear from this that
the pelletized grass fertilizer does not cause a large increase in
arsine evolution. It seems likely, in fact, that the trimethyl-
arsine produced came from the soil biomethylation of the 0.76 ppb
inorganic arsenic in solution in the lake water.

Conclusions

The presence of methylarsenic compounds in the environment is
confirmed. Adequate analytical methods for their study are avail-
able. Early work indicates that commercially used arsenicals are
biomethylated to volatile forms which must at least have some local
and possibly global migration. Even phenylarsenic type compounds
can become converted to primarily, trimethylarsine.

A number of matters can now be explored, Ambient volatile
arsenic in air may be well below 1 ng/m” in the absence of a soil
contamination with arsenic., Nevertheless, air analyses have been
limited to only a few locations and much further work is indicated.
Arsenic in air in places of human habitation needs study. The evo-
lution of methylarsenic compounds out of lake water needs study.
Mechanisms and rates of soil biomethylation and rates of air oxi-
dation can now be studied.

Figure 3 summarizes the environmental chemistry of arsenic.
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A Proposed Arsenic Cycle in an Agronomic Ecosystem

GARY R. SANDBERG and INGRID K. ALLEN
The Ansul Co., Weslaco, Texas 78596

A. Introduction

Arsenical pesticides have been widely used in agriculture for
more than a century and they represent the largest single man-
made input of arsenic into the environment. Copper acetoarsenite
(Paris green) was first used in 1867 followed by many other inor-
ganic arsenicals in the early 1900's. Inorganic arsenicals, such
as arsenates of calcium, copper, lead and sodium, potassium and
sodium arsenites, arsenic trioxide and arsenic acid were commonly
used as insecticides, herbicides, algicides or desiccants.

Organic pesticides have replaced most uses for the inorganic
arsenicals in the past few decades, with organic arsenicals re-
placing the inorganic types for herbicidal applications. The
overall use patterns of arsenical pesticides have shifted from
general use, broad spectrum pesticides to herbicidal uses only.
Organic arsenicals marketed in agriculture today are cacodylic
acid (CA) (hydroxydimethylarsine oxide), MSMA (monosodium methane-
arsonate) and DSMA (disodium methanearsonate).

Effects of Inorganic Arsenicals on Crop Yields and Arsenic
Residues in SoiT.” Attention was focused on inorganic arsenical
pesticides when accumulations of arsenic in soils eventually be-
came toxic to several agricultural crops (1) (2) (3) (4) (5) (6)
(7). Treatment rates for effective control of agricultural pests
were usually quite large compared to pesticide applications today.
In the State of Washington, the estimated peak use of lead arse-
nate insecticides occurred in 1943 when the average annual rate of
application was 56.0 kg of elemental arsenic per ha (7). Arsenic
trioxide was used as a soil sterilant to control vegetation at
rates of 504.0 to2,520.0 kg/ha (8).

The effects of these massive applications on soil residue
levels were obvious. Woolson (9) reported the average arsenic
levels in virgin soils at 2.5 to 10.0 ppm As and levels as high
as 73 to 335 ppm As in soils with arsenical application histories.
In another survey, the average arsenic level measured in 58 con-
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taminated soils was 165 ppm As and ranged from 106 to 2,553 ppm
As. Soils from Washington averaged the highest (627 ppm As),
whereas soils from check plots averaged 13.0 ppm As (10).

Canadian soils contained up to 121.0 ppm As when lead arse-
nate insecticides were used in apple orchards (11). Turf soils
treated with lead arsenate and arsenic pentoxide for grub control
in 1934-37 were analyzed at 130-550 ppm As. Untreated soils were
reported at 12-13 ppm As (12).

Sodium arsenite was applied directly to soil at 90, 180 and
720 kg/ha to represent long-term applications for potato vine
desiccation. These treatments increased average soil arsenic
levels by 20.0, 70.0 and 147.0 ppm As, respectively, the first
year and 23.4, 41.4 and 96.4 ppm As three years after application
(13). This use in potato fields was apparently not as detrimental
to sofls as insecticidal uses. A 1970 survey of Wisconsin soils
that were known to have received treatments of sodium arsenite
for potato vine desiccation determined that arsenic levels ranged
from 2.2 to 25.7 ppm As (14).

Lead arsenate sprays for 20-25 years in Oregon increased
arsenic residues in soil to 40-115 ppm As. Untreated soils con-
tained 2.5-4.6 ppm As (15). The persistence of inorganic arseni-
cal applications was emphasized when phytotoxic effects of 2,690
kg/ha sodium arsenite were observed 14 years after treatment (16).

It should be noted that phytotoxicity due to arsenic residues
in soil are not necessarily correlated with total soil arsenic.
Woolson, et al (10) found a growth reduction correlation of 0.74
when compared to total soil arsenic from 58 contaminated soils.

A correlation of 0.82 was noted when plant growth was compared to
arsenic fractions of Fe, Al or Ca. Soils with high reactive lev-
els of Al were less phytotoxic than soils with low reactive Al
levels; young corn was tolerant to treatments of 670 ppm As in
soil that was highly reactive in Al.

Vandecaveye, et al (3) concluded that poor growth of alfalfa
and barley was due to the amount of readily soluble arsenic
(3.4-9.5 ppm As) in old orchard soil. Another study noted that
the amount of water soluble arsenic in soil was directly related
to the rate of sodium arsenate applied and inversely related to
time and the amount of reactive Fe, Al or Ca in the soil. Reac-
tion of arsenic in the water soluble form to the Fe-As form was
slower than to the Al-As form, but Fe-As was less soluble (17).

Soil texture has been related to arsenic fixation (18) but
both reactive Fe and Al in soils usually vary directly with clay
content. Much larger rates of sodium arsenite were required to
sterilize heavy soils than light textured soils (19); red soils
also required higher rates of application (4). Toxicity of arse-
nic trioxide treatments was greater on coarse-textured than fine-
textured soils (8).

Soil acidity influenced arsenic toxicity in certain soils
(20) (21). Toxicity was greater in acid soils than alkaline but
may be altered by As-P ratios. These results may also reflect
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the role of pH on the availability of reactive Fe, Al and P in
soils.

Woolson (22) concluded that plant growth in soils contamina-
ted with arsenic was affected by the amount of available phospho-
rus in the soil solution. When considering water soluble forms
of arsenic and water soluble phosphorus, a P/As ratio of less than
4.0 significantly reduced plant growth in Lakeland loamy sand,
Hagerstown silty clay loam and Christiana clay loam soils. This
ratio response was valid only if the potential soluble arsenic in
a given soil was large enough to be toxic in the first place.
Treatments of 100 ppm As as sodium arsenate increased available
arsenic levels to 27.9 ppm As in the Lakeland soil and 26.1 ppm
As in the Christiana soil but growth of radishes was reduced to
23 and 93% of the controls respectively. The P/As ratios were
4.4 in the former soil and 19.2 in the latter soil.

Organic matter did not appear to have any effect on arsenic
sorption (23) when sodium arsenite was added to a Superior clay
loam, Waupan silty clay loam or a Plainfield sand. Arsenic sorp-
tion was increased with increasing amounts of extractable Fep0;
and Al,03 in soil; the greatest sorption of arsenic was observed
with the Superior c]ay loam soil (0.5% organic C and 2.34% free
iron ox1des§ The least arsenic sorption was noted with the
Plainfield sand with 0.7% organic C and 0.34% free iron oxides.

Excessive soil moisture was found to increase phytotoxicity
of Asp03 to Monterrey pine seedlings by 25% (24). A dose of 8,960
kg/ha As 03 was required to reduce seedling survival to less than
5% in a Shenango silt loam but only 6,720 kg/ha were required
under excessive moisture conditions.

Effects of Organic Arsenicals on Crop Yields and Arsenic
Residues in Soil. In perspective, organic arsenical herbicides
are applied at considerably lower single and annual rates than the
inorganic forms and have less impact on phytotoxicity to crops or
soil residues.

CA and MSMA applications contribute 9.1 and 5.5 kg respec-
t1ve]y of elemental arsen1c per hectare per year when applied at
maximum recommended ratesl/

Soil arsenic residues 1n the p]ow layer were increased an
average of 3.0 and 4.5 ppm As after six annual applications of
MSMA or CA respectively at recommended rates (25). Exaggerated
doses of MSMA at 110 kg/ha over a six-year period increased arse-
nic levels in soil from 16.0 to 21.2 ppm in the 0-15 cm depth of
soil. Arsenic levels in soil were elevated from 1.6 to 7.8 ppm
with doses of 27 kg/ha of MSMA. None of these treatments reduced
cotton yields. Soil types were Decatur silt loam, Hartsells fine
sandy loam and Dothan loamy sand (26).

1/Based on three annual applications of CA at 5.6 kg ae/ha/treat-
ment and MSMA at 4.5 kg ai/ha/treatment recommended by The
Ansul Company.
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Organic arsenicals are not active in the soil at normal rates
of application. Data from studies to observe accumulative effects
of annual CA or MSMA applications indicate that soil residues have
not been phytotoxic to a wide variety of crops. Yields of soy-
beans, sugarbeets and wheat were not reduced after two yearly pre-
plant treatments of CA at 8.4 kg ae/ha or MSMA at 6.7 kg ai/ha.
Sugarbeets and wheat yields were tolerant to single applications
of MSMA or CA as high as 67.2 or 84.0 kg/ha, respectively; soy-
bean yields were not affected by applications of MSMA at 22.4
kg/ha or CA at 28.0 kg/ha. Soil type was a Hidalgo sandy clay
loam (27).

Unpublished data from The Ansul Company concluded that corn,
cotton and grain sorghum yields have not been adversely affected
by six annual preplant applications of MSMA at 6.7 kg ai/ha or CA
at 8.4 kg ae/ha to a Hidalgo sandy clay loam soil. Cotton yields
were slightly increased with a single dose of either herbicide
as high as 280 kg/ha. Corn and grain sorghum data, collected the
second year but not the first year after treatment,showed that
sorghum yields were not reduced by either herbicide at 280 kg/ha
and that corn was tolerant to 224 kg/ha MSMA or 280 kg/ha CA. A
rate of 224 kg/ha is equivalent to approximately 15 yearly appli-
cations of MSMA or CA at maximum recommended rates.

Four applications of DSMA and MSMA at rates ranging from 2.23
to 8.95 kg/ha per treatment were made for four successive years on
a Chesterfield sandy loam. Yields of cotton, soybeans, sorghum-
sudan hybrid, corn, oats, vetch and crimson clover were not re-
duced by any of the treatments. Average soil arsenic residues
varied from 10.4 to 26.7 ppm above background in soils treated
with the low and high rates of MSMA; DSMA applications increased
levels 8.4 to 17.3 ppm As. The total depth of soil sampled was
30 cm. About 90% of the soil arsenic was associated with Al in
the clay fraction while phosphorus was identified in the Fe and
organic matter fractions (28).

DSMA applications at 134.4 kg/ha were not phytotoxic to win-
ter or summer crops grown for two years after treatments in Ari-
zona. Winter crops were barley and safflower; summer crops were
cotton and sorghum. Soil texture was 42% sand, 37% silt and 21%
clay (29). ,

A greenhouse study concluded that DSMA treatments of 50 ppm
inhibited rice growth by 75%, soybeans by 39%, oats by 12%, corn
and cotton by 10% and wheat by 0%, when incorporated into a Bosket
silt loam. Incorporations of 100 ppm DSMA were not phytotoxic to
rice in Dubbs silt loam or Sharkey clay. The 50 and 100 ppm doses
were calculated for soil on an oven dried basis so the equivalent
rates were greater than 112 and 224 kg/ha, respectively,based on a
6 in. furrow slice of soil. Incorporations of DSMA at Y20 ppm
(268.8 kg/ha) in the Bosket silt loam reduced cotton growth ini-
tially but did not inhibit growth 32 weeks later. Additions of
phosphorus increased arsenic toxicity in both of the loam soils
but not the clay soil (30). Apparently the amount of phosphorus
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added was sufficient to displace DSMA or its breakdown product
(probably arsenate) to increase the amount of available arsenic in
the soil solution. Woolson (personal conversation) found that low
levels of phosphorus added to an arsenic toxic soil will displace
arsenic from soil particles to increase toxicity to plants but
that large applications of phosphorus will compete with arsenic at
the root surface and actually decrease toxicity. Also, high phos-
phorus additions may increase arsenic uptake by plants without
causing toxic symptoms.

Other researchers (31) found that the amount of DSMA adsorbed
in Norfolk loamy sand, Augusta silt loam, Decatur clay loam and
Vaiden clay soils was 7.7, 34.3, 27.2, and 50.2% of the equilib-
rium solutions added for each soil, respectively. These values
corresponded to the clay fractions of each soil type.

Lower application rates of arsenic and lack of soil activity
associated with normal organic arsenical applications offer a
distinct advantage over inorganic forms; however, the additional
importance and uses of these products in agriculture have reempha-
sized the need to understand the behavior of arsenicals in the
environment and the potential hazards of their continued use.

B. Background Arsenic in Nature

To understand conditions in which arsenicals could accumulate to
undesirable levels in nature, it is necessary to examine the dis-
tribution of arsenic in nature and the mechanisms which affect the
arsenic cycle.

In terms of abundance of elements, arsenic ranks 18th in the
universe, 20th on the earth's crust, 14th in sea water and 12th in
the human body (32).

Arsenic levels of 13 ppm in shales but only 1.8 ppm in igne-
ous rock and 1.0 ppm in sandstone and limestone (33) suggests the
influence of biological systems on the accumulation of arsenic
during early geological times. Relatively high levels of 140 ppm
As in coal (34) and 42 ppm As in unweathered shale (12) also sup-
port the role of primordial plant 1ife in arsenic distribution.

Over sixty soil types which were believed to be free of arse-
nical applications were surveyed by Williams and Whetstone in 1940
(12). About 30% of the samples contained less than 5 ppm As, 50%
contained 5-10 ppm As and about 20% more than 10 ppm As. There
was no uniformity in the distribution of arsenic within the pro-
files and no relationship between the climatic conditions or geo-
graphical formations from which the soils were developed. In
general, the arsenic level in sandy soils and soils with a high
silica : sesquioxide ratio was relatively low, and that of soils
of the semi-humid and arid regions was higher. The soil with the
lowest level of arsenic observed was a Brassua sandy loam (New
Hampshire) at 0.1 ppm; the highest level was 42 ppm As in a
Canyon clay loam (Kansas).

Unpublished data from The Ansul Company noted that the aver-
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age background arsenic levels in soil ranged from 3.37 ppm As in
Georgia to 11.1 ppm As in Texas. California, Arizona and
Mississippi soils averaged 5.42, 5.06 and 6.16 ppm As respective-
ly. The variability within a sampling site was as much as five
to tenfold.

Detectable levels of arsenic have often been reported in
freshwater systems and were not attributed to sources of contam-
ination. Durum, et al (35) surveyed freshwater systems in the
U.S. and found that 76% of 726 samples were below limits of detec-
tion (0.01 ppm As); the remaining 24% of the samples averaged 0.01
ppm As but ranged from 0.01 to 0.14 ppm As. Kopp and Kroner (36)
noted that 94% of 1,577 samples collected in another survey were
below 0.10 ppm As. The average As level was 0.06 ppm and ranged
from 0.01 to 0.34 ppm As. The Lake Erie watershed contained the
highest level (0.34 ppm As). No detectable levels were found in
the California watershed. Lis and Hopke (37) concluded that the
average arsenic level in a New York lake was 0.01 and ranged from
0.01 to 0.04 ppm As.

Schroeder and Balassa (38) reported arsenic in many common
foods from commercial sources. Fish and seafood averaged 4.64 ppm
As with shrimp shells being the highest component (15.3 ppm As).
Meats ranged from below limits of detection (<0.1 ppm Asg to 1.4
ppm As in pork liver and averaged 0.49 ppm As for all meats. Veg-
etables and grain averaged 0.41 ppm As; corn meal was highest with
0.78 ppm As.

A survey of 28 U.S. cities during 1969-70 concluded that
arsenic levels in dairy products were less than 0.1 ppm As but
ranged from 0.1 to 2.6 ppm As in the meat, fish and poultry food
class (39). Virtually all 1iving organisms are exposed to arse-
nic. The role of arsenic as an essential element has been sug-
gested (40) (41) (42) (43) but not proven.

C. Review of Arsenic Cycles and Related Ecological Studies

Studies to observe the movement of arsenic between given phases in
an ecosystem have been complicated by the absence of a stable
arsenic isotope and large quantities of analytical data to estab-
lish reliable background levels of arsenic. Natural arsenic
levels are characterized by large variations within samples and
between sampling sites,

Frost (43) proposed a closed arsenic cycle in nature that
continually transferred arsenic between water, soil, air and
animals; volatile arsines were characterized as the form of arse-
nic in air and contributed to soil and water arsenic levels.
Methylarsines are degradation products of organic arsenicals and
play a very significant role in the arsenic cycle. More dis-
cussion on methylarsines is presented in the proposed cycle.

Allaway (44) described the environmental pathways of trace
elements to include arsenic, but did not estimate the input by
agriculture. Annual uptake of arsenic by vegetation was a major
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transfer mechanism in the arsenic cycle.

Isensee, et al (45) studied the distribution of CA and di-
methylarsines (DMA) inm an aquatic ecosystem. Neither chemical
showed a high potential for biomagnification in algae, Daphnia,
snails or fish. Treatments at 0.1, 1.0 and 10.0 ppm CA or DMA
were not toxic to the organisms.

A theiis by Macklin (46) observed the effects of CA tree
injections?/ on a forest ecosystem. A large amount of the arsenic
applied was transferred to the forest floor with leaf drop (1,050
ppm As), but subsequent movement of arsenic from the litter to
soil was relatively small; soil arsenic levels were increased from
15.4 ppm As (before treatment) to 19.2 ppm As 16 weeks after
treatment. Final concentration of arsenic in the litter was 96.0
ppm which suggests that a loss other than leaching was occurring,
probably reduction to volatile methylarsines.

Greaves (47) discussed some of the factors affecting the dis-
tribution of organic arsenical silvicides in the forest ecosystem.
It was concluded that the movement of arsenic with litter fall and
decomposition of woody tissue could be controlled with timing and
density of treatments. In the forest ecosystem, various parts of
the tree could be "sinks" in the model system which would minimize
exposure to non-target organisms.

Norris (48) found that arsenic was mobile in the forest floor
litter after treatments of CA or MSMA for forest thinning opera-
tions, but that once the arsenic reached the soil it was rapidly
fixed. The soil represented a large “sink"” in this study but it
was suggested that redistribution of arsenic from the litter may
occur with methylarsines.

Malone (49) (50) studied the effects of CA on a fescue mea-
dow. The responses of microorganisms, plant biomass and community
structure were essentially equal to those of the controls.

Other ecological studies have been conducted with organic
arsenicals to assess effects on community structures. In his
thesis, Edwards (51) found that 30 sprayings of MSMA at total
doses of 3,000, 30,000 and 300,000 ppm MSMA over a three-month
period had relatively little effect on a salt marsh ecosystem.

The highest rate was toxic to Spartina alterniflora, the major
vegetation in southeastern marshes, and Littorina irrorata, a salt
marsh mollusc, but not the lower rates. Arsenic levels in two
mollusc species were high initially after treatment but decreased
appreciably within one month after treatment. Spraying or flood-
ing methods of MSMA applications produced equal results on
Spartina.

Hunter and Young (52) surveyed the effects of military de-
foliants on vegetative succession in Florida. CA was applied at
total rates of 12.3 and 59.4 kg ae/ha over an 8 year period;
2,4-D, 2,4,5-T and picloram were also used in the 240 acre site.
Soils within the treated area were Lakeland, Chipley and Rutledge

2/A CA formulation is marketed commercially as a silvicide.
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sands and ranged from poor to moderate in drainage. Nine months
after the last application, all but two of the 74 dicotyledonous
species collected in untreated areas were found in the treated
site. Vegetative composition and successional patterns were not
affected by defoliant treatments or application patterns but were
apparently influenced by soil type and previous mechanical dis-
turbances.

In a similar study (53) Pate, et al determined that species
diversity among mammals, birds, reptiles and amphibians was large
in treated and untreated areas. The observed differences in
species found could be accounted for in habitat preferences,
especially vegetative cover, but not chemical treatments.

D. A Proposed Arsenic Cycle in an Agronomic Ecosystem

The cycle proposed in this paper considered plant, soil, air and
water, with special emphasis on the soil since that is assumed to
be the "sink" for the system. The inputs of arsenic into the mod-
el were primarily CA and MSMA applications, but additions with
fertilizers, irrigation water, and oxidation of arsines were also
considered. Industrial and municipal contributions were recog-
nized but the amount of contamination from this source was not
estimated.

The most important transfer mechanisms in the model, or for
any arsenic cycle, include arsenical oxidation and reduction re-
actions, soil erosion, plant uptake and translocation and harvest-
ing of crops for food, feed and fiber.

The transfer rates used in this model are often quite general
and based on available data at this time. Additional studies are
required to identify the effects of specific factors on the arse-
nic cycle; some factors suspected are soil type, soil chemistry,
organic matter, climate, agronomic cultural practices, crops
grown, arsenical use history and others. This cycle is based pri-
marily on field crops grown in the Lower Rio Grande Valley of
Texas but the basic concepts are applicable to other types of
agriculture such as forest, pasture, orchard or even landscape
applications.

It should be noted that the arsenic cycle will continue to
operate without an agricultural input but at a greatly reduced
rate. In the absence of any arsenic inputs, the soil depletion
time was estimated to be 100 years due to plant uptake and mining
alone (44).

A diagram of the proposed cycle is presented in Figure 1.
Each pathway is numbered and discussed individually.

Transfer 1: Applications of MSMA or CA Herbicides. The pri-
mary inputs of arsenic into this system are post-emergent applica-
tions of organic arsenical herbicides. The number and rate of
applications vary with chemical used and with crops treated. The
maximum recommended yearly doses of either chemical were selected
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Figure 1. A proposed model for the arsenic cycle in an agronomic ecosystem
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for this model to demonstrate conditions which most favor a build
up of arsenic in the system.

MSMA or CA herbicides are applied to certain orchard crops up
to three times within a season and at rates not to exceed 4.5 kg
ai MSMA/ha or 5.6 kg ae CA/ha per application. The greatest pos-
sible seasonal input is 13.5 kg/ha MSMA or 16.8 kg/ha CA. Normal-
ly the rates required for most agricultural crops are not this
large, especially for weed control in field crops.

MSMA and CA contain 40.7 and 54.3% elemental arsenic respec-
tively. The greatest input of arsenic/ha/yr is 5,495 gm (about
2.4 ppm) from MSMA or 9,122 gm (about 4.1 ppm) from CA.

Transfer 2: Contamination of Water with Spray Drift or Vola-
tilization. Pentavalent organic arsenicals are not volatile and
direct spray contact or drift can be avoided if routine applica-
tion precautions are observed. In the event of a misapplication,
MSMA and CA are completely water soluble and are rapidly dispersed
in water. Eventually MSMA or CA are oxidized to the arsenate form
and fixed on sediment particles or are reduced to methyl arsines
which migrate out of the treated area.

Experimental data from applications of MSMA to irrigation
ditchbanks showed that arsenic residue levels in water from treat-
ed canals reached a maximum of 0.16 to 0.86 ppm As when the spray
solution directly contacted the water surface. These levels dis-
persed to below 0.05 ppm As (U.S. Public Health Service drinking
water standards) within 80 to 100 minutes after application. The
higher residue levels were noted in small irrigation laterals with
relatively low flow rates (54).

The same study found that 28 and 7% of the MSMA added to non-
filtered and filtered water samples respectively could not be re-
covered after 36 days. This loss may be due to arsenic fixation
on soil sediment particles and/or methylarsine movement out of
the samples.

Isensee, et al (45) found that 92.0% of the CA and 61.2% of
dimethylarsine added to an aquatic ecosystem was recovered after
24 hours. The 8% loss was attributed to initial adsorption to
aquatic organisms.

It was assumed that the spray drift transfer was negligible
in this model.

Transfer 3: Arsenic Movement from Treated Vegetation to
Soil.” The movement of arsenicals to soil from treated foliage
takes place with spray runoff during application, direct spray
contact with the soil surface and precipitation after treatment
(rain, dew, sprinkler irrigation, etc). These transfers occur
rapidly and do not allow chemical reactions to other forms of
arsenicals.

Other plant-to-soil movements are found with the death and
decay of treated foliage and with translocation of MSMA and DSMA
to the stems and roots; CA does not translocate and is strictly a
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contact herbicide. It has been reported that biochemical complex-
ing of organic arsenicals takes place in plant tissues; also,
these transfers take place at relatively slow rates.

Translocation of MSMA and DSMA in susceptible weeds and tol-
erant crops has been investigated by several researchers. John-
songrass and nutsedge applications were most commonly reported but
evidence of MSMA and DSMA translocation in cotton and bermudagrass
has also been cited.

Duble, et al (55) found that less than 15% of the DSMA or
amine methylarsonate (AMA) applied to purple nutsedge moved out of
the treated shoots. It was also noted that DSMA was not readily
broken down in the plant but that a DSMA complex may have been
formed in the plant.

Another study (56) concluded that arsenic was translocated
in purple nutsedge tubers separated by at least four tubers from
the treated shoot. Arsenic content was usually higher in the tu-
ber at the opposite end of the chain and in tubers with actively
growing points. Arsenic content in the tubers was not correlated
with their ability to produce new shoots.

Wills (57) found that 12.9% of the 14C-MSMA applied to the
foliage of purple nutsedge was absorbed into the leaf and that
11.7% of the amount applied was translocated to the tubers.

Keeley and Thullen (58) treated yellow nutsedge with 3.36
kg/ha MSMA or DSMA and found that treated tubers contained 4 to 33
ppm As while untreated tubers were found to have only 1 ppm As.
Small tubers contained more arsenic (23 to 33 ppm) than large tu-
bers (4 to 12 ppm); vitality was reduced in small tubers but not
in large tubers.

In another study (59) Keeley and Thullen found that 14c-MSMA
and 14C-DSMA treatments caused greater radioactivity in yellow
nutsedge than in purple nutsedge. The differential penetration of
the leaves probably contributed to poor control of purple nut-
sedge. Larger amounts of radioactivity in the plant were general-
1y noted with MSMA treatments than with DSMA treatments and at
warm temperatures. Approximately 85% or more of the radioactivity
remained in the plant but some activity was found in daught?z
plants. it was suggested that nutsedge did not metabolize '%C-
MSMA or 14C-DSMA after 72 hours of exposure.

Nutsedge treated with repeated applications of amine methyl-
arsonate (AMA) increased starch hydrolysis in tubers but had 1it-
tle effect on fat and protein content. AMA-treated tubers respir-
ed at lower rates than untreated tubers (60).

Cooley (61) found that MSMA foliar applications at 2.24 kg/ha
to woolly leaf bursage caused severe cell damage to root tissue.
It was concluded that MSMA was translocated to the roots in herbi-
cidal quantities since regrowth or initiation of new growth was
not observed.

Sckerl and Frans (62) showed that methanearsonic acid (]4C-
MAA) applied to the foliage of johnsongrass was translocated to
the root tips and terminal leaf within 8 hours. It was suggested
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that MAA may complex with either a sugar or organic acid or both.
MAA was translocated from treated cotton stems to all parts of the
plant but moved very little from treated foliage to the terminal
leaves, stems, lower leaves and petioles.

Ehman (63) reported arsenic translocation to cottonseed to
levels as high as 40 ppm As if topical applications are made
at the closed-boll stage of growtﬁ.

Approximately 25% of the DSMA applied to coastal bermudagrass
fo]iaqﬁ was translocated to the roots and rhizomes within 5 days.
Some '*C DSMA was found in respiratory €02 but most of the C-As
bonds were intact (64) ]

In studies using 14C-MSMA, 4C-DSMA and ]4C-MAA, Keeley and
Thullen (65) found little translocation from cotyledons to devel-
oping leaves of cotton seedlings.

It was assumed that 100% of the arsenic applied as MSMA or
CA was transferred to the soil in this model. An additional input
via this mechanism was the return of crop residues to the soil
after harvest; this rate was calculated by subtracting the amount
of arsenic transferred with harvest from the total uptake value
for this model; 15.8 gms As/ha/yr (harvest loss) was subtracted
from 23.7 gms As/ha/yr (total uptake) to arrive at 7.9 gms As/ha
being returned to the soil as crop residues each year. More de-
tailed explanations of these figures are presented in each trans-
fer discussion.

Transfer 4: Uptake of Arsenic by Vegetation. Uptake of
arsenic by pTants {s a continuous process and will occur in the
absence of arsenical pesticide applications.

The presence of arsenic in vegetation growing in virgin for-
est soils was observed by Schroeder and Balassa (38). Various
fern species contained from 0.0 to 0.73 ppm As and pine needles
were analyzed at 0.32 ppm As; the forest soil contained 3.64 ppm
As. Williams and Whetstone (12) found that native vegetation on
natural soil did not exceed 10 ppm As.

Liebig (41) reviewed arsenic residue levels reported in sev-
eral studies on almost 40 agricultural crops. This summary es-
tablished low, intermediate or high ranges of arsenic levels ob-
served for tissue analysis. Vegetables and other plants contained
from O to 10 ppm As and usually had higher levels of arsenic when
grown in soil contaminated with inorganic arsenical insecticides.
It was concluded that arsenic does not normally accumulate to any
extent in the above-ground parts, so tissue analysis of the tops
of plants is a very poor indication of arsenic toxicity. Arsenic
does accumulate in larger amounts in or on roots and causes plas-
molysis or rotting of roots in solution cultures (42). Apparent-
ly the effect of arsenic toxicity retards plant growth before
extensive amounts of arsenic are absorbed and translocated to the
top.

Data collected by The Ansul Company (27) concluded that two
annual preplant applications of MSMA or CA at rates of 6.7 or 8.4
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kg/ha/yr respectively did not significantly increase arsenic res-
idue levels above background in corn seed and fodder, cottonseed,
sorghum seed and fodder, wheat, sugarbeets or soybean fodder.
Arsenic residue in soybean seed was not affected by MSMA treat-
ments but was significantly increased (0.40 ppm As) after the
second annual treatment of CA.

In the same report (27), single preplant applications of
MSMA or CA were used to approximate the effects of 10 years of
normal applications. MSMA at 22.4 and 67.2 kg/ha did not in-
crease arsenic residues in any of the crops mentioned above after
the first or second year after treatment except soybeans; the
high rate of MSMA increased residues after the first year (1.15
ppm As) and both rates significantly increased residues after the
second year (0.36 and 0.58 ppm As). A single preplant treatment
of CA at 28.0 kg/ha did not increase arsenic residues in any of
the crops after the first year but did significantly increase res-
idues in soybean seed (0.46 ppm As) and sugarbeets (0.63 ppm As)
two years after treatment. The high rate of CA (84.0 kg/ha) ap-
plied as one preplant treatment increased arsenic residues in corn
seed (0.16 ppm As), corn fodder (3.53 ppm As), cottonseed (0.32
ppm As), soybean seed (1.60 ppm As) and wheat (0.38 ppm As) after
the first year; after the second year, residue levels continued to
be significantly greater in corn fodder (0.89 ppm As), soybean
seed ?0.55 ppm Asg, sugarbeets (0.85 ppm As) and wheat (0.21 ppm
As). It is of interest to note that crop yields were not reduced
with any of these treatments except soybeans treated with 67.2
kg/ha MSMA and 84.0 kg/ha CA the first year but not the second
year after treatment.

As with arsenic toxicity, uptake of arsenic by plants is not
necessarily correlated with the total amount of arsenic in the
soil. Woolson (22) found that arsenic uptake by six vegetable
crops from soils treated with sodium arsenate was generally corre-
lated with the amount of available soil arsenic required to re-
duce crop growth by 50% (GR505. Residues were Tow in crops where
the edible portion of the crop was not the root or the entire
plant. A P/As ratio has been implicated in arsenic toxicity (22)
and probably has the same effect upon arsenic uptake. Woolson
feels that high phosphorus additions to arsenic-contaminated soils
may increase arsenic uptake by plants without causing toxic
symptoms.

Schroeder and Balassa (38) found that arsenic levels in vege-
tables and grain grown in soil never sprayed with arsenicals were
essentially equal to those grown in soil treated with heavy appli-
cations of phosphate fertilizer with 4.75 ppm As. The average
residues in control and treated grains were 0.93 and 0.47 ppm As
respectively; vegetables were 0.25 and 0.28 ppm As.

Johnson and Hiltbold (28) found unusually high arsenic resi-
dues (1.61 to 5.20 ppm As) in several agricultural crops when
grown on soils that had received previous DSMA or MSMA treatments
for four successive years. The highest total dose of elemental
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arsenic applied during this period was 66 kg As/ha with MSMA
treatments and 58 kg As/ha with DSMA treatments. A light phos-
phorus application was made before planting but crop yields were
not affected. It was not clear what background levels were ob-
served in untreated crops.

The variability in arsenic uptake with different crops and
soil conditions has been emphasized. Since this model is an at-
tempt to illustrate general transfers in their perspective, no
attempt was made to pick one type of crop for this transfer. To
arrive at a general vglue, data from Allaway (44) was used to cal-
culate that 25.5 x 10 tons of biomass were produced each year
from 12 x 107 acres of agricultural land. If the total arsenic
concentration in plants was assumed to be 5.0 ppm As, a transfer
of 23.7 gms As/ha/yr was calculated. The 5.0 ppm value for plants
is probably low but was allowed to present conditions which favor
a soil build-up of arsenic.

Transfer 5: Reduction of Organic Arsenicals to Volatile
Forms of Arsenic (Plant-Air). ATthough not supported with data,
it 1s suspected that the reduction of organic arsenicals to vola-
tile methylarsines may take place while the dead vegetation is
still standing. This reduction reaction is further discussed in
the section on Transfer 7.

The form of arsenic remaining in plants was determined to be
an MSMA or DSMA complex (see discussion for Transfer 3) and CA
may also be complexed within the cellular tissue. The role of
microorganisms in the degradation of plant tissue is not question-
ed and supports this loss mechanism.

Malone (50) found that treatments of CA to a fescue meadow
actually increased the rate of litter decomposition from standing
dead vegetation. He concluded in a similar study (49) that CA
temporarily stimulated some soil bacteria and decreased the number
of fungi but increased the overall decomposition process.

For purposes of modeling this system, it was assumed that
this transfer was negligible. It is possible that this loss is
?ufficient to further decrease the potential build-up of arsenic

n soil.

Transfer 6: Arsenic Losses with Crop Harvest. The portion
of an agricultural crop that is harvested for food, feed or fiber
represents a loss of arsenic from the agronomic ecosystem. It has
been noted that arsenic residues are generally lower in seed and
fruit crops than in root crops or crops harvested for the entire
plant; the amount of biomass removed also follows the same
pattern.

In the following summary, yield data were taken from the
U.S.D.A. 1972 Annual Summary CrPr 2-1(73). Arsenic residue data
were collected by The Ansul Company.

To calculate a general transfer value for this model, all of
the crop losses were averaged and a value of 15.8 gms As/ha/yr was
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Annual Yield Ave. As Level Est. As Loss

Crop (1bs/A) {ppm) (gms/ha/yr)
Alfalfa hay 5,600 0.29 .80

Barley 2,093 0.13 0.45
Bermudagrass 4,000 1.23 5.51
Corn seed 5,040 0.10 0.56
Corn fodder 24,000 0.22 5.96
Cotton lint 450 1.27 0.67
Cottonseed 680 0.06 0.1
Oats 1,600 0.80 1.46
Sorghum seed 3,080 0.17 0.56
Sorghum fodder 20,000 2.15 48.37
Soybeans 1,500 0.12 - 0.22
Sugar beets 40,000 2.83 123.35
Sugarcane 84,000 0.30 28.35
Wheat 2,700 0.07 0.22

the amount lost. Trees (forest and orchard) are actually large
temporary "sinks" for arsenic until harvested for lumber or taken
out of cultivation. Therefore the amount of arsenic lost would be
much greater than the values for field crops.

Transfer 7. Reduction of Arsenicals to Volatile Forms of
Arsenic (Soil-Air). Reduction of arsenicals to volatile forms of
arsenic has been recognized for many years, but the role of this
reaction in the arsenic cycle is just being realized. It has pre-
viously been concluded that once an arsenical came into contact
with soil it was permanently bound at that site. It now appears
that the reduction of organic and, to a lesser extent, inorganic
arsenicals may be a significant loss mechanism from the soil which
redistributes arsenicals within the environment.

Arsine gas was discovered in 1775 by Scheele and described as
a poisonous gas with a persistent garlic-1ike odor. Vallee, et al
(66) reviewed the history and toxicology of arsines. Arsine was
1iberated when hydrogen was generated in the presence of arsenic
but also resulted from the reduction of arsenous or arsenic acid,
from electrolysis of arsenous solutions, or from the action of
water or dilute acid on metallic arsenides.

The review (66) pointed out that most of the accidents in-
volving arsines were reported in chemistry laboratories or in in-
dustry. But, in 1839, Gmelin found that a garlic odor, common in
many damp European homes, was probably due to arsines that were
generated from arsenic used as a coloring pigment in wallpaper and
carpets. Apparently the damp and moldy environment was conducive
to the reductive process.

In 1891, Gosio (67) reported the generation of arsenical gas
from the action of the mold, Penicillium brevicaule, on potato
mash containing arsenious oxide. He was not able to characterize
the gas but later work suggests that it was probably dimethyl or
trimethylarsine. Gosio later reported that Aspergillus glaucus,
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A. virens, Mucor mucedo and M. ramosus also produced this gas
{Gosio-Gas); the exact nature of this gas was debated but was
characterized as being pungent and with a garlic odor.

Challenger, et al (§§g cultivated four strains of Penicillium
brevicaule on bread crumbs containing arsenious oxide to get tri-
methylarsine. Later work (69) indicated that certain fungi were
responsible for the biological methylation of arsenic, but nega-
tive results were noted with bacteria. In contrast, McBride and
Wolfe (70) reported the formation of dimethylarsine with
Methanosarcina and Methanobacterium species of bacteria,

Smith and Cameron {71} studied the use of the mold
Scopulariopsis brevicaulls (previously Penicillium brevicaule) to
detect arsenic in many kinds of food. If arsenic was present in
amounts of 0.001 mg or less, a characteristic garlic odor was de-
tected in two hours; larger amounts of arsenic added (as Asy03)
to sand produced garlic odors within 20 minutes.

Zussman, et al (72) noted that arsine generation was reported
for several species of saprophytic fungi but not for dermatophytic
species. In their work Trichophyton rubrum, the latter type, pro-
duced a strong garlic odor from cultures with arsenate but not
with arsenite. It was not established if arsine or a methylated
form of arsenic was produced. The gas was generated at concentra-
tions of 0.006 to 0.0015 M arsenate; fungal growth was inhibited
at higher concentrations and little odor was detected at lower
concentrations.

Merrill and French (73) found that Lenzites trabea and L.
saepiaria, brown-rotting fungi, liberated a strong garlic odor
when grown on wood treated with an arsenical preservative or
Asy03. Sixty-three other species of wood-rotting fungi did not
cause a garlic odor when grown on a medium containing Asy03. A1l
attempts to identify the gas were unsuccessful.

In a report by Thom and Raper (67), 10 strains or species of
Scopulariopsis (or P. brevicaule) were active arsine gas producers
and 14 strains of Aspergilius sydowi were positive; both of these
groups are common in soil. Many of the organisms tested were not
found to be gas producers at 0.1 and 0.15% arsenic (as arsenious
oxide) but may be found to be positive at lower concentrations.

A Durham sandy loam soil was surveyed to identify the mold species
present. This soil contained enough arsenic from inorganic arsen-
ical applications to be toxic to certain crops. About two species
of Fusarium and two or three unidentified sterile masses were the
most abundant molds. Actinomyces and bacteria colonies were noted
and eventually Myamoeba and p‘asmodium organisms developed. No
infusoria or nematodes were seen. Of these organisms surveyed,
all but Aspergillus ustus, a Penicilla, and some of the sterile
forms were active gas producers. It was concluded from this study
that accumulations of arsenic in the soil may be expected to occur
only when massive amounts are used or under special conditions un-
favorable to the development of a varied microflora.

McBride and Wolfe (74) presented a metabolic pathway using
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Methanobacterium cells or cell extracts to reduce and methylate
arsenate under anaerobic conditions. In the pathway, arsenate is
first reduced to arsenite which is methylated to form methylar-
sonic acid. Methylarsonic acid (MAA) is then reduced and methyl-
ated to form dimethylarsinic acid (cacodylic acid or CA); CA is
further reduced to dimethylarsine gas.

Braman and Foreback (75) developed procedures to analyze for
arsenate, arsenite, methylarsonic acid (MAA) and dimethylarsinic
acid (CA). A1l four forms of arsenic were found in various sam-
ples of natural waters; the latter two were also detected in bird
shells, seashells, and human urine. It was probable that all of
these forms of arsenic occurred naturally and were representative
of the biological reduction levels that are part of an arsenic
cycle. CA was a major and ubiquitous form of arsenic involved in
biological systems. CA was usually found in larger amounts than
MAA which indicates the sequence of CA in the arsenic methylation
sequence. It was noted that CA is approximately 25 times less
toxic than the arsenate ion which suggests that the methylation
reactions are a detoxifying process. The authors did point out
that arsenic inputs may eventually result in increased levels of
the Tethylated arsenicals in water and air due to bacterial mobil-
ization.

Three factors that affect the generation of methylarsines are
species of organism, the concentration of arsenic,and the form of
arsenic. Cox and Alexander (76) found that pH may also influence
the amount of trimethylarsine generated. After incubation of
about one month, garlic odors were detected in cultures with di-
methylarsenic acid (CA) at pH 4, 5 and 7 and in cultures with
methylarsonic acid (MAA) at pH 5. Sodium arsenate was reduced at
pH 4. Trimethylarsine was generated in cultures with three sewer
fungi species, Candida humicola, Gliocladium rosenum and
Penicillium spp., in the presence of CA and MAA. Reduction of
sodium arsenite or sodium arsenate was not observed with G. roseum
or Penicillium but did take place at low rates with C. humicola.
Acid conditions may have enhanced arsenic reduction Tn this study.

Newton and Greaves (48) studied the effects of levels of CA
or MAA and of glucose levels on the loss of arsenic through vola-
tilization. The losses were probably due to an interaction be-
tween the two variables; substantial losses were noted at all
glucose levels while the amount of arsenic lost after 28-31 days
was generally greater with the high concentrations of CA or MAA.
Variations in the losses may have been due to a substrate-organism
specificity. A1l losses were recorded at temperatures below 70°F.

Woolson and Kearney (77) found that arsenic losses from soil
were influenced by soil type, concentration of CA, and moisture
levels. Losses attributed to methylarsines were greater at the
highest rate of CA applied and under anaerobic conditions.
Methylarsine generation was highest in the Lakeland loamy sand and
about equal in the Hagerstown silty clay loam and Christiana clay
soils. The average losses were 35 and 61% under aerobic and an-
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aerobic conditions respectively during a 24-week period. It was
concluded that the gas may have been dimethylarsine which is ex-
tremely unstable and could be oxidized back to CA which is prob-
ably returned to plants or soil.

The Ansul Company (25) concluded that as much as 17% of the
MSMA and 28% of the CA applied to soil over a six-year period
could not be accounted for in the soil profile. Total doses for
the period were 40.2 kg MSMA/ha and 50.4 kg CA/ha. It was con-
cluded that the losses were greater from plots treated with high
rates than those treated with low rates. Arsenic not recovered
was attributed to migration of methylarsines out of the test area.

It should be pointed out that while arsines are known to be
highly toxic to humans, these gases are also volatile and very
unstable at high concentrations. Vallee, et al (66) stated that
simple precautions could have prevented all of the reported
fatalities in industry or in chemistry laboratories. Usually
workers have failed to realize the risk of moisture or acid con-
taining impure metal, especially in closed areas. In humans, ar-
sine concentrations of 3-10 ppm may cause toxic symptoms in sev-
eral hours, 10-60 ppm may be dangerous in 30-60 minutes, and 250
ppm may be lethal in 30 minutes. The maximum average safe concen-
tration for the exposure of workers to arsine is 0.05 ppm as rec-
ommended by the American Conference of Governmental Industrial
Hygienists. It is reasonable to conclude that the levels of vola-
tile arsenicals generated in biological systems under normal con-
ditions are within the 0.05 ppm concentration limit.

For this model, it was assumed that 17-35% of the total input
of arsenic to the soil was lost as methylarsines; this included
inputs from crop residues, irrigations, and fertilizers. The loss
calculated was 1,638-3,282 gm As/ha/yr for CA applications and
1,018-2,007 gm As/ha/yr for MSMA applications.

Transfer 8: Oxidation of Methylarsines. Methylarsines are
very unstable in air at concentrations above .05-.10 ppm and are
rapidly oxidized to less reduced forms of arsenic. Problems
associated with residue analysis for the methylarsines are evi-
dence of their instability. The pathway proposed by McBride and
Wolfe (74) would be reversed so that the oxidation pathway would
be a methylarsine-CA-arsenate sequence. Conclusions by Braman
and Foreback (75) and Woolson and Kearney (77) also support this
oxidation pathway.

Arsenic losses reported in recovery studies by Woolson and
Kearney (77) and The Ansul Company (25) indicate that at Tow con-
centrations methylarsines were stable enough to allow migration
out of treated areas. The presence of CA and MAA in bird shells,
seashells and water in areas remote from agriculture was evidence
of migration of naturally occurring arsenic.

Other studies have reported losses in which all of the arse-
nic applied to soil was not accounted for. Epps and Sturgis (78)
found that 21.6, 3.8 and 1.3% of the initial arsenic levels in a
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flooded Crowley silt loam soil were lost with applications of
calcium arsenate + organic matter, arsenic trioxide + organic
matter, and arsenic trioxide alone, respectively. Incubation time
was eight weeks. Steevens, et al (13) could not account for all
of the sodium arsenite applied to a Plainfield sand (0-83 cm pro-
file). Loss by wind erosion was suggested but methylarsines may
have geen generated.

Hiltbold, et al (26) were unable to recover 67, 57 and 39% of
the arsenic applied as MSMA to Hartsells fine sandy loam, Decatur
silt Toam and Dothan loamy sand soils, respectively, after six
years of application.

The loss values calculated for Transfer 7 were in addition to
the oxidation of methylarsines back to the original site of appli-
cation. It can only be concluded that the net loss of methyl-
arsines was greater than the value for this transfer; this pathway
could be influenced by air movement, precipitation and the initial
concentration of methylarsines in air.

Transfer 9: Arsenic Input with Irrigation. It has been
estabTished that background levels of arsenic in freshwater do
exist (35) (36) (37) (74). This input would be significant in
the overall arsenic cycle, while being more important for certain
areas and crops.

Salman, et al (54) estimated that four irrigations with water
containing 0.05 ppm As would contribute 0.002 1bs of elemental As
or 9.0 gms As/ha/yr. This calculation was exaggerated to present
conditions that most favor soil build up; the average As level in
water is well below 0.05 ppm.

Transfer 10: Movement of Arsenicals from Treated Soil to
Water. The two mechanisms considered for this transfer were 1)
Teaching of arsenicals through the soil profile to ground water,
and 2) wind and water erosion of treated soil particles directly
to water sources. The arsenic fixing capacity of soils has been
previously discussed in Sections A-I and A-II. It was concluded
that the most influential factors were reactive levels of Al and
Fe in soil but that phosphorus additions, soil type, type of clay,
and pH may affect Al and Fe availability.

1) Leaching. Jones and Hatch (2) surveyed old orchard soils
in Oregon that were unproductive due to high levels of arsenic
applications as insecticides. A clay adobe soil contained 441 ppm
As in the surface 20.3 cm but only 19 ppm As in the next 20.3 cm;
similarly, a silt loam soil was found with 61 and 7.6 ppm As at
each respective depth. Benson (7) found that arsenic in orchard
soils treated with lead arsenate was not readily leached below

the root zone with percolating water. Vandecaveye, et al (3)
sampled old orchard soils to a depth of 121.9 cm and found that
the amount of water soluble arsenic was concentrated in the sur-
face 15.2 cm with very little arsenic contained in soil below

In Arsenical Pesticides, Woolson, E.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1975.



9. SANDBERG AND ALLEN An Agronomic Ecosystem 143

61.0 cm,

Arnott and Leaf (24) concluded that arsenic trioxide appli-
cations at rates ranging from 1,120-8,960 kg/ha to a Chenango
silt loam soil did not increase arsenic residues in the soil pro-
file below 35.6 cm. The amount of leachate used affected residues
in the surface 25.4 cm only.

Steevens, et al (13) recovered arsenic that was leached to a
depth of 38 cm after treatments of 90 and 180 kg As/ha/yr (as
sodium arsenite) to a Plainfield sandy soil; an application of
720 kg As/ha caused leaching of arsenic to 68 cm. This distri-
bution was observed three years after application and in an area
with relatively high precipitation (Hancock, Wisconsin).

Research by Dickens and Hiltbold (31) revealed that DSMA was
not leached below 15.2 cm in a Decatur clay loam soil and that
approximately 52% of the DSMA applied was moved through a 22.9 cm

column of Norfolk loamy sand soil. The amount of DSMA applied was
equivalent to 112 kg/ha and leaching was achieved with 50.8 cm of
water. Soil pH did not affect leaching in this study.

Ehman (79) reported the results of leaching experiments with
about 150 cm of water, through columns (about 30 cm) of sandy and
sandy loam soils, containing DSMA (31.4 kg/ha)} and CA (16.8 kg/ha)
applied to the soil surface. The leachate removed about 9% of
eag? product from the sandy soil and about 6% from the sandy loam
soil.

Studies by Johnson and Hiltbold (28) concluded that all of
the arsenic applied with 16 applications of DSMA or MSMA over a
four-year period was within the upper 30 cm of a Chesterfield
sandy loam soil; the rate of application was 8.92 kg/ha/yr with
either treatment. Increased application rates of 17.88 and 35.80
kg/ha/yr of either chemical caused about 25 and 75% of the arsenic
applied, respectively, to move below 30 cm in depth. Soil samples
at 90 cm indicated that leaching had not occurred to that depth.
Approximately 580 cm of rainfall was measured during the study
period.

MSMA applications at rates as large as 40 kg/ha/yr over a
six-year period did not cause leaching of arsenic below 30 cm.

In this study, Hiltbold, et al (26) concluded that movement of
arsenic was least in a Decatur silt loam, greatest in a Hartsells
fine sandy loam, and intermediate in a Dothan loamy sand soil.

Norris (48) studied the movement of MSMA and CA in Klicker
silt loam, Astoria silty clay loam and Edds loam soils from forest
floors in the Northwest. MSMA was not leached through any of
these soils (7.62 cm soil columns) while 86.4 cm of water were
required to move 84 and 50% of the CA applied in the Klicker and
Edds soils, respectively. It was concluded that neither chemical
presented contamination hazards to groundwater.

Total doses of MSMA at 40.2 kg/ha and CA at 50.4 kg/ha over
a six-year period have not increased arsenic levels below the plow
layer in a Hidalgo sandy clay loam soil (25).

These studies indicated that the possibility of contamination
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of groundwater with leaching of arsenicals is very insignificant.
A1l of the conditions which favor leaching (high rates of arsenic
applied, light soils, and heavy leaching pressures) were tested,
but leaching below the 90 cm depth of soil was not observed; in
most studies this depth was considerably less. For the agronomic
ecosystem model, this part of Transfer 10 was considered negli-
gible.

2) Erosion. Erosion of soils has been conservatively esti-
mated at 2.78 tons per acre per year when corn, wheat and clover
were grown in rotation (80). If the average soil arsenic level
is assumed to be 10 ppm As, approximately 60.0 gms As/ha/yr are
lost with this transfer.

Transfer 11: Arsenic Inputs with Commercial Fertilizer.

Schroeder and Balassa (38) noted that phosphate fertilizers con-
tained as much as 4.50 and 4.75 ppm As. This is not unexpected
because of the similarities and interactions between As and P (38)
(43) (27). Assuming that a soil test for phosphorus is within
average values, a rate of about 84 kg/ha phosphorus is recommended
to maintain soil fertility (81). A transfer value of 0.4 gms
As/ha/yr was calculated for the model.

Transfer 12: Arsenic Contamination from Non-Agricultural
Sources. Inputs of arsenic from the burning of fossil fuels (43),
industrial wastes (35), and municipal wastes (27) are known to
occur, but the amounts contaminating the agricuTtural ecosystem
are not known at this time. The transfer rate for this model is
assumed to be zero.

E. Conclusions

The ubiquity of arsenic in the environment is evidence of redis-
tribution processes that have been operating since early geo-
logical times. Recent work by Braman and Foreback (75) confirms
the presence of a natural arsenic cycle, but long-term effects of
man-made arsenic inputs on this cycle remain uncertain.

This model was proposed to give some perspective on the
impact of organic arsenical herbicides in an agronomic ecosystem;
however, many of the transfers involved would certainly be appli-
cable to other ecosystems. The reduction of arsenicals to methyl-
arsines, soil erosion and arsenic uptake were the primary redis-
tribution mechanisms in this model.

Since the soil is the ultimate sink for arsenic, a budget for
soil was arranged. Values presented are theoretical and reflect
conditions which favor a buildup of arsenic in soil. HNet input
into the soil with the CA model was 9,139.3 gm As, net losses were
1,721.7-3,365.0 gm As/ha/yr, giving a theoretical buildup of
2.6-3.3 ppm As/ha/yr. In the MSMA model, input was 5,512.3 gm,
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losses were 1,107.7-5,512.3 gm As/ha/yr, or a 1.5-1.9 ppm As gain.

The 17-35% values used for methylarsine losses may be low.
These values were taken from studies in which herbicides were
applied directly to bare soil surfaces. In practice, efficient
applications of organic arsenical herbicide will distribute most
of the residues in or on weedy plant tissue, increasing the possi-
bility of methylarsine losses directly from decomposing vegetation
to air and bypassing soil in the transfer sequence. It has been
reported that garlic odors were most noticeable when high rates of
CA or MSMA were used, so the percent lost may increase with con-
tinued applications. It is suspected that an equilibrium will
occur in soil at which methylarsine losses equal organic arsenic
inputs, but this has not been clearly demonstrated yet.

From the data presented in this model, it was concluded that
arsenic is mobile and nonaccumulative in the air, plant and water
phases of the agronomic ecosystem. Arsenicals do accumulate in
soil but redistribution mechanisms preclude hazardous accumula-
tions at a given site.
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Simulation of the Mobility of Arsenic Compounds
in the Environment: A Southern Texas Case Study

JOHN E. STOLZENBERG

Institute for Environmental Studies and Department of Chemical Engineering,
University of Wisconsin, Madison, Wisc. 53706

In studying the behavior and effects of an economic poison
or a family of economic poisons, one is ultimately concerned with
the behavior of the material in natural systems, that is, in the
field. Unfortunately, due to the complexities of such behavior
the researcher is often forced to perform either laboratory exper-
iments or highly controlled field experiments in order to hold
his experimental design and observations to manageable propor-
tions. Common practice then calls for experts to extrapolate
these experimental results to predict the expected behavior of the
chemical for much larger and more realistic natural systems. When
many interacting parameters are involved, the experts often either
consciously or unconsciously simplify their evaluation to be able
to arrive at a conclusion. 1In this paper, the development is re=-
ported of a computer simulation model designed to integrate di-
verse information on the mobility of a selected chemical in a re-
gional enviromment. Since it is impossible to derive all the mass
transport equations describing such a complex, multidimensional
system, the model has been formulated probabilistically rather
than deterministically. A flow path is constructed for an indi-
visible portion of the chemical. Then flow path construction is
repeated many times, and the distribution is averaged in order to
predict the representative behavior of the chemical. To cope with
the large data requirements, often on unknown aspects of the ma-
terial's behavior, the model can incorporate either objective or
subjective quantifications of the processes influencing the chem-
ical being simulated. Thus, the model can be viewed as a tool
which augments experts' understanding of the behavior of specific
compounds in a selected system.

In the next section an overview of the model will be pre-
sented. This will be followed by a discussion of the case study
that the model is being applied to. This case study involves pre-
dicting the fate of disodium methanearsonate (DSMA) and its deriv-
atives after it has been applied by cotton farmers in Southeastern
Hidalgo County, Texas.
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Overview of the Model

Basic Model Logic. The model is based on the simple obser-
vation that for a portion of the chemical to get to a specified
position and form (the state of the chemical) within the regional
environment, certain recognizable transitions in a specific se-
quence had to have happened to this portion. Furthermore, once
in a given state, only a limited number of things can then happen.
For example, for a pesticide to be adsorbed onto soil particles
ten centimeters beneath the soil surface, first the sprayed chem-
ical had to be carried into the soil, possibly by leaching., Once
adsorbed, this portion of the chemical could only be influenced
by a limited number of processes such as desorption or uptake by
microorganisms. These observations lead to the basic algorithm,
or recipe, for the model: follow a portion of the chemical
through the regional environment by focusing on the competing
processes that may affect the chemical for any given set of con-
ditions. Considering the availability of information and the
resolution of the model, "competing processes" are those processes
which (a) cannot be further divided into two or more processes,
and (b) represent the set of probable processes which can influ-
ence the chemical in a given state. In other words, by examining
the competing processes for a given state, choosing one of them
to operate on the chemical, and then performing the process within
the model, a subsequent state can be identified. If these steps
are repeated for each new state until appropriate termination is
reached, a flow path for the chemical is constructed. As ex-
pressed in Table I, these operations form the basis for the model
logic.

Table I. Basic Model Logic Governing
Transitions Between States

1. Determine Realistic Environmental Conditions
2. Determine Possible Competing Processes

3., Select a Process

4. Perform Prescribed Process

The environmental conditions of interest are determined by
the current state of the chemical. For example, if the flow path
has followed the material to it being attached to dust particles
floating through the air, the model would not have to retrieve in-
formation on soil pH. Instead, information such as wind speed and
wind direction would be estimated based on historical records.

The information on envirommental conditions is then used in Step
3, "Select a Process.”
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The inherent problem with Step 2, "Determine Possible Com-
peting Processes," is that a computer can't generate these pro-
cesses. The list of all possible processes has to be structured
so that for any state, the set of competing processes is immed-
iately apparent, and once a process has been chosen (thus defin-
ing a new state) the new set of competing processes is apparent.
The graph to structure the processes properly has been designed,
and an example of it is presented below in the discussion of the
case study. The non-numeric computer programming needed to con-
struct the process graph is too lengthy to discuss here, but it
is presented elsewhere (1).

"Select a Process" reflects the gquantification of the deci-
sion rule which determines how to partition the chemical among
the competing processes. Unfortunately, the understanding of the
mobility of trace chemicals in natural systems is such that very
few mechanisms which control the partition are known quantita-
tively. To circumvent this uncertainty, the model has been form-
ulated probabilistically with the four steps in Table I applying
to an indivisible portion of the chemical. This implies that at
any given state, only one of the competing processes will act
upon the chemical. To quantify this selection, each process must
be described in terms of a probability function where the proba-
bility of the process occurring is a function of the properties
of the chemical and environmental parameters influencing the pro-
cess (as determined in Step 1). Then, the process to follow is
chosen randomly. The likelihood of picking a process is weighted
according to the size of the probability of that process occur-
ring. This random selection is demonstrated in Figure 1 for a
set of three competing processes. The probabilistic computa-
tional scheme using random numbers to choose outcomes just des-
cribed constitutes a Monte Carlo simulation (2). The formulation
of the probability functions describing the processes will be
presented later in this paper.

The final step in constructing one transition in a flow path
is to perform the prescribed process within the model. This is
essentially a bookkeeping step. The time that the process takes
must be accounted for and the new state of the chemical must be
identified. Also, as mentioned earlier, whether or not the flow
path should be terminated must be determined in this step. A
path can be terminated for any one of the following four reasons:
(1) the model predicts that the chemical is transported beyond
the boundaries of the regional environment being modeled; (2) the
end of the modeling period is reached; (3) the model predicts
that the chemical is in a "sink," such as being tightly adsorbed
onto clay particles; and (4) no following processes are specified
for a given state, reflecting a lack of knowledge of what could
happen next.

In order to program this logic for a digital computer, the
representation of the regional system must be discretized into a
three dimensional spatial grid. The grid cell boundaries
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Step 1. Evaluate probability functions.
Probability (Spray Drift into Air) = f(chemical and
environmental parameters) = 0.25

Probability (Deposit onto Soil) = f(chemical and
environmental parameters) - 0.40

Probability (Deposit onto Plant Leaves) = f(chemi-
cal and envirommental parameters) = 0.35

Step 2. Use a random number to pick a process.

Let the random number = 0.35

Spray Drift Deposit onto Soil Deposit onto Plant Leaves

L] 2 3 2 3 T L
0 0.2 *0.4 0.6 0.8 1.0
Random
Number

Therefore choose "Deposit onto Soil" for this Flow Path

Figure 1. Selecting a process
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correspond to physical attributes of the system such as a water
course bank or the edge of a soil series, Superimposed on this
grid are functional pools and the various forms the chemical can
be transformed to. The pools are where the transitions or
changes to the chemical take place. An example of a pool for a
herbicide is "Inside the Target Plants," Thus, the chemical can
be transported among pools, or it can be transformed to a deriva-
tive within a pool.

Process Probability Functions. As described above, the
model is a mechanistic simulation depending on both how the pro-
cesses are ordered and quantified. 1In quantifying the processes,
a balanced yet flexible treatment is called for so that neither
transport nor transformation processes are biased. Three steps
are followed in deriving a process probability function. To be
included, each process must be identified as significant. Then,
through a brief review, the process is broadly characterized.
Finally, the process is quantified in a probability function.

Since it would be nearly impossible to incorporate every
conceivable process that could affect the chemical(s) under
study, only "significant" processes are included. A significant
process is defined as a process that is proven or is strongly
suspected by analogy with the behavior of other chemicals to be a
major link in the flow path of the chemical in the case study
situation. A link is major because either the amounts of mater-
ial involved are relatively large or the resultant biological
effects are important.

The second step is to review the known, pertinent character-
istics of the process. This includes identifying the following:
the major variables influencing the process, including properties
of both the chemical and of the environment; important papers on
the process in the literature; mathematical descriptions of the
process, if any exist; those processes that must proceed and
those processes that can follow the given process; those pro-
cesses that could be competing with the given process; and the
conditions in the case study situation under which the process
would take place.

Quantification of the process can be either objective or
subjective. If the information identified above is sufficient
to describe the behavior of the chemical under a range of condi-
tions for the regional environment of interest, then an objective
probability distribution of the process can be formulated. But
for most processes it is anticipated that little, if any, of the
desired field information exists. 1In this case, experts' under-
standing of the process for the given situation will be quanti-
fied using techniques developed mainly by management scientists
and psychologists (3). Here the concern is not so much how
humans process information in reaching a decision as that subjec-
tive human estimates can be resorted to when objective probabil-
ities cannot be formulated. The format followed in interviewing
an expert is outlined in Table II and is based on the review by
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Table II. Steps in an Interview Designed to Solicit
an Expert's Subjective Probability of a
Given Process Occurring

Initial Contact - The interviewer states his objectives
and reviews the modeling technique and
case study with emphasis on the role of
probabilities.

Variable Selection - The interviewer and expert agree
upon the major variables needed to
describe the process and upon the
processes competing with the one
being quantified. Relevant research
results, if available, are skimmed;
ranges of the variables in the case
study situation are identified. The
expert ranks the variables in order
of importance. Interactions among
the independent variables are ident-
ified as are mass dependencies.

Solicit Probabilities - The interviewer solicits for
specified sets of variables,
the probabilities of the process
occurring, or their equivalent,
given the presence of the compet-
ing processes. The probabilities
are associated with the same time
interval for a complete set of
competing processes. Experimental
design techniques are used to in-
sure adequate coverage of the
ranges of the variables.

Consistency Checks - The interviewer spot-checks the ex-
pert's probabilities during Step 3
by providing feedback of the expert's
previous results.

Follow-Up Questions - The expert is asked, for the condi-
tions covered, how detailed (accur-
acy and collection periods) data on
the variables should be and how ap-
plicable his process probability
function is to other chemicals and
other field conditions.
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Huber (4). Once the experts' probability responses are obtained,
they are formulated into a mathematical function using standard
multiple regression analysis techniques. In addition to yielding
a probabilistic description of the process, the information ob-
tained from the experts will compliment that obtained in the
characterization of the process.

To simplify the overall modeling effort, the key assumption
is made that the probability of a process occurring is indepen-
dent of the concentration of the chemical present in any given
state being operated on. This assumption is based in part on the
judgment that the occurrence of processes in the case study will
be controlled more by environmental parameters such as soil mois-
ture and pH than by the exact amount of the chemical present.
Furthermore, the assumption seems warranted because the model will
be more affected by whether or not a process is included in the
simulation than by its exact mathematical description. Finally,
at least for the case study, available historical records will be
depended upon for the values of many of the envirommental para-
meters. Since these records are of varying quality, a highly
sophisticated simulation is not justified. Under this assumption,
the probability of a process occurring equals the fraction of the
chemical in the initial state that will be affected by the pro-
cess. This assumption also implies that for any given state what
happens to the indivisible portion of the chemical is independent
of the past states that the chemical has been in. This is the
"Markov Property," and it means that the computational scheme can
also be considered a Markov Chain (l). Being a Markov Chain aids
the interpretation of the model outﬁht. Now the proportion of
flow paths ending in a given state after a specified time in the
Monte Carlo simulation is equivalent to the fraction of the init-
ially applied chemical in this state after the same time interval.

Arsenic Case Study

As introduced above, the general framework of the model is a
way to conceptualize the behavior of a chemical. To proceed fur-
ther with quantification, the model must be molded about a speci-
fic chemical or family of chemicals acting in a specific setting.
The case study chosen for examination involves predicting the fate
of the arsenical herbicide disodium methanearsonate (DSMA) as
used by cotton farmers in Southeastern Hidalgo County, Texas.

More precisely, the simulation objective is to predict where the
DSMA applied during a representative cotton growing season will
be and in what form after this cotton has been harvested. This
region is about 50 kilometers (31 miles) up the Rio Grande River
from Brownsville, Texas and is approximately 500 square kilometers
(193 square miles) in size. Other characteristics of the case
study region are summarized in Table III.

The processes felt to be significant have been identified,
and now they are being characterized and quantified. An ordering
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Table III. Summary of the Major Features
of the Case Study Area, South-
eastern Hidalgo County, Texas

Hydrology - Rio Grande River is the southern boundary; Rio
Grande Floodway cuts through; North/South ditches

are used to carry irrigation water; 51 to 76
centimeters (20 to 30 inches) of rain fall
year (coming mainly in high intensity tropical
storms) .

Topography - The area is fairly flat, having an elevation
change of 9 to 12 meters (30 to 40 feet) between

the Northwest and Southeast corners.

155

Meteorology - Predominant winds are from the east; mean annual

temperature is about 23°C (74°F).

Biota - Area is predominantly agriculture; main crops are

cotton and sorghum, grown in similar proportions;
grapefruit orchards and some truck farms are also
present.

Soil - Types vary over approximately 20 series, including:

"1l) level, moderately and slowly permeable, loamy
soils of flood plains and low terraces, 2) level,
moderately and slowly permeable, loamy and clayey
soils of uplands, 3) gentle sloping, moderately
permeable, loamy soils of uplands, and 4) level, very
slowly permeable, high shrink-swell clayey soils of
low terraces and upland." (5); soil pH ranges from
6.6 to 8.4.

In Arsenical Pesticides, Woolson, E.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1975.



156 ARSENICAL PESTICIDES

of these processes is under review. To understand these processes
better, it is useful to first consider the pools where the behav-
ior of the chemicals in the model is aggregated and the deriva-
tives of the DSMA that are included in the simulation.

Pool Identification. As defined above, the pools are aggreg-
ates of functional locations of all the point phenomena affecting
the chemicals. The use of pools helps in identifying processes
and data requirements. By connecting a block diagram of the pools
with arrows corresponding to processes, the flow chart of all
considered paths is defined. (Such a chart would have to be at
least two feet by three feet to be legible and comprehensive.)

The seventeen pools defined for the case study are given in Table
IV. They reflect a balance among manageability of the computa-
tional aspects of the model, realistic portrayal of the actual
behavior of the arsenic compounds and limitations in experimental
data.

Table IV. Pools Used in Representing
the Case Study Environment

Spray Equipment Air Medium
1. Spray Solution 10. Air
S0il Medium Terrestrial Biota
2. Ground Surface 11. Target Plant

Leaf Surface

3. Bulk Soil Water

12. Non-Target Plant
4. Soil Particle Leaf sSurface

Surface

13. 1Inside Target Plant
5. Groundwater

14. Inside Non~-Target

Water Medium Plant
6. Open Water 15. Harvested Crop
Surface

16. Terrestrial Food
7. Bulk Channel Web
and Lake Water
Man-Made Structures
8. Channel and
Lake Bottom 17. Cities

9. Aquatic Food Web

The starting point for all flow paths is the Spray Solution
pool. This represents all of the DSMA applied to fields by
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spraying and related operations such as spillage onto fields.,
Arsenic compounds from other sources such as that transported by
air into the region or herbicides sprayed on right-of-ways are
not considered in the present version of the model. From the
Spray Solution pool, the DSMA goes into one of the four surface
pools or into the air.

The surface pools are quite important in the model because
they represent interfacial areas where critical partitioning in
the flow paths of the arsenic materials takes place. The DSMA is
deposited onto the ground and plant leaves by the sprayer. The
non-target plant is mainly cotton while weeds such as Johnson
grass are the target plants. Spray drift carries the herbicide
to either nearby water surfaces or into the air long enough for
the DSMA to be converted to another form., Data limitations neces-
sitate the aggregation of the behavior of the materials in the
air into one pool.

Bulk Soil Water represents water in the soil that is not
tightly bound, that is, moisture content above the wilting point.
Here, vertical transport in the water column takes place. When
irrigation is sufficient in the case study region to create a
seasonal water table and the possibility of horizontal water
movement, this behavior is represented in the Groundwater pool.
The Soil Particle Surface pool is a combination of the microorgan-
isms in the soil, of the surfaces of all the individual soil par-
ticles, and of the tightly bound interstitial soil water. These
are lumped together because of the difficulties in experimentally
separating them. Within this pool, gross phenomena such as ad-
sorption and microbial oxidation take place. The space in the
expanding lattices of certain clay minerals can be an important
pool for some material. But, since the arsenic ions considered
in the model are anionic in nature, this pool is not included.

In addition to their surfaces, the insides of both target
and non-target plants are treated as pools. Here the concern is
more with what arsenic goes into the plants and what comes out
rather than dwelling on the biochemical reactions taking place
within the plants. Harvested Crop is an important pool because
it represents a pathway for the arsenic chemicals to humans.
Cotton fiber and cotton seeds are parts of this pool. The final
Terrestrial Biota pool is the conglomerate, Terrestrial Food Web
(or Chain). This pool represents the uptake of arsenic compounds
by animals and includes transfer of the chemicals by predator re-
lations up a food chain. It is included even though there is
little documentation of the arsenic herbicides so functioning.

The Cities pool is another route of exposure to man, The
DSMA or its derivative could conceivably reach a city via air
transport processes. The case study region has a string of small
cities in it, which due to their location relative to the pre-
vailing winds, could be contaminated by the arsenic compounds.

If a flow path does indeed lead to a city, the model will not pre-
dict what happens to the chemical once it gets to the city.
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The pools representing the Water Medium in addition to the
water surface are straightforward. Bulk Channel and Lake Water
include, besides rivers and lakes, irrigation ditches and flood-
ways. The bottom or sediments of these waterways constitute
another pool. Finally, the biological uptake is lumped into an
Aquatic Food Web pool.

Forms of Arsenic, To completely understand the behavior of
DSMA, it is necessary for the model to incorporate transforma-
tions of DSMA to other forms of arsenic as well as the transport
of DSMA within the case study region. These transformations are
assumed to occur entirely within pools., Transformations may also
occur among the derivatives of DSMA, implying that the model is
capable of simulating cycles among arsenic compounds. The model
is programmed to consider the following forms in addition to
DSMA: monosodium methanearsonate (MSMA), the salts of dimethyl-
arsinic acid (cacodylic acid or CA), the arsines, and the salts of
inorganic arsenates. The salts are used because of the alkaline
nature of the case study area soil. Inorganic arsenites are not
included.

MSMA is included in the model due to a combination of two
reasons. First, measured by acute toxicity MSMA is less toxic
than DSMA (6), implying differences in behavior between the two.
Secondly, MSMA is more than likely being formed in the case re-
gion's soil. Since the soil pH ranges from 6.6 to 8.4 while .the
dissociation constant, pKz, between MSMA and DSMA has been re-
ported to be 7.82 (7), 8.24 (8), and 8.7 (9), appreciable propor-
tions of DSMA could be converted to MSMA, depending mainly on the
specific soil pH.

Evidence continues to mount that under proper conditions,
various forms of arsenic can be biologically reduced to either
arsine, methylarsine or dimethylarsine (10-12). Due to the analy-
tical difficulties in distinguishing among these forms of arsines,
all three will be considered together in the model,

Based on the author's limited review, there are no reports
in the literature of DSMA or MSMA being methylated to cacodylic
acid in field conditions. However, Wood proposed that this re-
action does occur as part of the biological cycle for arsenic
(13). A recent study analyzing environmental samples for methyl-
ated forms of arsenic concluded, "Dimethylarsinic acid is a major
and ubiquitous form of arsenic in the environment," (14). 1In
early lab studies, Dehn and Wilcox showed that dimethyl arsines
are slowly oxidized to cacodylic acid (15). Finally, future ver-
sions of the model may also use cacodylic acid as a starting ma-
terial. Therefore, for these reasons, it is felt that cacodylic
acid is potentially an important form of arsenic in the case
study and should be included in the modeling effort.

Under aerobic conditions, DSMA (10), MSMA (16) and Cacodylic
Acid (11) have been shown to ultimately oxidize and demethylate
to inorganic arsenates. Thus, it is necessary to include the
arsenates as a significant arsenic form in the model.

In Arsenical Pesticides, Woolson, E.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1975.



10. stoLzenBerc  Mobility of Arsenic in the Environment 159

One form of arsenic not included is inorganic arsenite. At
the level of detail of the proposed model, arsenite appears to be
an insignificant form of arsenic. Quastel and Scholefield found
that arsenite is readily oxidized biologically to arsenate (17).
Furthermore, Von Endt, et. al., detected only MSMA and arsenate
and no arsenite in their work on the degradation of MSMA (16).

Proposed Significant Processes. The processes discussed in
this section are matched to the case study conditions. In other
settings, additional processes may be called for in describing
the behavior of arsenic compounds. Some of the processes are in-
cluded for the sake of completeness and will probably have to be
compromised and aggregated with other processes due to data limit-
ations. Yet it is useful to start with a fairly complete list of
processes because it forces one to examine what he really knows
about the total behavior of a family of chemicals. The literature
citations are not exhaustive, but they are felt in most cases to
be sufficient to identify a process as significant, When pos-
sible, the citation refers to a process affecting one of the five
forms of arsenic included in the simulation. Transport processes
imply transitions between two pools or cycling within one pool
for one form of arsenic. For example, Spray Drift is between the
Spray Solution pool and the Air pool, while Leaching can occur
entirely within a pool. Transformation processes refer both to
changes in physical states and to alteration to another arsenic
form. Physical Adsorption illustrates the former; Biological
Reduction the latter. Table V, which contains a summary of the
proposed significant processes, serves as an outline to the in-
troduction to the model processes which follows,

The Introductory Transport processes are the routes by which
the DSMA enters the regional environment from the spray equipment.
Recommended techniques and rates of applying DSMA are available
from manufacturers (18). Depending upon the weather conditions
at the time of spraying, drift of the liquid spray drops can
occur (19, 20).

Changes in the physical states of a given arsenic species
occur by physical transformations. Physical Adsorption and De-
sorption involving Van der Waals forces are one such process.

The factors influencing adsorption have been reviewed by Bailey
and White (21). Various studies, where the adsorption is correl-
ated to the clay contents and thus the soil surface area, indicate
that this process does influence arsenic compounds (10, 22). De-
sorption can often be inferred from leaching studies. Apparently
only the arsines undergo Vaporization (23). What happens in
field soils once the arsines are produced has not been reported
even though Vaporization is potentially a critical link in cycl-
ing arsenic out of a fixed location in the soil. Work on measur-
ing the Vaporization of other pesticides should be of help in the
modeling effort (24-27). The Precipitation of insoluble arsenic
compounds after Ion Exchange is the mechanism for another type of
sorption phenomena, chemisorption. Pietsch has reported at what
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Table V. Proposed Significant Processes

Introductory Transport Processes

Deposit onto Soil and Plants
Spray Drift into Air or onto
Water

Physical Transform Processes
Physical Adsorption
Physical Desorption
Vaporization
Precipitation

Chemical Transform Processes
Ion Exchange (Complexation)
Dissociation
Oxidation

Microbial Transform Processes

Reduction (and Methylation)
Oxidation (and Demethylation)

Plant Transport Processes
Absorption into Leaves
Root Uptake
Plant Decay

Food Web Transport Processes

Aquatic Organism Uptake
Terrestrial Organism Uptake

Human Intervention Transport Processes

Harvest Crop

Plow in Plants

Plow in and up Soil
Pump Water from Fields

Plant Transform Process
Metabolism by Plants

Water-Soil Transport
Processes

Leach into Soil and
off Plants
Water Erosion

Water Transport Processes

Bulk Flow Transport
Mixing by Turbulence
Sedimentation
Scour Pick-Up

Air Transport Processes

Particle Transport by
Wind and Turbulence
Sedimentation
Precipitation Scavenging
Impaction

Wind Erosion
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pH's various metal ions will form a precipitate with methylarsonic
acid and dimethylarsinic acid (28), and Chukhlantsev has reported
the solubility products for a series of arsenates (29, 30).

In chemical transformations, the structure of the compound
is altered. The arsenates (31, 32), MsMA (33), DSMA (10), and
cacodylic acid (11) all have been reported to exchange or complex
with iron, aluminum or calcium ions and oxides. With the basic
pH's and high calcium levels in the case study soils, chemisorp-
tion with calcium complexes becomes one of the more important
processes in the simulation. The Dissociation of methanearsonic
acid between its monosodium and disodium salts was introduced in
the discussion of the arsenic forms included in the model., At
this time, the resolution of the model does not warrant disting-
uishing between the mono and disodium salts of arsenate. The
equilibrium constant of cacodylic acid is low enough, 6.27 (8),
that essentially most of the cacodylate will occur as a salt.
Chemical Oxidation is apparently a relatively rapid decomposition
mechanism of the arsines (34). On the other hand, cacodylic acid
has been reported to be very resistant to Chemical Oxidation (14).

Wood recently pointed out the importance of microbial con-
versions of metals in the environment (13). He also proposed a
biological cycle among arsenate, arsinite, methylarsonic acid,
dimethylarsinic acid and the arsines based in part on the work of
McBride and Wolfe (12). Various other workers have demonstrated
the importance of Microbial Oxidation or Reduction with appropri-
ate Demethylation or Methylation for DSMA (10, 22), MSMA (16),
and cacodylic acid (ll1). The process of the microbes taking up
a chemical is lumped in the model with the appropriate transform-
ation that follows.

The Plant Transport processes describe mechanisms for moving
the arsenic compounds either into or out of the two pools, Inside
Target Plants and Inside Non-Target Plants. Even though the
effects of the Absorption of sprayed arsenic herbicides into
plant leaves has been studied (7, 35-37), few reports were found
on the actual Absorption process. Since DSMA is sprayed with a
surfactant added to the spray solution, Foy and Smith's review on
the role of surfactants will be helpful (38) as will Ashton and
Crafts introduction to the Absorption of arsenicals (39). Root
Uptake of residual arsenicals is important because of the implic-
ations for understanding the ultimate loading, if any exist, of
treated areas (El' 33, ég, 41). Plant Decay is the process
whereby arsenic within a plant is carried to the soil by the
dying and subsequent decaying of the plant,

‘Translocation within plants is lumped together with Metabol-
ism by Plants in the model. At least in some species DSMA is not
readily broken down (42), while it is strongly suspected that
organic arsenicals are reduced to arsines within some plants (34).
If plants do indeed produce arsines, this would provide an addi-

tional route for mobilizing arsenicals out of soil and plant
pools.
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The Water-Soil Transport processes occur when sufficient
water interacts with plant surfaces or the soil in carrying an
arsenic compound to or through a soil medium pool. Even though
the arsenicals are usually strongly bound by chemisorption, the
short distances Leaching carries the material can be important in
introducing it to new reactive conditions (10, 22, 33). In spite
of the case study region being fairly flat, the high intensity
rain storms in the area can remove surface soil by Water Erosion.
Therefore, any arsenical sorbed to this soil will also be trans-
ported. Work on water erosion and the removal of other materials
will be useful in characterizing Water Erosion for this model
(43, 44).

If an arsenic compound reaches a watercourse or lake, the
Water Transport processes describe the movement of the material
with the water and to and from the sediments. As a first approx-
imation, the arsenical is assumed to be bound to a particle in
the water so a standard treatment of inland hydrology should be
sufficient to characterize these processes (45). Mixing by Turb-
ulence refers to mixing within the water column while Sedimenta-
tion is a setting process carrying particles by gravity to the
waterway bottom. Scour Pick-up is the removal of bottom particles
by the bed load of sediments moving along the channel bottom.

In addition to Spray Drift, arsenicals can enter the air
pool by Wind Erosion or possibly by Vaporization of arsines. If
the latter process does take place as the evidence on biological
reduction of arsenic compounds indicates, then Air Transport pro-
cesses will be especially important in redistributing arsenic in
the environment. No work on the air transport of arsenicals has
been found in the literature, but a review of the concepts with
respect to pesticides in general is available (46). Work by the
United States Atomic Energy Commission also provides a firm in~
troduction to these processes (47, 48). As with water, Sediment-
ation is the fall out of particles due to gravity. Precipitation
Scavenging describes washing particles from the air both in and
below clouds by rain (49), and it constitutes an important way of
returning material from the lower atmosphere. Impaction is a
deposition mechanism (50). It is of concern in the model as a
contaminating mechanism of cities. Apparently a small amount of
Wind Erosion does occur in Southeast Hidalgo County as evidenced
by the appearance of small dust clouds even after crops have
started to emerge from the soil (9). Wind Erosion can be char-
acterized using factors in a "Universal Equation for Measuring
Wind Erosion” (51).

The Food Web Transport processes describe both the uptake
from the environment by organisms and the consumption of a prey
containing an arsenical in its tissues by a predator. Here the
concern is more with the organisms physically transporting the
chemical to another location, leaving the interpretation of ef-
fects to biologists. In a model aquatic ecosystem, cacodylic
acid was found to not magnify to any great degree through food
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chain feeding relations (52). In another setting, certain
species of earthworms were found to play an important role in the
vertical redistribution of cadium from the litter in the soil
profile (53). The influence of soil insects and earthworms in
the case study is unknown, but if present it would probably be
important.

The final set of processes considered in the model describe
transport mechanisms immediately resulting from the intexvention
of man. If residues of the arsenicals are present in the cotton
fiber or seed when the cotton is harvested, then this suggests
an important pathway of the material to man. By law, the cotton
farmers have to plow in the cotton plant remaining in the field
after harvesting by September lst each year. Thus, any arsenic
in the plant or on or near the soil surface will be bodily moved
to 23 to 38 centimeters underground. This process potentially
exposes the arsenic plowed in (as well as that plowed up) to a
new set of reactive conditions. Such action more than likely
greatly affects the long term behavior of arsenic residuals in
the soil. During intense tropical storms, parts of the case
study region are so flat that the rain water doesn't readily
drain. To protect their crops from the effects of ponding, the
local farmers often pump their fields dry, placing this water in
irrigation ditches. If arsenicals are sorbed to soil particles
near the soil surface of such flooded areas, it is conceivable
that pumping could transport the chemicals to an aquatic system,

Process Graph Example. To demonstrate how the processes,
pools and forms discussed above will be structured in the case
study simulation, the process graph showing all the combinations
of possible flow paths for DSMA is presented in this section,
This graph indicates a transformation from DSMA to one of the
four other forms of arsenic considered in the model, but it
doesn't follow the flow path for the new form. When all forms
of arsenic are included in the graph, it will be considerably
longer. Also, the process graph for DSMA as given in Table VI
will more than likely be modified as experts are consulted. The
number for each entry is a unique identifier used in the computer
programming of the graph. Next is a verbal description of the
process. Following the slash is the form of the indivisible por-
tion of arsenic present after the process has occurred. DSMA,
MSMA, and CA are the standard abbreviations while ASO4 stands
for arsenate.

Since this ordering of processes forces one to be quite
specific about the behavior of DSMA including unknown aspects,
many assumptions are necessary. For example, it is assumed that
microbes only take up DSMA from solution and that plowing only
affects bound materials. Adsorption mechanisms are lumped to-
gether into one process. What happens when terrestrial or aquatic
organisms take up DSMA is not specified, reflecting a lack of
knowledge about these processes.
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Figure 2 is presented to help the reader interpret Table VI.
The process graph only gives processes (arrows in Figure 2) as
the states between processes (boxes in Figure 2) are implied.

The process graph can be viewed as an outline. Those processes
with the same uninterrupted indentation and in a given sequence
of process numbers are competing process. (Processes numbered

06 through 09 in Figure 2 are competing processes.) As one moves
down and in one indentation from any given process, the subsequent
set of competing processes is given. (Assuming 0l Deposit onto
Soil is the first process chosen, then the set of competing pro-
cesses following process 0l are processes 06 to 09.) The process
described as "Sit" in the graph is added for bookkeeping purposes.
When Sit is chosen as a process to follow, this implies that the
chemical remains in its present state for a prescribed amount of
time. Processes listed in parenthesis indicate the given flow
prath loops to another part of the process graph. (The set of
competing processes that can occur after process 09 are processes
06 to 09). In this way,. possible repeating of processes for more
than one time step, feedback loops and cycling can easily be
handled by the model. If no set of competing processes is listed
beneath a given process, then this process is the terminal pro-
cess for that particular flow path.

To illustrate how the model would use this process ordering
a conceivable flow path for an indivisible portion of DSMA, as-
suming appropriate environmental conditions, is: (Spray Solution)
01 Deposit onto Soil (Ground Surface) 07 Adsorption (Ground Sur-
face) 10 Water Erosion (Open Water Surface) 40 Mix into Bulk Chan-
nel (Bulk Channel Water) 47 Bulk Flow Transport (Bulk Channel
Water) 46 Sedimentation (Channel Bottom) 52 Sit on Channel Bottom
for one time step (Channel Bottom) 50 Microbial Oxidation (Chan-
nel Bottom). The processes are listed in the predicted order of
occurrence. The pool that the chemical would be in after a pro-
cess has occurred follows it in parenthesis. Eight random selec-
tions of processes among sets of competing processes using the
Monte Carlo algorithm would have been used to create this flow
path. It terminates because no processes are specified after 50
Microbial Oxidation.

By structuring the processes affecting the arsenic compounds
in the case study environment in such a fashion, one explicitly
defines all of the possible flow paths which the chemicals could
follow. The quantitative simulation which follows the construc-
tion of the process graph takes these possible flow paths and
gives the probable flow paths for any given set of envirommental
conditions. Furthermore, the process graph forces one to view
each process in proper perspective, nestled between the process
that must come before it and those that can follow it.
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Table VI. Example Process Graph for DSMA

01 Deposit onto Soil/DSMA
06 Dissociation/MSMA
07 Adsorption/DSMA
10 Water Erosion/DSMA
(40 Mix into Bulk Channel/DSMA)
11 Wind Erosion/DSMA
(26 Sedimentation onto Top of Soil/DSMA)
12 Plow in Soil/DSMA
(21 Terrestrial Organism Uptake/DSMA)
13 Terrestrial Organism Uptake/DSMA
14 Pump Water from Fields/DSMA
(40 Mix into Bulk Channel/DSMA)
15 Sit/DSMA
(10 Water Erosion/DSMA)
08 Leach In/DSMA
16 Dissociation/MSMA
17 Leach In/DSMA
(16 Dissociation/MSMA)
18 Nontarget Plant Root Uptake/DSMA
(62 Nontarget Plant Metabolism/?)
19 Target Plant Root Uptake/DSMA
(56 Target Plant Metabolism/?)
20 Adsorption/DSMA
2] Terrestrial Organism Uptake/DSMA
22 Plow Up Soil/DSMA
(10 Water Erosion/DSMA)
23 Sit/DSMA
(23 Terrestrial Organism Uptake/DSMA)
24 Microbial Reduction/Arsine
25 Microbial Oxidation/ASO,
09 Sit/DSMA
(06 Dissociation/MSMA)
02 spray Drift in Air and Particle Formation/DSMA
26 Sedimentation onto Top of Soil/DSMA
(10 Water Erosion/DSMA)
27 sedimentation onto Target Plant/DSMA
(53 Absorption into Leaves/DSMA)
28 Sedimentation onto Nontarget Plant/DSMA
(59 Absorption into Leaves/DSMA)
29 Sedimentation onto Open Waters/DSMA
(40 Mix into Bulk Channel/DSMA)
30 Sedimentation onto Cities/DSMA
31 Precipitation Scavenging onto Soil/DSMA
(10 Wwater Erosion/DSMA)
32 Precipitation Scavenging onto Open Water/DSMA
(40 Mix into Bulk Channel/DSMA)
33 Precipitation Scavenging onto Cities/DSMA
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34 Impaction onto Cities/DSMA
35 Wind Transport/DSMA
(26 Sedimentation onto Top of Soil/DSMA)
03 Spray Drift onto Nearby Open Water/DSMA
36 Dissociation/MSMA
37 Adsorption/DSMA
40 Mix into Bulk Channel/DSMA
(46 Sedimentation/DSMa)
41 Flow Transport at Surface/DSMA
(40 Mix into Bulk Channel/DSMA)
38 Mix into Bulk Channel/DSMA
42 Dissociation/MSMA
43 Bulk Flow Transport/DSMA
(42 Dissociation/MSMAa)
44 Adsorption/DSMA
46 Sedimentation/DSMA
49 Microbial Reduction/Arsines
50 Microbial Oxidation/ASO
51 Scour Pick-Up/DSMA
(46 Sedimentation/DSMA)
52 Sit/DSMA
(49 Microbial Reduction/Arsines)
47 Bulk Flow Transport/DSMA
(46 Sedimentation/DSMA)
48 Aquatic Organism Uptake/DSMA
45 Aquatic Organism Uptake/DSMA
04 Deposit onto Target Plant/DSMA
53 Absorption into Leaves/DSMA
56 Target Plant Metabolism/?
57 Target Plant Decay/DSMA
(10 Water Erosion/DSMA)
58 Plow in Target Plant/DSMA
(21 Terrestrial Organism Uptake/DSMA)
54 Leach Off Target Plant/DSMA
(06 Dissociation/MSMA)
55 sit/DsMa
(53 Absorption into Leaves/DSMA)
05 Deposit onto Nontarget Plant/DSMA
59 Absorption into Leaves/DSMA
62 Nontarget Plant Metabolism/?
63 Nontarget Plant Decay/DSMA
(10 Water Erosion/DSMA)
64 Plow in Nontarget Plant/DSMA
(21 Terrestrial Organism Uptake/DSMA)
65 Harvest Crop/DSMA
60 Leach Off Nontarget Plant/DSMA
(06 Dissociation/MSMA)
61 Sit/DSMA
(59 Absorption into Leaves/DSMA)
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Interim Assessment of the Model

The modeling effort to date already has proven to be a sys-
tematic way of determining the information required to adequately
quantify the regional behavior of one family of chemicals. Ob-
viously, information is lacking to adequately describe many of
the processes identified above. At this time, the following
three areas especially need to be investigated to complete even
a basic understanding of the total behavior of the arsenicals in
the selected system:

1. The conditions of arsine production in plants and
microorganisms and, once formed, the behavior of
the arsines must be further clarified.

2. The behavior of arsenicals in the atmosphere is un-
known though potentially quite important.

3. The role of human intervention such as plowing on
"natural" processes is in need of study.

Once the model is built and tested, a sensitivity analysis
of selected processes and enviromnmental parameters should provide
further insight into the behavior of the arsenicals. Other uses
of the model include indicating sampling sites for monitoring
programs and with proper interpretation helping to predict the
likely biological effects resulting from applying the herbicides
in a specific manner.

Most important though, the model is felt to be a plausible
approach to treating the complex problem of describing the mobil-
ity of selected trace chemicals. The probabilistic treatment
allows formulation of the simulation, and the use of subjective
probabilities circumvents many of the data limitations. In this
way, the model hopefully will become a tool to compliment the work
of specialists in analyzing and predicting the mobility of arsenic
compounds in the environment.
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