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EXECUTIVE SUMMARY

The potential environmental impacts of arsenic (As) and antimony

(Sb) contaminated sediments were studied with emphasis placed on short-

and long-term leaching and sediment conditions that affect mobilization.

Under anaerobic conditions, arsenate [As(V)] was reduced to arsenite

[As(III)] in a wide range of sediments. In anaerobic Texas City sediment

slurries, 70% of added As(V) was recovered as water soluble As(III) fol-

lowing three weeks of incubation. Formation of organic As following

addition of As(V) to anaerobic sediments was also demonstrated.

Short-term leaching was conducted with anaerobically incubated

unamended and As-amended sediments using either distilled or saline water.

In both amended and unamended sediment, As(III) was the predominant spe-

cies released. Releases of As(III) were greatest when sediments were

low in iron and high in interstitial water and exchangeable phase As(III).

Releases of As(V), As(III), and organic As from sediments were found to

be relatively insensitive to the salinity of the mixing water.

Aerobic leaching experiments of six months duration were conducted

to determine what As species would be released, the duration of the

releases, and the sediment factors affecting releases. Arsenic releases I
usually persisted throughout the leaching period; releases were higher

from amended compared with unamended sediments. Generally, As(III) release

predominated initially, followed by As(V) and organic As releases in the

first three months. The final three months of leaching were character-

ized by predominant release of As(V). Conversely, leaching of Black Rock 7.'7

sediments under anaerobic conditions for three months resulted in almost

xiv

_w-



exclusive release of As(III). These results indicate that soluble As

releases from sediments are undesirable during the first months of aero-

bic leaching or at any time during anaerobic conditions because of the

high toxicity of As(Ill). Arsenic releases following six months of leach-

ing were related to sediment iron (Fe) content and to sediment calcium

carbonate (CaCO3 ) equivalent concentration.

-Long-term aerobic leaching caused significant changes in both sedi-

mentary Fe and As phases. Arsenic concentrations in the moderately

reducible phase of both amended and unamended sediments showed signifi-

cant increases following leaching. This increase in As concentration

was paralleled by a decrease in easily reducible Fe and an increase in

moderately reducible Fe. This change in Fe distribution apparently

resulted from formation of more crystalline Fe oxides during the

six months of aerobic leaching. Arsenic is therefore not only lost from

the system during aerobic leaching, but the As remaining is predominately

concentrated in a more immobile sediment phase. This remaining sedimen-

tary As should be highly resistant to further aerobic leaching.

Sediments containing native and added Sb were subjected to similar

experimental incubation, extraction procedures, and short- and long-term

leaching as in the As experiments. Speciation of Sb was not examined

however, so that only total Sb concentrations are available.

Short-term releases of Sb were higher from amended than from unamend-

ed sediments. Antimony releases from Sb amended sediments were related

to extractable Fe and CaCO3 equivalent concentrations. Short-term

releases of native Sb from freshwater sediments were enhanced by leaching

with saline water. This trend would probably not hold true for saline

xv

,-.. ......



sediments; Corpus Christi, the only saline sediment tested, did not

desorb additional Sb when leached with saline water.

Long-term (six months) releases of Sb were mucl higher from Sb

amended sediments than from sediments containing no added Sb. In most

sediments, the majority of Sb release occurred early in the leaching expe-

rience. Net mass release of Sb following six months of leaching was

directly related to extractable Fe and CaCO3 equivalent concentration,

some of the same factors that affected As release. These results suggest

that Sb release from contaminated sediment is more likely to occur during

the first few months of aerobic leaching.

Seven out of ten Sb amended sediments released volatile Sb compounds

during anaerobic incubation. Two of these sediments released additional

Sb under aerobic conditions. This observation indicates that release of

volatile Sb compounds from sediments subjected to recent inputs of Sb

may be cause for concern.

The main conclusion to be drawn from this portion of the study is

that Sb behavior in sediments is very similar to As behavior. Notable

exceptions to this general similarity are the pronounced release of

volatile Sb compounds from Sb amended sediments and the increased

release of Sb from some freshwater sediments leached with saline water.

The behavior of As and Sb was otherwise similar during short- and long-

term leaching experiments. The properties affecting short- and long-term

releases and fixation of these two elements by sediments were also

similar.
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TRANSFORMATION, FIXATION, AND MOBILIZATION OF ARSENIC

AND ANTIMONY IN CONTAMINATED SEDIMENTS

INTRODUCTION

Arsenic (As) and antimony (Sb) are naturally occurring elements and

are found in all soils and sediments. Some natural sediment concentra-

tions have been increased, however, by the use of As and Sb compounds in

a wide range of agricultural and industrial applications (Ferguson and

Gavis, 1972; Crecelius et al., 1975; Grimanis et al., 1977; Winchester

and Nifong, 1970). This contamination complicates evaluation of poten-

tial adverse environmental impacts associated with dredging and disposal

of As and Sb laden sediments. Little is known concerning As mobility

and toxicity in contaminated soils and sediments, and there is an almost

complete lack of information on Sb.

Sensitive analytical methods capable of differentiating between the

various species of As (As(V), As(IlI), methylated arsenic compounds)

have only recently been developed. Studies conducted prior to these

developments are of limited value since the soils and sediments used

were only slightly contaminated with As and the various forms of As were

not determined. The forms of As in soils and sediments are important

since toxicity and environmental behavior are form-dependent. The most

toxic form of As to aquatic and mammalian species is arsenite (As(III)).

Arsenate (As(V)) is less toxic than As(III) and methylated arsenic com-

pounds are even less toxic (Peoples, 1975). Recent studies indicate

that As(V) is more readily adsorbed by soils and sediments than is

As(III) in the acidic to mildly alkaline pH range (iolm et al., 1979;

4-



,% Frost and Griffin, 1977; Gupta and Chen, 1978). Some forms of As may

also become more soluble as the pH increases (Johnston, 1978).

Some dredged sediments contain substantial (100 to 300 wg/g)

amounts of total As. The potential mobility and forms of As in these

sediments are largely unknown. However, some sediments containing low

amounts of total As (12 wg/g) can simultaneously exhibit high concentra-

tions of soluble As (0.15 mg/f) in their interstitial waters (Brannon

et al., 1976). Hess and Blanchar (1977) have observed up to 30 mg/f As

in soil solutions of anaerobic, As contaminated soils. A high propor-

tion of mobile As may be As(III) since Johnston (1978) has shown that

under anaerobic conditions As(V) can be reduced to As(III) in sediments.

While the useful information available on As is limited, even less

is known about Sb. To evaluate the potential impact of sediment As and

Sb, the environmental conditions which favor mobilization or immobiliza-

tion of As and Sb must be determined, the factors which control leaching

of As and Sb from sediments should be examined, and the environmental

conditions and sediment characteristics which control the volatilization

of As and Sb compounds should be investigated.

The objectives of this study are:

a. Determine the relationship between environmental conditions and
arsenic transformations.

b. Evaluate the environmental conditions which influence the
mobilization of As and Sb from sediments over the short and
long term.

c. Identify the processes responsible for fixation of As and Sb in
anaerobic sediments.

d. Determine the effect of anaerobic and aerobic conditions on
evolution of volatile As and Sb compounds from sediments.

2
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LITERATURE REVIEW

Arsenic Speciation and Toxicity

The majority of environmental As studies have been conducted using

analyses of total As. Arsenic has at least five valence states, -3, 0,

+1, +3, and +5. Arsine (AsH3 ) and methylarsines [CH 3 AsH2 and (CH3 )2AsH]

are characteristic of As compounds in the -3 valence state. Arsenic

metal is in the 0 valence state, while compounds such as arsenous acid

(H3AsO3) and methylarsonic acid (H2AsCH3 03 ) are representative of As

compounds in the +3 valence state. Arsenic acid (H3AsO4 ) is an As com-

pound in the +5 valence state and dimethylarsinic acid [(CH3)2AsO2 HI is

an As compound in the +1 valence state (Ehrlich, 1981). The form of As

in the environment affects its toxicity. Arsenite [As(IlI)] is gener-

ally regarded as about 10 times more toxic to humans than arsenate

'S [As(V)]. By contrast, sodium methylarsonate and dimethylarsinic acid
S.

are roughly 35 times less toxic than arsenite to rats (Peoples, 1975).

Reduction of arsenate to arsenite in anaerobic sediments would therefore

result in an increase in As toxicity. Formation of methylated arsenic

compounds from inorganic As results in decreased toxicity.

Nomenclature of Arsenic Compounds

Arsenic compounds with the same structure are often referred to by

different names in the literature. Among inorganic As forms, arsenous

3
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acid is also referred to as arsenious acid. In its anion form, this

acid is called arsenite. Arsenic acid is also referred to as meta-

arsenic acid; its anion form is called arsenate. There is even more

diversity of names among organic As compounds. Methylarsonic acid is

also called methanearsonic acid or methylarsinic acid. Dimethylarsinic

acid is also called dimethylarsonic acid or cacodylic acid.

Sources and Concentration of As

Natural

Arsenic is a naturally occurring element. The average As concen-

tration in the lithosphere is estimated to be 2 ppm (Onishi and Sandell,

1955a). Boyle and Jonasson (1973) reported that the terrestrial abun-

dance of As is on the order of 3 ppm.

Arsenic in rocks is usually associated with sulfur, although other

constituents can ;l ;o bind this element. Shales containing organic mat-

ter, sulfides, and iron oxides tend to be high in As (Onishi and

Sandell, 1955a). Pyrite, which may contain as much as 6000 ppm As, and

other heavy metal sulfide,; are the principal carriers of As in rocks and

in many types of mineral deposits (Boyle and Jonasson, 1973).

At the present time, the contribution of As to the environment from

weathering of continental rocks is large compared to the contribution of

vulcanism, although vulcanLsm must have contributed much of the sedimen-

tary As over geological time (Onishi and Sandell, 1955a). Ferguson and

3 -1Gavis (1972) calculated that 45 x 10 tons yr of As is weatherel and

transported. Such As exists mainly in the dis nlved form as soluble

arsenates (Boyle and Jonasson 1973). Althc i a enite is present in

4
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two minerals, orpiment, As2 S3 , and arsenolite, As203 , it is not common

in nature (Boyle and Jonasson, 1973), presumably due to oxidation to

arsenate.

Arsenic concentrations in seawater have been shown to range from

1.12 to 1.71 ug As/P (Gohda, 1972). Arsenic concentrations in fresh

waters may be lower than I i g As/f (Nagatsuka and Yagaki, L976) or as

high as 260 Lg As/f (Wilson and Hawkins, 1978), depending on the geo-

logic setting. High As concentrations in waters not subject to man-made

contamination are often a consequence of As enrichment in the rocks of

the area (Bowen, 1966; Wilson and Hawkins, 1978).

Anthropogenic

Man's activities have considerably increased the amounts of As

introduced into the environment. In this country man has been respon-

sible for introducing approximately three times more As into the envi-

ronment than the contribution due to weathering (Ferguson and Gavis,

1972). Arsenic reaches the aquatic environment by way of pesticides

(Hendricks, 1945; Ferguson and Gavis, 1972; National Academy of Sci-

ence (NAS) 1977), fertilizers (Kanamori and Sugawara, 1965; Grimanis

et al., 1977), detergents (Angino et al., 1970), combustion of coal

(Winchester and Nifong, 1970; Lindberg et al., 1975; Ferguson and Gavis,

1972), smelter operations (Winchester and Nifong, 1970; Ragaini et al.,

1977; Crecelius et al., 1975; Ferguson and Gavis, 1972), and sewage

(Grimanis et al., 1977). Inputs of As from these sources vary in magni-

tude, but their impact is generally confined to local areas (NAS, 1977;

Walsh and Keeney, 1975; StrohaL et a[., 1975) of high industrial or

agricultural activity. This leads to localization of As contamination.

5
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Since deposits of native arsenic are associated wich ores of ainy

heavy metals, mining and smelting operations will increase As concentra-

tions in areas near such activities. Wilson and Hawkins (1978) found

that mining operations may increase the As content of stream waters by

exposing As-containing rocks to surface waters and by increasing the

load of As rich sediments in the stream.

Smelting of metal ores is responsible for large releases of As into

the environment. Ragaini et al. (1977) reported that lead smelting

operations in the Kellogg Valley of Idaho had resulted in As concentra-

tions ranging from 18-260 ug/g in the soils of the Kellogg Valley.

Crecelius et al. (1975) found that the major anthropogenic source of As

to Puget Sound is a large copper smelter located near Tacoma. The

5smelter releases As as: (1) stack dust into the air, 2 x 10 kg/yr of

As2 03; (2) dissolved species in effluents, 2 - 7 x 104 kg As/yr; and (3)
p.

6
slag particles, 1.5 x 10 kg As/yr. Values are given here only to

illustrate the impact that smelter operations can have on localized As

concentrations.

Wedepohl (1969) reported that the As content of a large number of

coal groups ranged from 3-45 g/g. Ferguson and Gavis (1972) calculated

that 2.5 g of As would be released to the atmosphere for every ton of

coal consumed. Lindberg et al. (1975) reported that As was concentrated

in fly ash compared to slag at a coal-fired power plant and was more

concentrated in the ash discharged through the stack than in that col-

lected by the precipitator.

Agriculture has been the largest user of refined As, accounting for

about 80 percent of the demand (Walsh and Kenoy, 1q75; NAS, 1977).

Most of this As is formulated into pesticides (Ferguson and Gavis,

6
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1972), the use of which has resulted in As concentrations of up to

550 ug/' in treated soils (Walsh and Keeney, 1975). Rock phosphate used

to make fertilizer may occasionally contain as much as 2,000 ;.g/g As

(Fleischer, 1973).

Household detergents of high-phosphate type contain from 1-73 ppm

As (Angino et al., 1970). Dilution during use, however, reduces the

impact of this As in the environment (Sollins, 1970).

Sewage treatment plant outfalls are one way that As enters the

environment. Papakostides et al. (1975) reported that discharge from

untreated sewage in the upper Saronikos Gulf in Greece has resulted in

As concentrations 8-200 times greater than that in surrounding, uncon-

taminated sediments. Grimanis et al. (1977) reported sediment As con-

centrations of 1000 wog/g just outside Piraeus Harbor in Greece. The

highest concentrations of As was near the outfall of a fertilizer plant.

Anderson et al. (1978) has reported the contamination of the Menominee

River in Wisconsin by As leaching from a mining slag pile.

It is apparent from the preceding review that man's activities can

result in contamination of localized areas with As. The impact of this

contamination, although localized, can be widespread because of the many

possible sources.

Physicochemical Transformations

Arsenate Reduction in Soils and Sediments

It has often been noted that soluble arsenic concentrations are

higher under anaerobic conditions than under aerobic conditions. Epps

and Sturgis (1939) reported that addition of some arsenic compounds

7
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containing either As(V) or As(III) to flooded soils increased the solu-

ble As content of the soils, presumably due to reduction. Hess and

Blanchar (1977) reported that anaerobic incubation of two Missouri

orchard soils resulted in As solution concentrations of approximately

30 mg/f, or nearly 40 percent dissolution of the total As in the soil.

Clement and Faust (1981) reported that anaerobic conditions in quiescent

mud/water reservoirs led to levels of water soluble As, principally as

As(III), about 10 times higher than concentrations reached under aerobic

conditions. Kanamori (1965) found As concentrations of 10.4, 18.0, and

10.0 wg/f in the anaerobic bottom waters of three lakes compared to

0.70, 0.38, and 1.9 Lig/l, respectively, in the aerobic surface waters of

these same lakes.

+3 +2It has been suggested that reduction of iron from Fe to Fe with

subsequent dissolution of ferrous arsenate (Kanamori, 1965; Deuel and

Swoboda, 1972) can be responsible for the increase in soluble As under

anaerobic conditions. It appears, however, that the reasons for

increased water soluble As concentrations under anaerobic conditions are

more complex than a simple linkage to iron reduction. Johnston (1978)

reported large accumulations of arsenite in anaerobic soil- and sedi-

ments that did not coincide with the dissolution of ferric hydroxides. .

Theoretical considerations also indicate that As(V) should he reduced to

As(II) under anaerobic conditions. Turner (1949) calculated that the

reductions of arsenate to arsenite should occur at 77 to 167 mV at a rli

of 7.0. Ferguson and Gavis (1972) suggested that arsenate could he used

as an electron acceptor in heterutrophic metabolism in the ahsence of 0,

and NO3 , such a reaction bein.; onergetically favored compared to sulfato

reduction. Microbial reduction of As(V) to As(TIl) should increase As

J.8



concentrations in sediment interstitial waters since arsenite should be

4 to 10 times more soluble in some sediments (Albert and Arndt, 1931; 9
Brechley, 1914; Keaton and Kardos, 1940).

Anaerobic reduction of As(V) to As(III) does occur. McBride and

Wolfe (1971) demonstrated that arsenate could be reduced to arsenite,

then transformed to methylated arsines by methanobacterium under anaero-

bic conditions. Andreae (1979) reported that up to 20 percent of the

total As in anaerobic sediment interstitial water was present as

As(I1I); the remainder being predominatly As(V). Myers et al. (1973)

observed reduction of arsenate to arsenite in anaerobic activated sludge

with conversion of 85 percent of 5 ppm of added arsenate to arsenite

occurring in 12 hours. Brunskill et al. (1980) reported that arsenate

was reduced to arsenite at the rate of one micromole per liter per day

under anaerobic conditions in As contaminated pond water. Takamatsu

et al. (1982) reported that As(III) concentrations in flooded paddy

soils increased as redox potential decreased to approximately 0 mV.

Arsenate reduction can also apparently occur under aerobic condi-

tions. Heimbrook (1974) has reported isolation of organisms capable of

arsenate reduction during aerobic incubations. Johnson (1972) reported

arsenate reduction when bacterial populations entered the log growth

phase (at about 8 hours) in aerobic Sargasso Sea medium at 20-22°C.

Shariatpanahi and Anderson (1981) reported that bacteria (a Pseudomonas

sp. and a Corynebacterium sp.) acclimated to growth in arsenate had pro-

duced appreciable amounts of arsenite and methylated arsines after expo-

sure to arsenate for 6 hours. Myers et al. (1973) found that aerobic

cultures of Pseudomonas fluorescens reduce arsenate to arsenite.

9.
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These results indicate that arsenate reduction in differing media

can occur in both the presence and absence of oxygen. Highly reducing

conditions are not required for arsenate reduction as is the case for

sulfate reduction.

Arsenate Reduction by Phytoplankton

In flooded soils and sediments, it appears that arsenate reduction

is almost exclusively microbial. Bacterial reduction of arsenate has

also been demonstrated to occur in seawater (Johnson, 1972; Johnson and

Pilson, 1975). In water, however, phytoplankton also play an important

role in determining the species of As in the water. The biogeochemical

cycle of As in the surface ocean involves uptake of arsenate by phyto-

plankton or other biological entities, conversion of arsenate to a num-

ber of as yet unidentified organic compounds, and release of arsenite

and methylated As species into the seawater (Andreae and Klumpp, 1979;

Howard et al., 1982).

The reduction of arsenate by phytoplankton to form arsenite and

organo-arsenicals is widely believed to be a detoxifying mechanism

(Bottino et al., 1978; Andreae and Klumpp, 1979; Pilson, 1974).

Arsenate reduction produces organo-arsenicals which reduce the toxicity

of arsenic to algae and other organisms since organo-arsenicals do not

appear to affect marine invertebrates (Penrose et al., 1977). Arsenate

can act as an inhibitor of phosphate uptake (Planas and Healey, 1978) as

well as an uncoupler of initochondrial oxidative phosphorylation (Blum,

1966; Johnson and Burke, 1978; Planas and Healey, 1978).

Rapid As speciation changes occurring in media surrounding phyto-

plankton indicate that algal cells are able to reduce, mnthylate, and

10
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release As to the water column, primarily as arsenite and organo-arsenic

compounds (Sanders and Windom, 1980). Andreae and Klumpp (1979)

reported that bacteria-free algae grown in seawater with no added As

converted arsenate in the original seawater to methylarsonate and

dimethylarsinate. Arsenate reduction to arsenite has also been observed

in Chiorella, a freshwater green algae (Biasco et al., 1971). Johnson

and Burke (1978) found in phytoplankton culture studies that as phos-

phate is depleted, arsenate reduction occurs at an increasing rate.

Approximately 15-20 percent of the total As in productive marine systems

is reduced and methyLated due to uptake and release by phytoplankton

(Sanders, 1979; Sanders and Windom, 1980).

Oxidation of Arsenite

Oxidation of arsenite to arsenate can be both chemically and bio-

logically catalyzed (Johnson and Burke, 1973; Johnson and Pilson, 1975;

Turner, 1949). At least 15 strains of heterotrophic bacteria have been

isolated which can bring about the oxidation of arsenite to arsenate

(Turner, 1949; Turner and Legge, 1954; Osborne and Ehrlich, 1976).

Johnson and Pilson (1975) have observed the oxidation of arsenite to

arsenate in seawater even under sterile conditions. They found that the

arsenite oxidation rate depended on temperature, p1H, salinity, and ini-

tial arsenite concentration. Increasing the temperature, salinity, or

initial arsenite concentration of a solution will increase the arsenite

oxidation rate. Differing concentrations of dissolved oxygen do not

influence the arsenite oxidation rate (Johnson and Pilson, 1975). In

seawater, the natural rate of chemical oxidation of arsenite is about

-0 -i60.023 bmoles of arsenite yr.



Johnson and Burke (1978), Sanders and Windom (1980), and Scudlark

and Johnson (1982) have shown that the actual rate of arsenite oxidation >0
in seawater is much faster than the predicted chemical oxidation. Scud-

lark and Johnson (1982) reported that abiotic oxidation proceeds at a

slow, constant rate. The presence of certain aquatic bacteria, however,

rapidly increases arsenite oxidation, resulting in an exponential

decrease in As(III) concentrations with time. This indicates that

arsenite oxidation in seawater is a combination of chemical and biologi-

cal oxidation processes.

In sediments, arsenite oxidation appears to be primarily chemically

catalyzed. Oscarson et al. (1980) reported that sediments from five

lakes in Canada oxidize As(III) to As(V). The oxidation was found to be

an abiotic process with microorganisms playing a relatively minor role.

Oscarson et al. (1981a) reported that removal of Mn from the sediments

greatly decreased the oxidation of As(III). They also found that syn-

thetic Mn(IV) oxide was a very effective oxidant for As(I1), indicating

that Mn in the sediment was probably the primary electron acceptor in

the oxidation of As(III). Conversion of As(Ill) to As(V) by naturally

occurring carbonate and silicate minerals common in sediments was not

noted by Oscarson et al. (1981a). Oscarson et al. (1981b) found that

Fe(II) oxide does not convert As(IIl) to As(V) within 72 hours. Sedi-

mentary Mn(IV) oxides may therefore serve to decrease the concentration

of As(Ill) in sediment interstitial waters or in natural waters rich in

particulate matter containing Mn(IV) oxides.

7.
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Arsenic Methylation in Sediments

Methylated arsenic oxyacids can be produced in water by both bac-

teria and phytoplankton (McBride and Wolfe, 1971; Andreae, 1979;

Johnston, 1978; Braman, 1975). It is unclear at present, however, whe-

ther inethylated As oxyacids are formed directly from arsenite in sedi-

ments or as oxidation products of methylated arsines. Oscarson et al.

(1981b) have postulated that since methylation of inorganic arsenicals

is essentially a reduction reaction, the abiotic oxidation of As(III) to j
As(V) by sediments would tend to counteract the methylation process.

Wood (1974) and Ridley et al. (1977) felt that methylated As oxyacids

a, could be formed during oxidation of methylated arsines which can be pro-

duced under both aerobic and anaerobic conditions (Cox and Alexander

1973; McBride and Wolfe, 1971). Wood (1974) postulated that the inter-

stitial waters of anoxic sediments serve as sources of biomethylated

arsines which are oxidized to methylated oxyacids following diffusion

into aerobic environments. This may, however, not be the means by which

methylated As oxyacids are formed. Andreae (1979) reported that no

methylated As compounds were found in the interstitial waters of oxic

and anoxic sediments, although arsenite was present. Johnston (1978)

has reported accumulation of methylated As oxyacids during anaerobic

sediment incubations, indicating that methylated As oxyacids can be

formed from arsenite without methylated arsine precursors. Takamatsu

et al. (1982) found that as redox potential fell in a flooded soil,

arsenate was reduced to arsenite and the concentration of dimethyl-

arsinic acid increased and that of methylarsonic acid decreased. Braman

(1975) has also reported that when arsenite and nutrient media were

kV
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added to pond water samples under aerobic conditions, methylarsonic acid

appeared first, followed by methylated arsines.

As can be seen in the preceding paragraph, there is reason to

believe that methylated As oxyacids can form in sediments by direct

methylation of arsenite or by oxidation of methylated arsines. Both

mechanisms may be operative in sediments but results pinpointing the

predominant pathway in sediment are lacking.

41

Demethylation Reactions

Degradation of methylated As oxacids has been extensively studied,

especially in aerobic soils. Arsenate has been shown to be the degrada-

tion product of methanearsonic acid (Von Endt et al., 1968) and of

dimethylarsinic acid (Schuth et al., 1974). Tracer studies using 14C

labeled methylated arsenic oxyacids have shown that after 30 days of

aerobic incubation, 1.7 percent to 16 percent of the methanearsonic acid

14added to a soil will have degraded to form CO and arsenate (Dickens
2

and Hiltbold, 1967; Von Endt et al., 1968). Degradation of from 5 to

41 percent of added dimethylarsinic acid has been reported in aerobic

soils (Schuth et al., 1974; Woolson, 1976). Holm et al. (1980) have

reported that methylarsinic and dimethylarsinic acids are subject to

demethylation in anaerobic sediments. These demethylatLon reactions are

apparently carried out by microorganisms, as no changes were noted in

sterilized control sediments. There was apparently no interconversion

of methylarsinic acid to dimethylarsinic acid or the reverse reaction in

spiked samples (Holm et al., 1980). Shariatpanahi et al. (1981) found

that four species of bacteria, Nocardia, Flavobacterium, Achromobacter,

and Pseudomonas, demethylated monosodium methanearsonate under aerobic

, 14
b:
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conditions to produce arsenate methylarsines. Enterobacter and

Aeromonas produced only methylarsines and Alcalgens produced only

arsenate.

Evolution of labeled CO from aerobic soils treated with methylated
2

As oxyacids is closely related to the amounts of soil organic matter

initially present (Dickens and Hiltbold, 1967). Oxidation of methylated 0

As oxyacids is thought to occur coincidentally with metabolism of soil

organic matter with little specific response to the arsenicals on the

part of the microbial population (Dickens and Hiltbold 1967; Hiltbold,

1975).

Hiltbold (1975) felt that a first-order function appeared to be the

most realistic representation of methylarsonic acid metabolism in soils.

He cited the observations of Woolson et al. (1973) and Von Endt et al.

(1968) of equal percentage losses among widely differing rates of appli-

cation as support for the first-order function. lolm et al. (1980) pre-

sented a model describing the interaction of adsorption and biological

demethylation of methylated As species. The model was tested against

the results of As demethylation experiments in sediments assuming first-

order kinetics and Langmuir adsorption, and agreement between theory and

experiment was found. Shariatpanahi et al. (1981) reported that micro-

bial biotransformation of monosodium methanearsonate was biphasic and I

followed a first-order composite exponential equation. Rate of dis-

appearance constants reported by Shariatpanahi et al. (1981) appeared to

be largely independent of bacterial species, presumably due to similar

biotransformation enzymes. It therefore appears that first-order kinet-

ics are a viable tool for representing demethylation of methylated As

compounds in soils and sediments.

15
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Other Organic Arsenicals

Organic arsenicals other than methylarsinic and dimethylarsinic

acids exist in the environment, most commonly as metabolites in aquatic

organisms. Wrench et al. (1979) reported that arsenoanalogues of sub-

stances such as phosphorylethanolamine and phosphoryicholine were possi-

bly present in shrimp and phytoplankton. Woolson et al. (1976) reported

that several unidentified As compounds were separated from extracts of

74algae, daphnids, Gambusia, and crayfish treated with As. Edmonds and

Francesconi (1981) have isolated arsenobetaine from school whiting

(Sillago bassensis) caught off Western Australia.

Organic arsenicals other than methylarsinic and dimethylarsinic

acid have also been found in sediments and flooded soils. Johnston

(1978) reported detection of an unidentified organic arsenical in the

interstitial water of Barataria Bay sediments. Takamatsu et al. (1982)

identified an arsenic compound with the formula C5 H 7AsO3H 2 in a flooded

soil. The arsenic compound contained aliphatic hydrocarbon groups whose

carbon chains were longer than that of methyl groups. These results

demonstrate that a wide variety of organic arsenicals occur in the envi-

ronment, especially in aquatic organisms. In sediments, the diversity

,_______ii

of organic arsenicals appears to be much more limited.

Generation of Volatile As Compounds
Production of volatile As compounds in soils and sediments is of

interest due to the toxicity of arsine and alkyl arsines (NAS, 1977).

Decreased As concentrations in a flooded soil have heen attributed to

production of volatile As compounds (Reed and Sturgis, 1936). Volatile

arsenic compounds have also been detected when a stream of air wa.;

..6.



passed through water overlying flooded soils (Epps and Sturgis, 1939).

Woolson and Isensee (1981) reported that when high concentrations of

sodium arsenite or methylated arsenic compounds are added to soils, 0

total losses of As from the soil average 14 to 15 percent of that

applied each year, regardless of the source.

Theoretical considerations imply that generation of arsine is

unlikely in soils, sediments, or other biological systems since arsine

is stable only at redox potentials below the stability limit of water

(Bohn, 1976). This is supported by experimental evidence that arsine is

not present in the atmosphere (Johnson and Braman, 1975), anaerobic bot-

tom waters (Andreae, 1979), anaerobic activated sewage sludge (Myers et

al., 1973), or anaerobic soils (Deuel and Swoboda, 1972). Clement and 7.

.Faust (1981) found that anaerobic incubation of reservoir sediment led

to accumulation of As(III), but further reduction to the various arsines

was not found. Johnson and Braman (1975) found that all of the inor-

ganic As fraction was present as particulate matter. Myers et al.

(1973) was unable to detect the presence of arsine even though 60 per-

cent of the arsenite was lost from an anaerobic activated sludge within

24 hours. Cheng and Focht (1979) found, however, that addition of

arsenate, arsenite, monomethylarsonate, and dimethylarsinate to three

flooded soils resulted in arsine production in all three soils from all

substrates. Cheng and Focht (1979) also reported that resting cell

suspension of Pseudomonas and Alcaligenes produced arsine as the sole

product when incubated anaerobically in the presence of arsenate and

arsenite. Bacterial transformation of arsenite to arsines and methyl-
'p

ated arsines has also been shown by other workers (McBride and Edwards,

* 1977; Ridley et al., 1977) to occur in sediments. It is evident that
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arsine can be produced in some sediments and hacterial cultures under

anaerobic conditions despite the predicted unfavorable ther,!odynamics of

the process.

Large amounts of arsenic (up to 60 percent) can be lost from both

aerobic and anaerobic systems as volatile methylated arsimes (Challenger,

1945; McBride and Wolfe, 1971; Woolson and Kearney, 1973; Braman, 1975).

Johnson and Braman (1975) showed that, on average, approximat ely 20 per-

cent of the total As in air samples exists as alkyl arsines. Alkyl

arsines are unlikely to be produced in the water column. Sanders and

Windom (1980) reported that no volatile As species were released from

phytoplankton cultures even though a large amount of arsenate was

reduced by the algal cultures. Production of alkyl arsines by soils and

sediments has been well documented (Cheng and Focht, 1979; Woolson and

Kearney, 1973; McBride and Edwards, 1977; Akins and Lewis, 1976).

Larger amounts of alkyl arsines will apparently be generated under

anaerobic compared to aerobic conditions. Akins and Lewis (1976)

74
reported that the greatest loss of As activity (introducted as diso-

4.-

dium methamearsonate (nSbA) - 74 As) occurre d in a soil that contained

11 percent organic matter and was maintained Linder reduced conditions.

* All treatments amended with organic matter showed a marked increase in

7 As evolution over the corresponding treatment which had receivcd no

organic matter (Akins and Lewis 1976). Cell extracts and whole cells

of Methanobacterium strain M.0.I1. reduce and methylate arsenate to

dimethylarsine under anaerobic conditions (McBride and pdrolfe, 1971).

iMcBride and Edwards (1977) reported that whole cells of :ethaogenic

bacteria in variod anaerobic environments (rumen fluid, sewage sludge)

nproduced unidentified, volatile As compounds thought to he alkylarsines.

A e 7 .*

"% Windom (180) reportedthat no volaileA pce ee eesdfo -
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Woolson and Kearney (1973) found that more arsenic was lost from

dimethylarsinate-treated soils under flooded than under nonflooded con-

ditions.

Appreciable amounts of alkyl arsines may also be lost from soils

and sediments under aerobic conditions. Woolson and Kearney (1973),

although finding that more As was lost froa dimethylarsinate-treated

soils under anaerobic conditions, also reported appreciable As losses

under aerobic conditions. Under aerobic conditions about 35 percent of

the cacodylic acid was converted to a volatile organoarsenical and lost

14
from the system while 41 percent was metabolized to CO2 and arsenate

within 24 weeks after application (Woolson and Kearney, 1973).

The arsenic compounds from which alkyl arsines are produced appear

to be cause for some disagreement. Cox (1974) reported that treatment

of soils with dimethylarsinic acid resulted in generation of dimethyl-

arsine and trimethylarsine. Similar results were obtained with sodium

arsenite, methylarsonic acid and phenylarsonic acid (Cox, 1974). Cheng

and Focht (1979) reported, however, that methylarsine and dimethylarsine

were only produced in flooded soils following treatment with methyl-

arsonate and dimethylarsinate, respectively. They found no evidence for

the methylation of any arsenical in soil or culture and concluded that

reduction to arsine, not methylation to trimethylarsine, was the primary

mechanism for loss of gaseous arsenicals from soil (Cheng and Focht,

1979). Cox and Alexander (1973), however, reported isolation from soil

* and sewage of three different fungi capable of producing trimethyl S

arsine when growing in the presence of methylarsonic acid. Cox (1975)

investigated the ability of the fungi to produce trimethylarsine under "-

* varying pH and arsenic compound additions. He concluded that the -

1 9
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reduction process appears to require that arsenic acidIs '01 present in

the undissoCiated form before reduction will proceed.

These results indicate that the potential exists for evolution of

methylated arsines from both aerobic and anaerobic environments; how-

ever, some disagreement exists on the As substrate required, and the

release of methylated arsines fromi anaerobic sodiments remains in doubt.

Wong et al. (1977) has shown that addition of arsenate or arsenite to

sediment-water mixtures containingi nutrient broth, glucose, and yeast

extract results in release of methylated arsines. However, oxidation

status of the mixture could not be determined from the available dita.

Andreae (1979) reported that B. C. McBride (in a personal communication)

had found significant yields of methylated arsines from all anaerohic

systems except marine sediments. Methylated arsities produced in suchI

sediments may be irreversibly bound soon after forrmation (Andreae,

1979).

Arsenic Adsorption

Arsenit e

The dissociation statuis of the various As compounds will determine

if the compounds are present ais neutral molecuiles Or ;is anions subject

to adsorption. This is we II i is tra t l by considering4 thie case of

arsenious acid [A.SW(01) 1~I. Successive pl\'n 11alues for A rsenious ac iii have

*been reported as 9.23, 12.1'1, aind 13.40 (NAS, 1977). Fihe first dissoci-

*ation constant indicmtes Ciic' ir:,niouis nr-iJ is, -I v, rv weak1 acid.

Theref'ore, the frac t!io f- thie t, i I Ar cntill solilt LOT, I,;

Ii AsO3 will be snal Iin ac idic Or eoiMl; hsic ;(,llutions but wil I M
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increase as the pH approaches 9.23 (Frost and Griffin, 1977). The exis-

+ 3tence of the As cation in aqueous solution does not have any experi-

mental support (NAS, 1977). This change in status from an uncharged S

molecule to an anion as the pH becomes more basic is reflected in the

adsorption behavior of arsenite in the environment even though existence

of an ionic species is not a prerequisite for adsorption. -

Everest and Popiel (1957) reported that the maximum adsorption of

arsenite by an anion exchange resin was at pH 9.2. Gupta and Chen

(1978) found that variations in arsenite adsorption on activated alumina

and bauxite over the p11 range of 4 to 9 were slight. Frost and Griffin

+3
(1977) showed an increase in adsorption of As by clay minerals as pl"

increases in the range from 3 to 9. Pierce and Moore (1980, 1982)

reported that arsenite adsorption by amorphous iron hydroxides went

through a maximum at approximately pH 7. As(V) is also more strongly

adsorbed onto soil and sediment components than is As(III) in the acidic

to mildly alkaline pH range (Oscarson et al., 1980; IIolm et al., 1979).

Arsenate

Arsenic acid (H3AsO 4) is a fairly strong acid with pKa values

reported as 3.6, 7.3, and 12.5 (Pierce and Moore, 1982). Arsenate

therefore exists as a negatively charged species in all pH's of environ-

• '.' mental interest. This charge status is reflected by the adsorption

- behavior of arsenate. Frost and Griffin (1977) reported that arsenate

.2 adsorption by kaolinite and montorillonite was highest at pH 5, roughly

corresponding to the highest percentage of arsenate in the HeAsO1 form.

The shape of the arsenate adsorption-pH curves suggested to Frost and

Griffin (1977) that the amount of arsenate adsorption is- dependent upon
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the concentration of h 2 AsO4 ions in solution. Gupta and Chen (1978)

reported that adsorption of arsenate by activated alumina or bauxite was

relatively constant in the pH range of 3 to 7, then decreased above

pH 7. Galba (1972a) reported that arsenate adsorption by five soils

peaked in the pt range 3.5 to 5.3, then steadity decreased as pit

-. increased. Anderson et al. (1976) found that arsenate adsorption by
-S.-.

. amorphous aluminum hydroxide is independent of pit at low phi, but began

to decrease in the pH range of 5 to 7 as pH increased. Arsenate adsorp-

tion by the aluminum hydroxide was dependent on ptIEP (pit of the iso-

electric point) and TIEP (adsorption at the isoelectric point (Anderson

et al. 1976). Pierce and Moore (1982) reported that at concentrations

normally found in natural waters, a pH of 4.0 was optimum for arsenate

adsorption by amorphous iron hydroxides. Ln general, arsenate adsorp-

tion by sediments and soils will be highest in acidic media.

Methylated Arsenic Acids

Methylarsonic acid is dibasic with pKa values of 3.61 and 8.24 at

* - 18C (Ferguson and Gavis, 1972). At p11 5.93 essentially all of the

- . methylarsonic acid exists as the univalent anion. 1)imethylarsinic acid

"- '- is monobasic with a pKa value of 6.19 at 25C (Ferguson and Gavis,

1972). The proportions of univalent anion form increases from near 0 at

pH 4 to essentially 100 percent at plt 8.5. It can be seen from these

data that the methylated arsenic acids will exist as anions at the pil's

:S (5-8) normally encountered in the environment, suggesting that they will

be strongly adsorbed. This appears to be the case, because the magni-

. tude of adsorption on 16 soils was found to increase in the ordrr

dimethylarsinic acid < arsenate methylarsonic acid in the p1 range of

22

.- , Z
in .ttAV.2 ° Sk-~XVt''X~ V ${~/c- 7f.*--t-- x.. ..



4.8 to 7.6 (Ferguson and Gavis, 1972). Anderson et al. (1978) has also

reported that methylarsonic acid is adsorbed more strongly than

dimethylarsinic acid.

Arsenic Fixation by Soils and Sediments

The strong adsorption of all ionic As species by iron and aluminum

oxides and hydroxides (Ferguson and Anderson, 1974; Wiklander and Alve-

lid, 1951; Gupta and Chen, 1978; Pierce and Moore, 1980, 1982) indicates

that As may be associated with these components in soils and sediments.

V . This has indeed been shown to be the case. In aerobic soil systems,

iron and aluminum hydroxides have been demonstrated to be the major sink

for added As (Johnson and Hiltbold, 1969; Woolson et al., 1971; Jacobs

et al., 1970; Fordham and Norrish, 1974). Similar findings have been

reported for As in relatively noncontaminated anaerobic sediments

(Crecelius et al., 1975; Brannon et al., 1976).
a.|

- Hydrous iron and aluminum oxides adsorb As because As anions are

strongly attracted by the positively charged Fe and Al compounds (Boyle

and Jonasson, 1973; Shnyukov, 1963). Because manganese oxides generally

have a negative charge at the pH's (5-8) normally encountered in the

%" aquatic environment (Healy et al., 1966; Oscarson et al., 1980; Parks,

1967), arsenic is not associated with manganese oxides unless they are

ferriferous (Boyle and Jonasson 1973). Livesey and Huang (1981) have

'a shown that As retention by four soils from Saskatchewan, Canada, at As

concentrations of up to 2.15 ppm does not proceed through the precipita-

tion of sparingly soluble arsenate compounds, but through adsorption

mechanisms. There is strong evidence that As(III) and As(V) are
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adsorbed as such with no change of oxidation state (Oscarson et al.

1981b).

Selective extraction techniques corrected for As readsorption have

suggested that most As was adsorbed by amorphous Fe and Al components in

a number of soils (Jacobs et al., 1970). Fordham and Norrish (1974)

showed that goethite was the component principally responsible for

arsenate uptake by a Kent sand. The native phosphorus retained by the

soil was associated with the same geothite particles responsible for

arsenate retention. Jacobs et al. (1970) reported that the amount of As

adsorbed by soils was in the same order as the amount of Fe 0 and Al 0
2.3 2 3

extracted by citrate-dithionite-bicarbonate. Ferguson and Anderson

(1974) have suggested that occlusion of As by iron (Fe) and aluminum

(Al) hydroxides may be a likely mechanism of As removal from solution.

The ability of soils to fix arsenate is proportional to the soils' Fe

content (Woolson et al. 1971; Hurd-Karrer, 1939; Misra and Tiwari,

1963a, b; Vandecaveye, 1943).
'I

In sediments, Fe has also been implicated in As fixation.

Crecelius et al. (1975) found that 66 percent of the total As in Puget

Sound sediments was oxalate extractable. Oxalate extraction removes"

only amorphous Fe and Al oxides (Jacobs et al., 1970), and has been

shown to quantitatively remove all As added to soils (Jacobs et al.,

1970). Brannon et at. (1976) reported that citrate-dithionite extract-

able As (As associatedt with Fe oxides) accounted for from 59 to 97 per-

cent of the total. As in sediments from Mobile Bay, Ala.; Bridgeport,

Con.; and Ashtabula, Ohio. Neat et al. (1979) reported that authigenic

As in North Atlantic deep-sea sediments is associated with anthigenic
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Fe, suggesting that As is scavenged from seawater by a sedimentary Fe

phase.

Aluminum oxides are less effective than Fe in fixing arsenate

(Vandecaveye 1943; Woolson et al. 1971), but Al nevertheless forms rela-

tively insoluble arsenates which can also fix As (Woolson et al., 1971).

Wiklander and Fredriksson (1946) showed that Al oxide binds As, but not

to the same degree as Fe oxide. Iron compounds have also been reported

to fix greater amounts of As than Al compounds. Akins and Lewis (1976)

reported that the Fe-As fraction predominated in a large number of sur-

face soils with a history of inorganic As application. The Fe-As frac-

tion accounted for an average of nearly 44 percent of the soil As,

followed in abundance by Al-As (27 percent), Ca-As (16 percent), water

soluble As (6 percent), and nonextractable As (7 percent).

Woolson et al. (1971) reported that most of the soil As was found

as Fe-As (0.1 N NaOH extractable) although Al and Ca-As (0.5 N NH 4F and

0.5 N H SO extractable As, respectively) may predominate if the amount
2 4

of "reactive" Al or Ca is high and "reactive" Fe is low. Woolson et al.

(1971, 1973) extracted As from a large number of soils with 0.5 N NH4 F

followed by 1 N NaOH and concluded that As was associated with Al and Fe

in the soil. Livesey and Huang (1981) have reported that arsenate

adsorption maxima were linearly related to amounts of ammonium oxalate-

extractable Al, and to a lesser extent to clay and ammonium oxalate-

extractable Fe.

Texture is often related to As fixation (Woolson et al., 1971;

Small and McCants, 1962) because both reactive Fe and Al usually vary

directly with the clay content of soils (Woolson et al., 1971).

Wauchope (1975) found that adsorption of arsenate, methylarsonate, and
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cacodylic acid were strongly correlated with clay and iron oxide con-

tents of soils.

It appears that As is not associated with organic matter to any

appreciable degree. Brannon et al. (1976) did not detect As in the

organic fraction of sediments from Mobile Bay, Ala., Bridgeport, Conn.,

or Ashtabula, Ohio. Crecelius et al. (1975) found that less than

10 percent of the As in sediments from Puget Sound was removed by H2 02 ,

indicating that very little As was found in organic matter. Johnson and

Hiltbold (1969) reported that no appreciable organic As was found in

soils. Andreae (1979) and Walsh and Keeney (1975) reported that one

major difference between phosphorus (P) and As in soils is that soils

contain appreciable organic P and do not contain measurable levels of

organic As. Arsenic adsorption studies with soils have generally shown

that adsorption of all As species is independent of organic matter con-

tent of the soil (Jacobs et al., 1970; Wauchope, 1975). Boischot and

Hebert (1948) pointed out, however, that organic matter fixed arsenate

in small amounts under alkaline or neutral conditions, the amount of

fixation being proportional to the amount of organic matter.

Despite the low amount of As associated with organic matter in

soils and sediments, organic matter-As interactions in the water column

can greatly influence the behavior of As. Organic fractionation

(Waslenchuk, 1978; Waslenchuk and Windom, 1978) has shown that at least

40 percent of the As in river and estuarine waters in the southeastern

United States is associated with the Light (< 10,000 molecular weight)

fraction of dissolved organic natter. Waslenchuk (1979) felt that this

complexation of As by organics prevents adsorptive interactions between

dissolved As and active solid-phase organic and inorganic materials.
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Organic complexation is also a probable major factor responsible for the

observed conservative behavior of As at the freshwater/saltwater estu-
to

arine interface (Waslenchuk and Windom, 1978).

The association of As species with soils apparently changes with

time. Woolson and Kearney (1973) found that added cacodylic acid was

initially distributed in the following soil fractions: water soluble

>>Al > Fe > Ca. After 32 weeks, the distribution maintained the same

order, although the water soluble fraction was substantially lower in

As. In contrast, arsenate was largely present in the Fe and Al frac-

tions. The continuing predominance of the water soluble fraction is

possibly a consequence of the greater mobility of dimethylarsinic acid

compared to other As species (Holm et at., 1979; Woolson and Kearney,

1973). Holm et al. (1979) and Wauchope (1975) have both reported that

cacodylic acid is the least strongly adsorbed of all As species by soils

and sediments. I

Woolson et al. (1973) reported that 4-6 weeks was needed for equi-

librium to be attained between water soluble As, Al-As, Fe-As, and Ca-As

following addition of arsenate to soils. The higher the As applica-ti n

rate, the longer it took for the As formns to reach equilibrium. The

percent Fe-As decreased as As level increased, percent Al-As remained

relatively constant, percent water soluble As increased, and very little

Ca-As was formed. The fixation of arsenate by Fe was apparently more

important than fixation by Al at lower levels of applied As, while Al

appeared to be responsible for adsorption at higher application rates

(Woolson et al., 1973).

Time-dependent adsorption of As by soils and conversion to less

soluble forms has been demonstrated (Jacobs et al., 1970; Woolson
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et al., 1973. Woolson et al. (1973) found that soluble (ammonium ace-

tate or ammonium chloride extractable) As decreased to a constant value

after 4 months. Iron-arsenic continued to form even after the Al-As

fraction had reached a maximum level and begun to decline (Woolson

et al., 1973).

Arsenic Leaching from Sediment

Effect of Soil and Sediment Properties

The fate of sediment arsenic exposed to short- and long-term leach-

ing is of great environmental significance. If leaching removes high

amounts of As from the sediment, special precautions must be taken when

dredging and disposing of such material. Brannon et al. (1980) have

demonstrated that As in undisturbed, relatively noncontaminated (< 0.25

to 9 g As/g) sediments pose no long-term hazards to overlying water

quality. In fact, arsenic in the water column was adsorbed by the sed-

iments. Short-term release of As from relatively noncontaminated sed-

iments (< 0.25 to 12.2 jg As/g) under conditions simulating dredging and

aquatic disposal has also been shown to be insignificant (Brannon

et al., 1976, 1980). Leaching studies have not been conducted, however,

using sediments that are highly contaminated with As.

Leaching of As from soils is influenced by the properties of the

soil and the amount of added As. Arsenic leaching generally increases

as the amount of added As increases (Arnott and Leaf, 1967; Johnson and

Hiltbold, 1969). Soils low in Ca or Fe and Al leach higher amounts of

As than soils high in these components (McGeorge, 1915; Tammes and de
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Lint, 1969; Johnson and Hilthold, 1969). Sandy soils leach higher

amounts of As than more finely textured soils (Ehman, 1965; Dickens and

Hiltbold, 1967; Tammes and de Lint, 1969; Hiitbold et al., 1974), pre-

sumably because both reactive Fe and AI usually vary directly with the

clay content of soils (Woolson et al., 1971). Galba (1972b) found

arsenate easiest to leach from calcareous soils. Desorption was closely

related to chemical composition of the soil, especially with the ratio

CaO + MgO/AI 2 03 + Fe2 03. The greater this ratio, the easier arsenates

are desorbed (Galba 1972b). Kobayashi and Lee (1978) reported that

extended extraction (77 days) with distilled water showed that highly

calcareous sediments under oxygenated conditions yielded the least

amount of As (25 percent of the total), and that highly organic sed-

iments, again under oxic conditions, yielded the most (in excess of 60

percent). Sediments subjected to As loading could be expected to behave

similarly.

Arsenic leached from soils can move downward with percolation

water, especially on coarse-textured soils (Steevens et al., 1972).

* Tammes and de Lint (1969) observed a leaching half life of 6.5 ± 4 years

for sandy soils in the Netherlands. Leaching may be quicker in sandy

soils since water soluble As accumulates faster in sonds than in clays

despite the more rapid leaching of As from sands (Dorman et al., 1939).

"- Even though As can be leached from soils, available evidence indicates

that As will not move to great depths in the soil profile, even in sandy

soils. Steevens et al. (1972) found that subsoil As concentrations

increased to a depth of 38 and 68 cm for treatments of QM and 180 kg
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As/ha and 720 kg As/ha, respectively, during four croppin, -nha3Jions.

Hiltbold et al. (1974) recovered all of the As added as ,monosodium

methanearsonate (MSMA) applied to the soil surface within 30 cm of the

soil surface over a 6-year period, with no evidence of leachiing into

deeper zones.

Effect of Salinity

% Wiklander and Alvelid (1951) found that increasing concentrations

of all salts in water except phosphate suppress the Leaching of arsenic

from soils, the decrease generally being greater for the higher concen-

trations than for the lower ones. Increasing salt concentration evi-

dently counteracts the desorption of arsenate ions, decreasing the

arsenate concentration in solution with a corresponding increase in

adsorbed arsenate (Wiklander and Alvelid, 1951). Gupta and Chen (1978)

found, however, that increasing salinity reduced adsorption of arsenate M4

on activated alumina and bauxite. Rates of arsenate and arsenite

adsorption are slower in seawater than in fresh water, but the absolute

adsorption was reduced by no more than 5 percent. Arsenite is less

effectively adsorbed than arsenate, but arsenate adsorption is affected

much more by chemical composition than is arsenite (Gupta and Chen,

1978). luang (1975) has reported that the presence of NaCI in solution

generally decreased As retention by the hydroxy-A complexes of both

biotite and potassium (K) depleted biotite. The effect of increased

salt concentration, therefore, appears to be suppression to some extent

of both adsorption and desorption, although the preceding resultts are

somewhat contradictory.
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Arsenic and Phosphorus Cycling

The chemistry of As is similar in many ways to that of other

Group V elements (which includes P); but As is more labile than P, which

is essentially covalent (Walsh and Keeney, 1975). This chemical differ-

ence between P and As is best illustrated by the fact that As undergoes

oxidation-reduction and methylation reactions in the environment while P

apparently does not undergo such reactions.

Despite these major differences, there are some similarities

between the behavior of P and As in the environment. As with arsenic,

Fe plays a major role in P retention by soils and sediment, although As

compounds are more strongly adsorbed than P (Wauchope, 1975). Clement

and Faust (1981) felt that this similar association with Fe reflected

similar phosphate and arsenate chemistry. Clement and Faust (1981) felt

that such similarities could result in arsenate and phosphate competing

for bonding sites in muds, with the levels of either existing in the

aqueous or solid phases depending on the relative amounts of each pres-

ent in a system. This may well be the case, since phosphate addition to

. a soil will substantially suppress the adsorption of As (Livesey and

Huang, 1981). Under similar aerobic conditions, increased release of As

has also been noted when phosphate (300 mg P/R) was added to the system

(Clement and Faust, 1981). The observed impact on arsenate adsorption

,f added phosphate was attributed to anion competition (Livesay and

Huang, 1981), a factor which may also have caused increased As release

when phosphate was added to a mud-water system.
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Sediments and soils are not the only pla,'e whiere As and P compete.

% The structural similarity between arsenate and phosphate enables

arsenate to substitute for phosphate in biochemical reactions and act as

an uncoupler of mitochondrial oxidative phosphorylation (NAS, 1977).

Studies of algae have shown that arsenate competitively inhibits

phosphate uptake by phytoplankton (Blum, 1960; Johnson and Burke, 1973)

Sanders (1979) showed that arsenate is taken tip readily by S. costatum

and inhibits productivity at concentrations as low as 67 I.M of As when

the phosphate concentration is low. Phosphate enrichment (>0.3 _M)

alleviates this inhibition. PLanas and Healey (1978) reported that the

principal effect of arsenate on the algal C. reinbordtii was as an

inhibitor of phosphate uptake rather than as an uncoupler of phosphory-

lation.

The inhibition of phosphate uptake by arsenate appears to be a

result of the competition for uptake sites. Sckerl (1968) showed that

arsenate competes with P for uptake and transport in the cell. Arsenate

enters yeast cells by competing with phosphate for permease sites during

entry (Jung and Rothstein, 1965; Button et al., 1973). Despite competi-

tion between arsenate and phosphate, the overall As cycle in marine ec(-

systems is similar to the phosphate cwcle, but the As regeneration time

is much slower (Sanders, 1980).

This short review iU lustrate5 some of the similarities and differ-

ences between the behavior of P and As in the environment. Ca]rc should

be taken in extrapolating the behivior of one from that of the other

because of the differences between the environmental chemistrv of As and
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P, specifically the ability of As to undergo oxidation-reduction and

methylation reactions.

Sources and Concentration of Sb

Natural

Antimony, like As, is a naturally occurring element. Onishi and

Sandell (1955b) estimated that the amount of Sb in igneous rocks (and in

the upper lithosphere) is 0.1 to 0.2 ppm. Boyle and Jonasson (1973)

reported that the terrestrial abundance of Sh is on the order of

0.7 ppm. Heinricks and Mayer (1977) reported Sb concentrations in two- j

soils ranging from 0.4 to 0.7 ppm.

Antimony, found primarily in mineral ores, is derived principally

from stibite, Sb S (Braman and Tompkins, 1978). Shales containing .n

organic matter, sulfides, and iron oxides also tend to be high in Sb

(Onishi and Sandell, 1955b). Microbial oxidation of Sb 2S in mineral

ores and shales occurs in two stages during weathering (Layalikova and

Shlain, 1974). The Sb S is first oxidized to form Sb 0 followed by2 3 2 3

further oxidation to yield Sb205. Antimony weathering, based on Sb/As
2 5

estimated weight ratios of from 0.1 to 0.23 (Onishi and Sandell, 1955b;

Boyle and Jonasson, 1973), should be from 10 to 23 percent of the weight

of As weathered.

Antimony concentrations in seawater have been reported to range

from 0.13-0.57 ,g Sb/f (Portmann and Riley, 1966; Gilbert and Hume,

1973; Gohda, 1972). Antimony concentrations ranging from 0.2 to
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1.7 L g/f were reported in the Tonegama River in .lapn (N'atsuka and

Yagaki, 1976). Andreae et al. (1981) reported total Sb concentrations

ranging from 13.6 to 232.6 >g/f in fresh, estuarine, and marine waters.

Braman and Tompkins (1978) reported, however, that the average Shb con-

c centration for both fresh and saline water samples detennined by hydride

generation was approximately 20 pg/f. The lower concentrations of Sb

found in their study was attributed to the inability of hydride genera-

tion to detect insoluble antimony compounds such as S)2S Sb20 or
-. 2 3' b0 3 , o

(CH )2SbO(0ll) (Braman and Tompkins, 1973; Parris and Brinckman, 1976),
32

which may have been present.

An t h r o po g en i c

Antimony is introduced into the environment by man's activities in

much the same anner as As. Ragaini et al. (1977) reported that Lead

smelt in, operations in the Kello g Na lev of Idaho had resulted in soil

Sb concentrations ran,<i ng from 5 to 260 2/2. Crec(_IiUs et a[. (1975)

reported that the major anthropogenic source of Sb to Puget Sound

(1.52 x 106 kg, Sb/yr) was a large copper smelter located near Tacoma.

Antimony concentrat ions ranging from 0.46 to 0.64 g!g have been

reported in Wyoming coals (Chadwick et al I Q75) When coal is burned, -

Sb is concentrated in fly ash dischar ged through the stack compared to f.i

." 4-'fy ash collected 5v the precipitator ( ind ' r- et ;l., 175). :\nt ionv_'.

is also introduced into the emvironinent Frnm se:l'e and f5ert iI i er

4 (Papakostides et al., !1q75; :;rimans et at., 1977). It can therefore be O

seen that Sb concen t ri t on,- iIi so i Is and se, imen ts ma v be inc reasol in

Localized areas h,, man's act vi tics
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Chemistry of Sb

4 Recent studies have shown that Sb exists in the Sb(lIl) and Sb(V)

forms and as methylantimony compounds in natural waters (Andreae et al.,

1981; Byrd and Andreae, 1982). Andreae et al. (1981) reported results

of Sb speciation analysis from 10 widely separated rivers and estuaries.

Antimony (V) was the predominant species in all water samples, but

*' Sb(lIl) was found in most samples and methylantimony compounds were con-

sistently present in the marine and estuarine environment. The presence

of the nonequilibrium Sb(III) and methylantimony compounds was attrib- .

uted to biological and algal activity (Andreae et at., 1981). Byrd and

Andreae (1982) reported that Sb(III) concentrations in the ltqatic Sea

exhibited a surface maximum which decreased to a midwater minimum fol-

lowed by greatly increased Sb(III) concentrations in anoxic bottom

waters. Methylstibonic acid was detected in all samples at an average

concentration of 2.5 picomoles (Byrd and Andreae, 1982).

Greatly increased concentrations of Sb(IIT) in anoxic bottom waters

(Byrd and Andreae, 1982) implicates microbial reduction as a source of

Sb(TI). Based on the limited data available (Latimer, 1952), reduction

of Sb 0 to Sb(III) in the form SbO + , at pH 7 and an SbO activity of
25

10-6m should theoretically occur at approximately 140 mV. The existence

of SbO+ in the environment has not been demonstrated, but some form of

Sb(III) is present (Andreae et at., 1981; Byrd and Andreae, 1982) .

In seawater, Sb(OH)6 , SbC1 2 (OH) 4 , and SbCI(OH)5 are probably the

predominating Sb species (Newman, 1954; Sillen, 1961). The existence of
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these negatively charged Sb species indicates that positively charged Fe

and Al oxides associated with sediments should strongly adsorb Sb. The

limited result- available to date indicate that Sb does become associ- -0'

ated with sedimentary Fe and Al oxides. Crecelius et al. (1975) have

"W€ shown that 48 percent of the total Sb (0.28 to 1.82 .g/g) in three

"noncontaminated" Puget Sound sediments was oxaate-extractable, thereby 01

implying the Sb was associated with Fe and Al compounds.

Biological methylation of Sb should be possible because of the sim-

ilarity between the chemistry of As and Sb (Parris and Brinckman, 1976).

There is no obvious thermodynamic kinetic barrier to biomethylation of

Sb. Andreae et al. (1981) have reported finding methylstibonic acid

(CH3SbO(OH) 2) and dimethylstibinic acid \(CH3)2 SbO(OH in natural

waters, indicating that methylation of Sb in the environment is indeed

occurring. Parris and Brinckmann (1976) postulated that if methylation

of Sb should occur during biodegradation of items protected with Sb, the

Sb could be put into a much more water soluble form, (C.3)3 SbO.

C 3

The chemistry of other Sb compounds that could be produced via bio-

methylation have been studied by a number of investigators. Bamford and

Newitt (1946) demonstrated that trimethylstibine is rapidly oxidized in

the presence of oxygen. Trimethyistibine reacts six to eight times as

fast as trimethylarsine in solutions of methanol exposed to air (Parris

and Brinckman, 1976). Oxidation of trimethylstibine solutions under

anhydrous conditions produces high yields of trimethylantimony oxide

(Ch3 )3SbO) (Parris and Brincknan, 1976).

The Limited data availaIle on Sb indicate that Sb cycling in the

environment may be simtlar to that of As. Byrd and Andreae (L982)
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reported that Sb(TII) concentration profiles in Baltic Sea waters fob-

lowed a similar pattern to those of As(III). Andreae et at. (1981) sug-"°

gested that the presence of Sb(III), As(lII), methylantimony acids, and

'5' methylated As compounds in aerobic natural waters was probabty due to

similar mechanisms. The exact degree of similarity remains an area for2

future research.
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4. MATERIALS AND METHODS

Sampling Areas

4-.o

Sediment samples were obtained through the cooperation of personnel

at the Waterways Experiment Station (WES) engaged in research on contam-

- inated dredged sediments. Sampling site seltction was predicated on

obtaining some of the most highly contaminated sediments in the nation.

The general geographical locations of the sediment sampling areas are

shown in Figure 1. For a more detailed location of sediment sampling

sites see Folsom et al. (1981).

Field Sampling Procedures

Dredged material samples were taken with clamshell or similar sam-

--" piers. After sampling, the sediments were placed into new, 208- steel

drums with polyethylene liners, sealed with airtight lids, and trans-

ported to WES. Upon arrival at WES the sediments in each drum were

mechanically mixed, and a subsample (20 f) transferred to a polyethylene

container which was then sealed and stored at 4C until used in this

study.

Controlled Eh-pH Incubation

In all controlled Eh-pFl incubations, wet sediment was transferred

-. to a 2.8-f wide mouth erlenmeyer flask. Sufficient distiLled deionized

1 38
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water was added to each flask to produce a water-to-dry-sediment weight

ratio of 15:1. The sediment-water mixtures were kept in suspension by

continuous stirring with a magnetic stirrer. Sediment-water mixtures

were equilibrated at 28 ± I°C at a controlled Eh using the methods of

Patrick et al. (1973), with some modifications. For each sediment-water

mixture, Eh was monitored by a platinum electrode-calomel half cell con-

nected to a pH-millivolt meter (Figure 2). The Eh desired for a partic-

ular incubation was set on a meter relay switch, which, by activating an

air pump when the preset value was reached, prevented any further lower-

ing of Eh. To help maintain anaerobic conditions and to act as a car-

rier for any volatile As or Sb compounds produced during the incubation,

oxygen-free nitrogen gas was flushed through the system at a rate of

* approximately 15 ml/min. A combination pH electrode connected to a pT

meter monitored pH. The desired pH was maintained by injecting either

1.0 N HCI or NaO!H as necessary via syringe through a serun cap into the

sediment-water mixture. Prior to beginning any experiment, sediment-

water mixtures were allowed to incubate and stabilize at the chosen

Eh-pH levels for 14 days prior to introducing any As or Sb compounds.

The first set of experiments investigated the effect of Kh and pH

on leaching of native As and Sb in sediments from the Menominee River,

Wisconsin; Indiana Harbor, Indiana; and Northwest Branch in Baltimore

Harbor. Each sediment was incubated at four Ph levels (-150 mV, +50 mV,

+250 mV, and +500 mV) and at three pit levels (pH 5.0, pH 6.9, and

pH 8.0). Fach Eh-pll combination was allowed to incubate for I week fol-

lowing stabilization at tle chosen Eh-pHl regime. Anv volatile As or Sh

compounds evolved were trapped in 20 ml of 0.(05 1 n;erc, ric nitrate 'lid a

44o
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0.05 percent weight:volume nickelous nitrate prepared in 0.02 N nitric

acid (Gupta and Chen, 1978).

The second set of experiments investigated the effect of Eh and pH

on the mobilization and transformation of added As and Sb. As pre-

viously described, sediments from Texas City, Texas, were placed into

the reactor units and allowed to stabilize at the chosen Eh-pH level for

14 days prior to any amendment. Each Eh-pH combination was replicated

at two Eh levels (-150 mV and +400 mV) and three pH levels (pH 5.0,

pit 6.5, and pH 8.0). Each Eh-pH combination was amended with 75 Wg of

As(V)/g dry weight of sediment as sodium arsenate and 25 wg Sb/g dry

weight of sediment. The Sb amendment was prepared by dissolving Sb

metal in HNO3 .

Following 21 days of incubation, samples were withdrawn by syringe

and the water soluble phase extracted and treated as previously

described.

The third series of experiments investigated the effect of Eh and

ph on the disodium salt of methylarsonic acid (DSMA) added to Texas City

sediments. Each duplicated Eh-pH combination was amended with 35 wg/g

sediment dry weight of DSMA following stabilization at the chosen Eh-pH

regime. Water soluble phase samples were taken and processed as previ-

ously described 2 hours after the amendment, then weekly for 5 weeks.

Samples were removed from each reactor for each Eh-pH combination

and extracted using modifications of previously described selective

extraction techniques (Brannon et al., 1976; Brannon et al., 1977).

Sample handling and all steps in the water soluble and ammonium sulfate

(exchangeable phase) extractions were conducted under an oxygen-free

nitrogen atmosphere.
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Water Soluble Phase

A 150-ml sample of the sediment-water mixture was taken by syringe

and transferred to a 250-mi polycarbonate centrifuge bottle under an N,

atmosphere. The bottle was sealed, then centrifuged at 9000 rpm

(13,000 x g) for 5 min. Following centrifugation the supernatant water

was vacuum filtered under nitrogen through a 0.45-jm pore-size membrane

filter and immediately acidified to a pH of I with concentrated, ultra-

pure HCI. A 60-ml subsample to be used for As speciatlon analysis was

immediately transferred to a polyethylene bottle and quick frozen at

-60*C to prevent oxidation of As(Il1) to As(V), spurious losses of

arsenite, and loss of methylated arsenicals (Andreae, 1979). The

remainder of the sample was stored at 4°C until analyzed.

Exchangeable Phase

A separate 100-mi sample of the mixture was then removed by syringe

and placed into an oxygen-free, tared, 250-mi centrifuge tube containing

24 ml of deoxygenated 5 N ammonium sulfate at pH 7. Dilution resulted

in a 1 N amnonium sulfate extractant. A separate subsample was removed

. by syringe for determination of percent solids. The sediment suspen-

sions were shaken mechanically for I hr, then centrifuged at 6000 rpm

for 10 min, followed by vacuum filtration under oxygen-free conditions.

The filtrate was acidifiel to pH I with concentrated, ultrapure HCI, and

subsequently stored as described for the water soluble phase. This

extractant also included metals from the water soluble phase. Specific

concentrations of constituents in this extract (exchangeable) were

therefore corrected for the mass of material found in the water soluble

K' plhase.
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Easily Reducible Phase

The residue from the IN ammonium sulfate extraction was washed once

with 50 ml of N2 sparged distilled deionized water and centrifuged at

6000 rpm for 5 min, and the liquid phase discarded. The remaining sedi-

-ment residue was then blended, a 2-g (dry weight) subsample removed, and

100 ml of 0.1 M hydroxylamine hydrochloride - 0.01 M nitric acid solu-

tion (Chao, 1972) was added. The solid-to-extractant ratio was approx-

imately 1:50. The mixture was mechanically shaken for 30 min and then

centrifuged at 6000 rpm for 5 min; the extract was then filtered through

0.45-m pore-sized membrane filters.

Moderately Reducible Phase

The residue from the easily reducible phase was washed once with

distilled water and centrifuged. The supernate was then discarded.

Washed residue from the easily reducible phase was then extracted with

100 ml of oxalate reagent (0.1 M oxalic acid plus 0.175 M ammonium oxa-

late, pH 3.25). The mixture was mechanically shaken for 2 hours, then

centrifuged at 6000 rpm for 10 min. The extract was then filtered

through 0.45-um pore-sized membrane filters, transferred to polyethylene

bottles, acidified with concentrated, ultrapure HC1 to pH 2, then stored

at 4oC.

Sediment Incorporation and Trans-
formation of Added Arsenic and Antimony

Ten sediment samples from Indiana Harbor, site 3, Ind.; Menominee

River, site 1, Wi:;.-Mich.; Detroit River, site 1, ,lich.; :lichigan City

Harbor, site 3, Ind.; "TiLwaukee arbor, Wis.; flakland Inner Harbor,
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site 3, Calif.; Black Rock Harbor, Conn.; Corpus Christi Ship Channel,

site t, Tex.; Seattle, Duwamish Waterway, site 3, Wash.; and Bridgeport

Harbor (Johnson's Creek), Conn. were utilized. Sediment in each 20-r

container was first mechanically bLended for 15 min. Subsamples (2000 g

on a dry weight basis) were then transferred to each of three 3.8-f,

polyethylene containers with airtight lids. Sediment in each container

was then amended with 20 g of cellulose (I percent on a weight:weight

basis) as a microbial energy source and the cellulose mechanically mixed

with the sediment for 15 min. One container of each sediment was then

sealed without further amendment, the second was amended with 75 wg

As(V)/g dry weight from a 1000-mg/ sodium arsenate solution, and the

3&
third amended with 75 ug Sb+ /g dry weight using a 1000-mg/f solution of

antimony potassium tartrate. Following thorough mechanical mixing of

the added As and Sb with the sediment for 15 min, the containers were

sealed and incubated for 45 days at 20 t 0.50 C. At the conclusion of

the incubation period, each sediment container was placed in a glove box

under a nitrogen atmosphere. Each container was then opened and mechan-

ically blended for 15 min. A subsample of approximately 200 ml of the

blended sediment was then transferred to an oxygen-free, polycarbonate,

250-mi centrifuge bottle in the glove bag. The sediment interstitial

water was then separated by centrifugation as previously described for

the water soluble phase. A separate subsample (approximately 20 g dry

weight) of each blended sediment sample was weighed into an oxygen-free,

tared, 250-mi centrifuge tube containing 100 ml deoxygenated I N ammon-

ium sulfate. A separate subsample was removed for detemnination of

454
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percent solids. The extraction was then conducted as previously des-

cribed for the exchangeable phase. Easily reduicible phase and moder-

ately reducible phase extractions wert, then conducted sequentially on

the residue from the exchangeable phase is previously described. Total

sulfides were determined on sediment subsamples by the Connell (1966)

modification of the American Public Health Association (1980) method.

Short-Term Leaching

A subsample (40 g sediment dry weight) of wet sediment from each

of the unamended, As amended, and Sb amended sediment anaerobic incu-

bations previously described were transferred to 250-mi poLycarbonate

centrifuge tubes. Sufficient distilled-deionized water was then added

to each centrifuge tube to bring the total volume of water to 160 ml.

Fach mixture was then aerated with compressed air for 5 inn, shaken for

30 in, reaerated for 5 min, centrifuged at 6000 rpm for 10 min, and

filtered through 0.45- m pore-size membrane filters. The conductivity

and pH of the supernatant were detenined on a smal t, disposable aliquot

(15 ml) prior to filtration. The filtered portion of the sample was

preserved by adding a few drops of ultrapure HCI followed by immediate

freezing at -60C.

Incubated sediments from Indiana Harbor, Menominee giver, Detroit

River, Michigan City Harbor, and Corpus Christi Shin Channel were also

subjected to additional short-term leaching. This additional leachingO

was conducted in an identical mianner to th e short-term I eachiiin, preyvi-

ously descrihed except that four -mhsampl,,s of eachi sediment treia went

46
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were extracted with artificial seawater (Table 1) of varying salinities

00 00(5 0/oo, 15 /oo, 25 /oo, and 35 /00).

Long-Term Leaching

After the short-term leach with distilled-deionized water, the

weight of decanted supernate was measured and replaced by an equal

weight of distilled-deionized water. These samples were then mechani-

cally shaken for one month while aerobic conditions were maintained in

the suspension. At the end of the month, the suspensions were centri-

fuged at 6000 rpm for 10 min, followed by measurement of pH and conduc-

tivity on one aliquot and filtration and preservation of another aliquot

as previously described for short-term leaching. The decanted supernate

was replaced as previously described and the long-term leach continued,

with monthly sampling, for five more months.

Incubated sediments from Black Rock Harbor were also leached under

anaerobic and a combination of anaerobic/aerobic conditions. Additional

40-g sediment dry weight subsamples of Black Rock Harbor sediments from

each treatment (none, As, Sb) were weighed into each of six 250-ml poly-

carbonate centrifuge tubes. Additional distilled-deionized water was

then added to bring water volume to 160 ml. One triplicate set of sam-

pies was sealed and shaken mechanically under anaerobic conditions for .'-

three months. Sampling and replacement of distilled-deionized water

were conducted monthly as previously described. The other triplicate 0

set of samples was shaken for three months tinder alternating anaerobic/

aerobic conditions (two weeks anaerobic/two weeks aerobic) for three
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Table 1

Composition of Artificial Seawater

(from Burkholder, 1963)

Ingredient Qua n tit v

Distilled water

Na Cl1 23.476 g

Na,,SO 43.917 g

NaIICO3  0.192 g

KCI 0.664 g

KBr 0.096 g

H BO 0.026 g
3 3

MgCI *6H 0 10.610 g
2 2

SrCI 611 0 0.040 g
2 2

CaCI 2HI 0 1.469 g
2 2

pH- 7.2
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months. Sampling and replacement of distilled-deionized water was con-

ducted monthly as previously described at the end of the two-week

aerobic segment of the leaching conditions.

Evolution of Volatile As and Sb Compounds

One-hundred gram subsamples of each incubated sediment treatment

were added to 250-mi Erl-nmeyer flasks. One hundred millil± ers of

distilled-deionized water was then placed on top of the resulting sed-

iment layer. A stream of oxygen-free N2 gas was bubbled through the

water of each setup (Figure 3) for five weeks. Arsenic or Sb compounds

that were evolved in the sediment water system were collected in 20-ml

solutions of 0.005 M mercuric nitrate and 0.05 percent weight:volume

nickelous nitrate prepared in 0.02 N nitric acid (Gupta and Chen, 1978).
p.

Absorbing solutions were changed and analyzed for As and Sb at weekly

intervals. At the end of 5 weeks, the gas passing through the water

above the sediment was changed to air, and the evolution of As and Sb -

compounds monitored for three weeks as previously described.

Analytical and Digestion Procedures

Arsenic

pounds were determined by a modification of the sequential volatilzation

hydride generation method orginally described by Braman and Foreback

(1973) and improved upon by Braman et aL. (1977) and Andreae (1977).

The modification involved analysis of total As, total inorganic As, and
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As(V). Total As was first determined on the sample using a Perkin-Elmer

model 503 atomic adsorption unit coupled to a Perkin-Elmer MILS-10
'0

hydride generator. Total inorganic As was then determined on the sample

by inserting a sulfuric acid trap in the line from the MHS-10 hydride

generator to the atomic adsorption unit. The acid trap used was a

Nesbitt adsorption bulb filled to a depth of 20 mm with concentrated

I1 SO Additional acid causes backpressure in the 1I1S-10 system and
2 V

results in disruption of the normal flow pattern. Concentrated sulfuric

acid has been shown to quantitatively separate alkyl arsines (reduction

products of organic As oxyacids) from inorganic arsines (Johnston,

1978). The efficiency of the sulfuric acid trap was verified by running

standards and spiked samples containing from 10 to 100 ppb of As as

methylarsonic acid, dimethylarsinic acid, and inorganic As through the

system in the presence and absence of the sulfuric acid trap. Alkyl

arsines which passed through the sulfuric acid trap were not detected

(detection limits were <0.0005 mg/f), while inorganic arsines passed

unaltered through the trap with no reduction in As detection limits.

Concentrations of organic As compounds are determined from the differ-

ence between total As concentration and total inorganic As

concentration.

Arsenate (As(V)) concentration was determined by a modification of

the method of Andrae (1977); selective volatization of As(ITI) from the

sample followed hy total inorganic As analyses. At a pli of 4 to 9

As(III) is the only form of inorganic As reduced to arsine (Braman and

Foreback, 1973). At a pH of 6.5, only 0.2 percent of the arsenate pres-

ent in a sample is reduced to arsine (Andreae, 1977). The pH of a sam-

pie aliquot (generally 1 ml or less) was adjusted to approximately AID,
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pH 6.5 with a Tris [tris (hydroxymethyl) aminomethane] buffer. The Tris

buffer was similar to that used by Andreae (1977), 2.5 N in Tris and

2.4 N in HCl giving a pH of 6.2 after dilution to 0.05 N, except that

HCI addition was stopped when pH 7.2 was reached. Following pH adjust-

ment of the sample, 1 ml of 4.8 percent NaBH solution was added, and

argon gas slowly bubbled through the sample. When all added NaBH4 had

decomposed (6 hours), the sample was acidified and total inorganic As

was again determined. This is a measure of As(V) since As(IIl) was

removed from solution by treatment with Tris and sodium borohydride.

The ability to selectively volatize As(III) using this modification of

the method of Andrae (1977) was verified by carrying standards and

spiked samples containing from 10 to 100 Lg/f of As as As(III) (sodium

arsenite solution), As(V) (sodium arsenate solution), and the methylated

As compounds previously mentioned through the procedure both singly and

in combination. Arsenite was not detected regardless of initial concen-

tration and As(V) was quantitatively recovered in all cases.

Other Analytical Methods

Calcium, Fe, Mn, and Al concentrations were deternined using direct

flame aspiration with a Spectrometrics Spectraspan IT ecele grating

argon plasma emission spectrophotometer. Antimony concentrations were

determined with an isotope Zeeman shift atomic absorption

spectrophotometer.

Total Digestion Procedure d

One gram of oven-dried sOd iment was weigied into a 100-ml micro-

KjeldahL flask. Fifteen milliliters of concentrated HNO 3 was added; and
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the mixture heated on a digestion rack until almost dry. Five milli-

liters of red fuming HNO was added and the mixture again heated until
3

almost dry. After cooling to room temperature, the mixture was diluted

with 30 ml of 1.2 N HC1, filtered through Whatinan No. 42 filter paper,

and brought to a final volume of 50 ml.

Organic Matter

Organic matter was determined by weight loss on ignition at 550 0 C,

a modification of the procedure in Standard Methods (American Public

Health Association, 1980). Five grams of oven dry sediment was weighed

to the nearest 0.1 mg and combusted at 550'C for 24 hours. After cool-

ing to room temperature in a desiccator, the sample was reweighed and

weight loss calculated.

Calcium Carbonate Equivalent

Calcium carbonate equivalent was determined on oven-dried sediments

using gravimetric method No. 91-5 (Allison and Moodie, 1965).

Total Sulfur

Total sulfur was determined on oven-dried sediments using the LECO

combustion method, application No. 103 (Laboratory Equip. Corp.,

St. Joseph, Mich.).

Particle-Size Distribution

Particle size was determined on air-dried sediments using the

method of Day (1956) as modified by Patrick (1958).
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Quality Control

Throughout the study, when a total experiment was not duplicated,

at least one extract or incubation in ten was conducted in triplicate to

assess the variability of the experimental procedure. For all chemical

determinations, analysis of split samples, spiking of samples to deter-

N] mine percent recoveries, and analyses of National Bureau of Standards

- Reference Standards were conducted on every eighth sample to ensure

consistent precision and accuracy.

.4 " 
Data Analysis

To test for overall differences, analysis of variance procedures

were utilized (Steel and Torrie, 1960; Barr et al. 1976). Simple one-

to-one correlations were determined using the least squares method.
Multiple regression analysis was conducted using maximum R2 improvement

in a stepwise pattern. The procedure used was developed by the Statis-

tical Analysis Systems (SAS) Institute (Barr et al., 1976). This tech-

nique looks for the "best" one-variable model, the "best" two-variable

model, and so forth, to fit the input variables.

.4- 
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RESULTS AND DISCUSSION

Experimental and Analytical Variability

To evaluate the variability in the various experiments conducted,

samples chosen at random were duplicated or triplicated in each series

of studies. Mean coefficients of variation (CV) for water soluble phase

parameters in the various experiments conducted during this study are

presented in Table 2. For all determinations, experimental variability,

which included variation between replicates, variation due to sample

handling, and analytical variability, did not exceed 29 percent and was

generally less than 20 percent. Mean CV's for parameters measured fol- I

lowing selective sequential extraction of sediments are presented in -

Table 3. The CV's in Table 3 for selective extraction procedures are

comparable to those reported for selective extraction procedures in Pq

other sediments (Brannon et al., 1977).

Analytical variability of split samples for Sb, As, As(V), and

inorganic As are presented in Table 4. These CV's were derived by ran-

domly selecting ten duplicate analyses conducted in the various chemical

matrices used in the study. Every eighth sample in the study was ana-

lyzed in duplicate for all parameters. Analyses were very reproducible

and had CV's comparable to those reported by other workers for analyses

of various As compounds (Braman et al., 1977; Iverson et al., 1979;

Denyszyn et al., 1978).
I'

N..
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Table 3

Mean Coefficients of Variation (%) For Chemical Fractionation

Procedures Conducted on Replicate Experiments

Chemically Total Inorganic

Extractable Phase As As(V) As Sb Fe Al Mn

Exchangeable 19.7 BDL 19.7 6.9 17.4 BDL 9.5

Easily Reducible 13.8 ND ND 6.8 10.1 17.7 5.4

Moderately Reducible 4.6 ND ND 7.5 5.7 5.3 4.7

BDL = Below Detection Limits

ND) = Not Determined
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Table 4

Analytical Variability, Expressed As a Mean Coefficient of

Variation ()of Ten Randomly Se~ected Samples

Total. Inorganic

Sample Matrix As As (V) As Sb

Water 2.99 8.87 6.77 4.33

Aimmonium sulfate 5.23 11.95 10.54 6.56
ext rac tant

Hydroxylamine 5.35 ND ND 6.01
hydrochloride extractant

Oxalate extractant 2.97 ND ND 1.22

ND Not Determined
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Transformation and Distribution of Arsenic in Sediments

Sediment Physical and Chemical Characteristics

Selected physical and chemical characteristics of ten sediments

used in investigating the manner in which anaerobic sediments assimilate

and transform added As(V) are presented in Table 5. The sediments

exhibited a wide variety of particle size, ranging from nearly pure sand

(91.4 percent) in Menominee site 1 sediment to nearly pure silt and clay

in Corpus Christi (98.3 percent) and Milwaukee (96.6 percent) sediments.

Total As concentrations were generally low, with only three sediments

containing more than 10 og/g of total As. Iron, aluminum, organic mat-

ter, total sulfur, and calcium carbonate equivalent contents of the sed-

iments generally exhibited a wide range of variation, with data for

these parameters varying by factors of 6 to 50 among sediments.

As Speciation in Sediments

Concentrations of As(V), As(III), and organic As in amended and

unamended sediment interstitial waters are presented in Figure 4. In

both amended and unamended sediments, As(III) was generally the predom-

inant form of inorganic As. Concentrations of As(V), As(II), and

organic As were substantially higher in the interstitial water and

exchangeable phase of amended sediments compared with unamended sedi-

'ments (Tables 6 and 7). Addition of 75 ug/g of As(V) to the sediments

resulted in enrichment factors (amended conc./unamended conc.) as high

as 72 for As(V), 3350 for As(TII), and 1542 for organic As In the inter-

stitial water. Similar enrichment factors were noted for exchangeable

tphase As species.
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Since the added As was in the As(V) form these results demonstrate

that in the sedimients studied, As(V) was reduced to As(l17) under anaer-

L obic conditions. The results also show that in five of the ten sedi-

ments, addition of As(V) resulted in accumulation of organic As in the

sediment interstitial water under anaerobic conditions. The observed

reduction of As(V) to As(III) and production of organic As occurred in

sediments from both freshwater and saline areas; Black Rock, Corpus

Christi, Johnson Creek, Oakland, and Seattle sediments were from saline

environments.

Analytical results for native As are in agreement with those of

other workers who have reported As(III) concentrations in anaerobic

soils and sediment,; (Clement and Faust, 1981; Johnston, 1978; Andreae,

1979; Takmuatsu et al., 1982) and water (McBride and Wolfe, 1971;

Brunskill et al., 1980; Johnson and Pilson, 1975). The accumulatioan of

As(Ill) following As(V) addition to sediments observed in this study is

also in agreement with results of Brunsk [il et at. (1980) and 'Myers

et al. (1973) who observed similar As reduction in sewage sludge. Addi-

t ion of As(V) to the sediments did not affect the concentrations of Fe,

Al, or Mn found in the interstitial water of the amended and unamended

sedinie, ts. Reduction of Fe from Fe(I 1) to Fe(I1) with subsequent dis-

solution of ferrous arsenate, a meclianisiii provionsLv advanced to explain

the increase in solhle As nodeor nanerooi[c conditions (Kanannori, 195;

~ euol and Sw)oda, I )72 , therefore, 'played no part in the elev;ited con-

ctOu tIt LOtS of any As s),c2 ith the a;ncnde 1 sediment,s;.

A 1,,; t i an L) tl)e o rAs l V",s 'opounfs founT in the tn terst t in I

wal fk' we re p rohihie int' a Ie A.; t 'v k-s Io organi As copoi

hive been found in aerobic an, tiniero)l, environments, i ethliace;ii' nd

04
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dimethylarsinic acid were reported to constitute the great majority of

organic As (Braman, 1975; Andreae, 1979; Johnston, 1978; Takamatsu

et al., 1982). Other organic As compounds have also been reported in

the interstitial waters of anaerobic sediments and soils (Johnston,

1978; Takamatsu et al., 1982), although in much lower concentrations.

The As compound reported in flooded soils by Takamatsu et al. (1982) was

identified as C H AsO 3112, a molecule containing aliphatic hydrocarbon

groups in place of a methyl group. Regardless of the composition of the

organic As pool, the added As(V) that became part of the pool probably ,1

was reduced to As(III) prior to methylation or addition of a longer all-

phatic carbon chain. Arsenic in methylated As oxyacids is present in

the +3 and +1 valence states (Ehrlich, 1981).

It is highly unlikely that the organic As compounds in the sediment

interstitial water were oxidation products of methylated arsines, a

mechanism postulated by Wood (1974) and Ridley et al. (1977). During I

the incubation period of 45 days, and in all subsequent handling, sedi-

ments were not exposed to air; anaerobic conditions following incubation

were verified by the presence of sulfides in all sediments.

There is strong reason to believe, therefore, that the organic

arsenicals were formed under anaerobic conditions following reduction of

As(V) to As(III). Direct methylation of arsenite or addition of other

aliphatic hydrocarbon groups to As(IlT) is a more plausible mechanism

than oxidation of methylated arsines for the accumulation of organic As

compounds under the experimenta] conditions used in this experiment.

These findings are in agreement with the biosynthetic pathway of

dimethylarsine by methanobacteria (Mcgride and Wolfe, 1971). Although

volatile As compounds were not measured in this phaSe of the study,

65 2
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elevated concentrations of As(l1) and soluble org anic As, intermediates

in the biosynthesis, were measured in the interstitial water and exc-

hangeable phases.

Transformation of As(V) in Texas City Sediments

To determine the impact of oxidized and reduced conditions and pH

on As(V) transformations in sediment, As(V) was added to Texas City sed-

iment maintained at a specific Eh and pF[. The Texas City sediment was

high in clay content (26.9 percent), low in total Mn (57 .g/g), total As

(0.55 og/g), and total Fe (1.62 mg/g) content (B. L. Folson, personal

communication) .

Unamendel Texas City sediments were not subjected to the same incii-

bations as As(V) amended sediments because of the Low total As concen-

tration. At the solid-liquid ratio (15:1) in the reactor units, solu-

biLlzation of all sedLment As would result in a total water soluble As

concentration of only 0.035 rg/i, a minor amount compared to the amount

of added As.

After stabil inn t on of Eh-pH conditions in the sediment suspension,

4.75 mg/ (75 ,g/g) of As(V) was added, and the in-xture allowel to incu-

bate for three weeks before sampling. Total water soluble As concentra-

tions in Texis City spensions are presented in TabLe 8. At p1l 5.0 and

6.5, soluble As concentration; at -15)0 mV greatLv exceeded those at

+5003 mrV; at PH1 8.0 tOe reverie was; truo. I'nd er oxid ized coendit ions, -

maximum of 17.1 porent oF thie naled As remained in solition compared to

a maximum of '.5 percent u;,dcr reduced condtions;. Arsenic(V) was

present under reduce] ,u] itiin )alv at !nOi ,2.O and as 1 minor p,,rtion I
(13.9 percent) of the total iuor'.ntc As (Figure 5). 'nder oxidized -@1

6 6
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Table 8

Water Soluble Total As (mg/f) in Texas City Sediment Suspensions

Redox Potential PH0
_________ 5.0 6.5 8.0

-150 2.50 3.30 0.18

+500 0.05 0.17 0.81

A-A
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Figure 5. 1111LueCeIC of :iitonStrItuS ;Jmd PH1 on water
soluble As (V) in fc:::- i tv scdj muont Suspensions .
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" conditions, As(V) was present in the interstitial waters at all pH's

. tested. Distribution of As(III) as a function of Eh and pH was the

opposite of As(V) trends (Figure 6). Arsenic(IlI) was present at all

pH's under reducing conditions, although much higher concentrations were

reached at pH 5.0 and 6.5. Under oxidized conditions, As(lII) was pres-

ent only at pH1 8.0. No organic As was found at any Eh-pHl combination in

Texas City sediment suspensions.

These results indicate that in Texas City sediments, in agreement

with the 10 other sediments tested, addition of As(V) to sediments under

anaerobic conditions will result in reduction of As(V) to As(IIl) and to

accumulation of As(III). The higher concentrations of As(IIl) at pH 5.0

and 6.5 compared to pH 8.0 under reduced conditions are probably due to

adsorption processes. Arsenite is less subject to adsorption under

acidic conditions because the fraction of arsenite present in solution

as an anion is small in acidic or weakly basic solution, but increases

- as the pH approaches 9.2 (Frost and Griffin, 1977). Maximum adsorption

of arsenite has been reported at pH 9.2 for an anion exchange resin

(Everest and Popiel, 1957), pH 7.0 for amorphous iron hydroxides (Pierce

and Moore, 1980, 1982), and pH 9 (the limit of testing) for clay miner-

als (Frost and Griffin, 1977).

The distribution of As(V) in solution is also a possible conse-

quence of adsorption processes. Maximum adsorption of arsenate by clay

minerals, soils, and amorphous iron hydroxides lias been reported to be

4 in the pH range of 3.5 to 5.3. Soluble As(V) concentrations in Texas

City sediment suspensions tinder both oxidized and reduced conditions

-- were lower at pH 5.0 than at pH 8.0. The lack of soluble As(V) under

Or
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reduced conditions at p11 5.0 and 6.5 may also have been due, however, to

nearly complete reduction of all added As(V).

The presence of As(Ill) in solution under oxidized conditions it

ph 8.0 at a relatively high concentration (0.78 mg/f) when adsorption

should be highest, indicates that aerobic reduction of As(V) may also be

occurring. Others (Johnson, 1972; Heimbrook, 1974; Shariatpanahi and

Anderson, 1981) have reported As(V) reduction by bacterial cultures

under aerobic conditions. If such As(V) reduction is occurring under

aerobic conditions, it is probably restricted to p11 8.0. Arsenite is

much less subject to adsorption at pH 5.0 and 6.5, yet no soluble

As(Il) was observed.

Disappearance of Disodium Metha,:earsonate (DSMA)

Different Eh-pH conditions in Texas City sediment suspensions re-

suited in differences in initial adsorption of 2.22 nig/' (35 g/) of

*DSMA. Samples taken 2 hours following addition of 1)SMA to the reactor

units revealed that relatively larger amounts of DSMA were adsorbed at

pHl 6 under oxidized conditions than at pl1 8 (Table 9). At pH 5.93

essentially all methylarsonic acid exists as the univalent anion

(Ferguson and Gavis, 1972). The 2 hours between addition of DSMA to

the sediment-water suspension and initial samplin, should have been more

than suifficient for adsorption-desorption equilibriumn to have been

established. Anderson et al. (1q78) reported that adsorption of arsen-

ate and methanearsonic acid could be described b' Lanjnmuir isotherms,

with each compound displayin,, simlar adsorption rate constants.

Adsorption rates for arsenate and ,netbvlarsonic acidi should therefore

71
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Table 9

Adsorption of DSMA from 2.64- f Solutions Containing 2.22 mg/ of

As and 63.3 g/f of Texas City Sediments Under

Differing Eh and pHl Conditions

Equilibrium solution DSIMA adsorbed
E PHmg/f As* wg As perg % total applied

+450 8.0 1.91 4.9 14.00

+450 6.0 1.29 14.7 42.01

-100 8.0 2.00 3.5 9.94

-100 6.0 1.85 5.9 16.71

*Means of duplicate suspensions, C.V. =21.6

L.
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be simil1ar. Adsorption of arsonate is known to I-n rapid, with from 50

* to 1)0 percent of added arsenate adsorption completed within minuttes

(Anderson et at., 1976; Pierce and 'or,1q812) .

Water solubLe 1)SMA added to Tuxas City sed i' "n'ener:11 Iy

decreased over time (Figure 7), the rates of disappearanct, app;rently

function of the Eh-pi re-ime. The soLuble organic As has been assumed

ti) 1e DSMA for the duration of the incubation. The Previous exoeriment

demonstrated that no organic Ats is formed when As(V) is added to Texas

City sediment-. Holm et al. (0980) has ailso dlemonstrate] thiat duiring

-~degradation of inethylarsonic acidI, dimethylarsinic on i wais iot "ored.

The disappearanice of DSMA was apparently i demietlvla tioi reac~tion..

Holm et at. (1980) has demonst ra ted that changes in.'. speciit ion (!!(

*not occur in steri~izedl sedimenits. Von 1-3lt t a. I lq8') tnni'' thu'!

rsenate is the degradation product of inethyl~irsonik- acid. YjoIm t i

(1930) found good agreement bietween mnodel. predict ions ain! expo(rinenta Il

data of arsenate as the deg;radation product of !ietthv1;rsOic aIcld. In

our study inorganic As concent rat ions remana ed l ti e cons tin t or

increased sli ihtty over time (Figure 7) . In tieal nder both O-f

dize-l and re(lucedl condlit tons. i norganic As concentra t ions ,wer(- highvr at

PH-I 3Compa red to pI-I 6. The aive rage concelnri t ion a! inorgan ic An; linde r

oxid ized and red'ic d cond i t io ns ait pH- 6.0n was, 0.025 i and i .~ A~/

%4 . respectiveLy, compared to 0.344 mg/f and ().14n rug1c, respectivelv, aIt

p11 3. 0.

Th mstsubs taut ia incre iso inIu ami -c iit ra t ion s

(0. 1 mg/ C ) was found a t p11 9. utnd er ox id i zed col i t iol~rS 'b ta

(1980) found g-ains, of approximitelv ?~ mg/f As-(V) durig, temram

- . ~acid degradation, buit their spike (1() mg/() wa rsue~ :r~rtha! j
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the one used in this study (2.22 mg/f). At plt 6.0, arsenate adsorption

is much more pronounced than at pH 8.0. Arsenate produced by degrada-

tiom of DS11A at pH 6.0 may therefore have been rap;id!v adsorbed. At -

pHt S') under reduced conditions, very little DS.A disappeared fron solu-

turn; very little arsenate was therefore produced. Only at pP 8.0 uader

oxidized conditions were degradation and adsorption-desorption condi-

tions optimum for observing a buildup of inorganic As as DSMTA

disappeared.

Redox potential was maintained at -100 mV for the DS.A experiment

instead of at -150 mV as in the previous experiment when As(V) was added

to the sediment. Instead of a buildup of As(TII) at -100 in"', however,

As(IIT) concentrations were undetectable at pHl 6.0 following four weeks

of incubation and showed a marked decrease at p11 8.0. Thes. data indi-

catc hat As(V) reduction may be favored at redox potentials lower than

-1),. mV. 6

Inorganic As concentrations at time n were higher in some treat-

ments than solubilization of the entire amount of native sedimentary As

could explain (a maximum of 0.039 mg/f). This indicates that some

degradation of l)SMA may have occurred immediately.

A plot of In [organic As] /[organic As] versus time t for each'
0 t

Fh-pTI combination (Figure 8) resulted in a straight-line function. The

straight line indicated first-order kinetics where decrease of orj'anlc

As (1)SMA) could be predicted as a function of time by:

In [organic As] /[organic As] 1 t

where [organic As] initial con.entration of DSMA

[org'ianic As] = concentration of DSMl\ a time t

K, = first-order rate constant

75
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. . .First-order kinetics have also been shown by others (Hiltbold,

1975; Holm et al., 1980; Shariatpanahi et al., 1981) to adequately des-

cribe degradation of methylarsonic acid. Examination of the first-order

rate constants in Figure 8 (slopes of the regression equations) showed

* . that disappearance of DSM4A from solution was slowest at pH 8.0 under

reduced conditions and fastest at pH 8.0 under oxidized conditions.

First-order rate constants for DSMA disappearance under oxidized condi-

tions were 1.11 week- ' and 1.58 week- ' compared to rate constants of

0.06 week- 1 and 0.266 week- ' under reduced conditions. These results

indicate tha the oxidation status of the sediment suspension strongly

affected disappearance of DSMA (presumably via demethylation). Arsenic

was not lost from the systen as arsines; no As was detected in the

arsenic adsorbing solution through which all gasses leaving the system

were passed.

Short-Term As Releases

In some commonly encountered environmental situations such as dis-

-. " posal of dredged material and sediment resuspension by propellor wash or

." storms, direct mixing of bottom sediments with water will occur. The

duration of such mixing is generally low (Wright et al., 1978; Lee,

1970), and is usually limited to minutes or days. The magnitude of

short-term As releases and the factors influencing such releases are

therefore of interest.

" .- 77
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Distilled Water Leaching

Sediments previously incubated for 45 days under anaerobic condi-

tions were leached with distilled water for 30 min. Arsenic leachate

concentrations are presented in Table 10. In the short-term leachates,

As(Ill) was the predominant As species found, with all but Indiana Har-

bor among the unamended sediments and Detroit, Menominee, and Indiana

Harbor among the amended sediments containing greater than 50 percent

As(III) in their leachates. Total As concentration in amended sediment

leachates was highly correlated with exchangeable phase (EX) As concen- I-

trations (r = 0.848, p< 0.01). Total As concentrations in unamended

sediment leachates were related to both interstitial water (11W) and EX

As concentrations by the following equation: leachate As = 1.50 IW

As + 0.16 EX As + 0.007 (r2  0.964, p<0.01).

Arsenic(III) concentrations in the short-term leachates were sig-

nificantly (p<0.05) correlated with interstitial water As(III) concen-

trations in amended (r = 0.649) and unamended (r = 0.823) sediments and

also with exchangeable As(IIT) concentrations in amended (r = 0.725) and

unamended (r = 0.816) sediments.

These results indicate that when anaerobic sediments from fresh-
-4-.-

water and saline environments are subjected to short-term mixing,

As(III) will be the major As species released. The magnitude of the

As(III) releases and total As releases are directly related to the

amount of As(III) and total As in the sediment interstitial water and

exchangeable phase. These results agree with previous findings that

chemicals in the interstitial water and exchangeable phases are more

mobile than other sediment phases (Brannon et al., 1977; Brannon et al.,

1980).
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The predominance of As(IIt) in short-term As releases from anaer-

obic sediments indicates that caution must be utilized when evaluating

the environmental impact of such releases. Arsenic(Ill) is much more

toxic than As(V) or methylated As compounds (Peoples, 1975).

To evaluate the impact of sediment properties on short-term As

releases, distribution coefficients (K) were calculated as described by

Houle and Long (1980). The distribution coefficient is K = Ms/Mw where

s Ms is the mass of As in the sediment, expressed as wg As/g dry weight

sediment and Mw is the mass of As in the leachate, expressed as Wg As/g

dry weight of sediment.

Distribution coefficients for short-term release of As from

unamended and amended sediments are presented in Table 11. Distribution

coefficient values for total As ranged from 37.9 to 1425.0 in unamended

sediments and from 31.8 to 1200.0 in amended sediments. Distribution

coefficients were Lower in amended compared to unamended sediments in

* seven out of the ten sediments, indicating that a higher fraction of the

total sediment As had been released. Addition of As to sediments would

therefore be expected to increase the percentage of sediment As avail-

able for short-term release.

Distribution coefficients following short-term leaching of

unamended and amended sediments were related to total and extractable Fe

as shown in Table 12. Distribution coefficients in unamended sediments

were generally related to total Fe while those in amended sediments were

also related to extractable Fe. This implies that aided As, which gen-

5" erally composed the majority of sediment As, was adsorbed by more

hydrous extractable Fe compounds. Native As may have been fixe1 or

occluded by more crystalline Fe oxides. These results indicate that Fe,

%% %""'
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in addition to its impact on As adsorption (Pierce and Moore, 1980,

1982), also strongly influences the short-term release of the various As

species. Higher sedimentary Fe content will enhance the short-term

retention of native As in sediments.

4.,o

Saline Water

Five anaerobically incubated amended and unamended sediments were ..,

also leached with water of varying salinity. Concentrations of As(V),

As(IIT), and organic As in amended sediment leachates are presented in

Table 13. Arsenic(V) and As(III) concentrations in unamended sediment
, a.-

leachates are presented in Table 14; no organic As was leached from any

of the unamended sediments. Alterations in leachate salinity did not

impact leachate pH (Table 15). Higher concentrations of As(V), As(IIl),

and organic As were released from amended compared to unamended sedi-

ments, but the impact of initial salinity on As leachate concentrations

was minimal. In unamended sediments only, As(V) concentrations in

35 0/oo leachates were significantly (p< 0.05) higher than As(V) concen-

'9,.-

trations in distilled water leachates.

' ,Results of this study indicate that varying the salinity of leach-

ates had little impact on the short-term release of As species from sed-
a'.

iments. Trends observed for Corpus Christi, the only saline sediment

extracted, were similar to those observed for the other four freshwater

sediments.

Results of short-term leaching with distilled water and water of

a- varying salinity showed that addition of As to sediments resulted in

increased As release, in agreement with previous findings (Arnott and

Leaf, 1967; Johnson and Hiltbold, 196.9). The relationship between

83
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Table 13

.. Concentrations (Li/f) of As(V), As(III), and Organic As

in Saline Leachates of Amended Sediments

* *, As(V)
Salinity

Sediment 0 0/oo 5 0/oo 15 0/oo 25 0/oo 35 0/00

Corpus Christi 125 200 103 178 138

Detroit 13 12 15 14 11

Indiana Harbor 24 25 68 54 98

Menominee 1 19 36 39 46 30

Michigan City 16 5 6 6 8

As(III)
Salinity

0 0/00 5 0/00 15 °/00 25 0/00 35 0 /00

Corpus Christi 544 450 507 582 609

Detroit 3 7 9 14 17

Indiana Harbor 41 30 26 41 18

Menominee 1 41 18 31 32 44

Michigan City 40 55 63 61 69

.4w,
Organic As

Salinity

0 0 /oo 5 0 /oo 15 0 /oo 25 0/00 35 0 /00

Corpus Christi ND 48 57 35 ND

Detroit 2 10 ND ND ND

Indiana Harbor 27 3 8 ND 6

Menominee 1 32 3 64 2 7

Michigan City 19 ND ND ND ND

.r ND = Not Detected

8P
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Table 14

Concentrations G(ig/1) of As(V) and As(III) in

Saline Leachates of Unamended Sediments

As(V)
Salinity

Sediment 0 0/00 5 0/00 15 0o 25 00 35 00

Corpus Christi 1.3 1.5 2.4 3.9 6.7

Detroit ND 0.7 0.8 0.6 ND

Indiana Harbor 3.3 2.2 4.3 2.3 4.0

4.Menominee 1 13.0 15.0 17.0 17.0 18.0

Michigan City 0.9 0.9 0.8 1.2 1.41

As(III)

Saliity
000

0/00 5 /00 15 0/0o 25 0/00 35 0/00

*Corpus Christi 5.5 4.3 3.2 1.8 1.0

D)etroit 2.0 1.5 1.9 2.73.

Indiana Harbor 2.5 4.0 2.0 4.0 3.3

Menominee 1 14.0 2.0 4.0 4.0 5.0

Michigan City 2.5 2.6 2.9 2.9 2.5

ND -Not Detected

~85
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Table 15

- Effect of Salinity (0 /oo) on Short-Term Leachate pH

Initial Salinity_

Sediment 0 0"/oo 5 0/00 15 0/00 25 0 /0 35 0/00

Corpus Christi 8.4 8.4 8.3 8.3 8.2

'.Detroit 8.5 8.5 8.5 8.5 8.5

Ind ia na Ha rbo r 6.8 6.8 7.0 6.9 7.0

Menominee 1 6.7 6.7 6.7 6.8 6.8

*Michigan City 6.9 7.0 7.0 7.0 7.0

.86
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increasing Fe concentration and decreasing As releases also agrees with

the findings of others (Tammes and de Lint, 1969; Johnson and Hiltbold,

1969).

The limited impact of leachate salinity on As release did not agree - -

with the findings of Wiklander and Alvelid (1951) who reported suppres-

sion of As leaching by water of increasing salinity and Huang (1975) who

reported the opposite for hydroxy - Al complexes of both biotite and K

depleted biotite. Arsenic releases in the biotite studied by Huang

(1975), however, were probably controlled by Al, a parameter thp lid

not impact short-term releases in this study.

Upon mixing, short-term impacts of anaerobic sediments co ainated

with As should be greatest when sediments are low in Fe and hig

interstitial water and exchangeable phase As. Releases of As(V),

As(Ill), and organic As from sediment should be relatively insensitive

to the salinity of the mixing water.

Leaching Under Controlled Eh-pH Conditions

Three additional sediments, some characteristics of which are des-

cribed in Table 16, were subjected to one week of leaching under con-

trolled Eh-pH conditions. One week of leaching, while too short to rep-

resent a "steady-state" or "equilibrium" concentration, nevertheless

provides useful information on the concentration and speciation of As

releases. No additional 4,s was added to these sediments. A relatively

short leaching period was chosen because of the destructive impacts of

sediment sand on the Eh-pH incubation vessels.

87
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Table 16

Some Physical and Chemical Characteristics of Sediments Leached

for One Week Under Specified Eh-plI Conditions

(From Folsom et at., 1981)*

% Sand* % Silt* % Clay* To talI Total* TO tal1

Sediment >50 -m 2-50 .m <12 oim Sb, Lg/g As, g/g Fe, mg/g

Menominee, Site 3 16.3 59.3 24.2 0.8 317.0 27.4

Baltimore Harbor 10.4 83.3 6.3 0.8 27.2 28.1

Indiana Harbor 38.8 46.6 14.6 t7.5 37.5 291.3
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Figures 9 and 10 present the distribution of various As species in

the ammonium sulfate extractable fraction of sediments incubated for one

week under controlled Eh-pH conditions. Statistical analyses showed

that among sediments, As(V) and As(IllI) were higher at pH 8.0 than

" pl 5.0 and 6.5, regardless of Eh. This behavior would be expected of

As(V) because adsorption of As(V) by soils, clay minerals, and amorphous

iron hydroxides has been shown to peak in the pH range of 3.5 to 5.3

(Frost and Griffin, 1977; Galba, 1972a; Pierce and Moore, 1982).

Johnston (1978) has also demonstrated that arsenate release from an

anaerobic Mloon silt loam soil peaked after 6 days. Arsenate concen-

trations should therefore be at a maximum in the sediment suspension.

Adsorption of As(III) by anion exchange resins, clay minerals, and

amorphous iron oxides has been reported to increase as pH increases

(Everest and Popiel, 1957; Frost and Griffin, 1977; Pierce and Moore,

1980, 1982). Results of this study, however, show that As(III) con-

centrations were highest at pH 8.0. This also contradicts results of

work reported previously where higher concentrations of water soluble

As(IIT) were found at pH 5.0 and pH 6.5 compared to 8.0 in anaerobic

Texas City sediments following As(V) addition. Johnston (1978) has also

reported that under anaerobic conditions, As(IIl) concentrations were

higher at pt1 7.5 compared to pH 5.0.

The concentrations of As(Ill) reached are not strictly due to

leaching of sedimentary As(II). Johnston (1978) found that in anaer-

obic sediment slurries, high levels of As(III) (250 ppb) could be pro-

-" V. duced after only 4 days of incubation. In this study reduction of As(V)

W, to As(III) was apparently occurring under both anaerobic and aerobic

conditions. These findings are in agreement with those of other workers
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(McBride and Wolfe, 1971; Heimbrook, 1974; Shariatpanahi and Anderson,

1981; Myers et al., 1973) who have shown that reduction of As(V) by pure

bacterial cultures occurs in both the presence and absence of oxygen.

It appears that the higher concentrations of As(Ill) extracted at

pH 8.0 may have been due to removal of As(IIl) from the sediment

exchange complex. The clear statistical trends exhibited in the ammo-

nium sulfate extractable phase were not exhibited in the ater soluble

phase, but were present for exchangeable phase As(III) concentrations

(Table 17), especially in Menominee 3 sediments where total As concen-

trations were high.

Concentrations of As species in the water soluble, exchangeable,

and water soluble + exchangeable phases after one week of incubation are

presented in Tables Al through Al. The distribution of total As in the

various sediment fractions (water soluble, water soluble + exchangeable,

exchangeable, easily reducible, and moderatelv reducible) are presentedl

in Tables A4 through .%6. Iron and .l concentrat ions in tl,e various

fractions are presented in Tables ,A7 tlirou ,,h A.I- Water soluble Ca con-

centrations can be found in Table A13.

In sediments where organic As was detected, as in the case of

Menominee site 3 and to a much lesser extent Baltimore Harbor, organic

As was presen, in higher concentrations at an Fh -f +)00 nV. Organic As

was detect concentrations (0.01 .. g in TBaltiire Hlarbor sedi-

ment susp, :1 5.0 and an Eh of +500 m' and at pH 6. 9 and an Eh

of +250 mV )..e ;).

These resul1ts Ind ica te tha t f o I I owi n-,'i weck', i inc1i ha t ionii widr

highly oxidized conditions, lar ic ; ,::ounts riai,' \s cai ,, r.lea e '-J

from previously anaerobic sed iment , e;pe- ia I v tt, so rom Ilom i1 eo. It
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Table 17

Concentrations of Water Soluble Phase (uwg/) and Exchangeable

Phase (., ig/g) As(III) as a Function of Eh and pH

Indiana Harbor Menominee 3 Baltimore Harbor

Eh _ H WS EX WS EX WS EX
-150 5.0 1.1 0.03 ND 0.60 ND 0.03

-150 6.5 4.5 ND 37.0 NE 2.2 NE

-150 8.0 1.7 0.03 143.0 2.16 9.3 0.05

+50 5.0 14.0 ND 448.0 NE 14.0 RE

+50 6.5 4.5 ND 24.0 0.11 1.5 0.03

+50 8.0 3.5 0.01 114.0 2.68 ND 0.08

+250 5.0 1.7 0.04 17.0 NE ND 0.02

+250 6.5 1.4 0.03 10.0 0.02 1.5 NE

+250 8.0 2.4 0.05 83.0 0.98 1.4 0.01

+500 5.0 ND 0.05 40.0 NE ND 0.02

+500 6.5 2.2 0.02 27.0 0.44 ND 0.01

+500 8.0 3.9 0.07 87.0 3.78 ND 0.03

WS = Water Soluble As(III)

EX = Exchangeable Phase As(III)

ND = Not Detected

NE - None Extracted
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is impossible from these data alone to judge if the extremely high con-

centrations of organic As (40.06 Lg/g) were already present in the sed-

iments or were formed by oxidation of more reduced arsines such as

trimethyl arsine (Wood, 1974). Organic As was almost certainly present

in the Menomlee sediments because methylarsonic acid contaminated

groundwater upwelling through the ;ediments is the main source of con-

tamination (Anderson et al., 1978). Johnston (1978) found gradual -

accumulation of methylarsonic and dimethylarsinic acid under oxidized

conditions in Barataria Bay sediment suspensions. He also noted high

concentrations of a high boiling point As form, tentatively identified

as trimethylarsine, on the second day of incubation.

Both leaching of organic As from the sediment and formation of

additional As compounds by oxidation of arsines may have been occurring.

It is difficult to comprehend how organic As concentrations at +500 mV

can so greatly exceed that at other Eh levels in the absence of some

S. type of in situ formation of organic As. However, the evidence for the

presence of arsines is minimal. During the controlled Eh-pH leaching,

arsine evolution from the sediment-water suspensions was not detected.

In a separate arsine evaluation study, generation of volatile As com-

pounds from amended sediments was minimal. Under anaerobic conditions

2Black Rock sediments released 23.9 wg As/in and Michigan City sediment.

released 13.7 wg As/m2 . Volatile As compounds were not evolved from the .>

other eight sediments under aerobic or anaerobic conditions. Arsenic

losses from unamended sediments occurred primarily when the overlying

water was aerobic (Table 18). An evolution rate of 6 .g As/in'/week

could be detected in this experiment.
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-.- ,.-- -- -.- - -- ..- -. - --, .- r -. -, - *.5* .. *** ** ** .- ",.-- • - . .. - .'. -'. -.' . .. . .P." '



Table 18

Arsenic Losses G~g/ 2) f rom Uinamended Sediments Whose

Overlying Wa ter was Kept Anaerobic (Weeks 1-5)

and Aerobic (Weeks 6-8)

Treatment
Sediment Anaerobic Aerobic

Black Rock 18.0 9.0

-. Corpus Christi ND 10.0 I-

*Detroit 20.4 17.2

Indiana Harbor ND 7.2

Johnson Creek ND ND

Menominee 1 ND ND

*Michigan City ND ND

Milwaukee ND 7.9

Oakland ND 11.0

Seattle ND 17.1

ND =Not Detected

q9



Long-Term As Releases

...

Leaching experiments were conducted with ten sediments to determine :O.

what As species would be released, the duration of the releases, the

quantity of materials that would be released, and the sediment factors

responsible for releases. This involved leachate analyses for the var-

ious As species initially (1/2 hour of shaking) and at subsequent

monthly intervals for 6 months.

During the sampling procedure, any solids removed from the Long-

term leaching subsample by 0.45-wm pore-size filtration were reintro-

duced into the incubation vessel with an appropriate quantity of As free

distilled-deionized water. There were two reasons for this approach.

First, it maintained a (relatively) constant solid to liquid ratio dur-

ing the leaching period. Second, it provided the opportunity to extend

the duration of the leaching study at any desired sampling frequency.

Prior to analyzing the leaching data, the movement of As species

and Sb during the leaching period was expressed on a mass release basis.

Net mass release is the change in the mass of chemical constituents in

the water compared to the mass originally present in the same volume of p.,.

water and was calculated using the method described by Plumb (1973). To

calculate the total release of any one constituent, the following

approach was used:

On sample day 1: x released - 160(x I )

On sample day 2: x released - 160(x 2 ) - (160-yl)(X I)

On sample day 3: x released = 160(x) - (160-y )(y )

where

,p,.. _•"96
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x - species of interest

(x) analytical concentration (wg/mi)

y = liquid remaining (ml) following sampling

subscript - sample day

A positive net mass release indicates movement of chemical constituents

from the sediments into the water, and a negative value indicates the -.
_S

reverse process. Conversion of net mass release to a sediment iry

weight basis was accomplished by dividing the mass of As or Sb released

at each sampling period by 40 g, the dry weight of sediment used in each

incubation.

Cumulative net mass release (wg/g) for a parameter at a specified

sampling period is the summation of net mass releases for that specific

parameter at a particular sampling period with all preceding net mass

releases of that parameter. A cumulative release curve is obtained when -- p

such data are plotted as a function of sampling time.

Conductivity and pH

Leachate conductivity, summarized in Table 19, decreased markedly

during the course of the experiment; a consequence of distilled-

deionized water replacing leachate removed for analysis. On average,

the initial leachate volume of 160 ml was replaced 5.84 times (934 ml -

47 ml) during the course of the experiment for the 10 sediments. The

most dramatic reduction in leachate conductivity occurred following the

initial half-hour leach -t time 0. Leachate conductivities from saline

sediments (Black Rock, Corpus Christi, Johnson Creek, Oakland, and

Seattle) decreased most rapidly; conductivities at time I ranged from .5

7 percent to 26 percent of the conductivity measured at time 0.

a.. :
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Table 19

Average Conductivity (umhos/cm) During

the Long-Term Leaching Tests

Time, months
Sediment 0 1 2 3 4 5 6

Black Rock Harbor 27800 7320 3270 2500 1390 1470 1930

Corpus Christi 28900 5760 2450 1720 870 750 510

Detroit River 1980 1510 1400 950 700 750 610

Indiana Harbor 1180 928 590 560 400 360 340

Johnson Creek 29700 6800 3060 1980 1070 730 1480

Menominee River 490 565 290 260 230 280 210

Michigan City 1470 1320 890 680 350 340 230

Milwaukee Harbor 890 1130 686 610 560 440 390

Oakland Harbor 28400 1990 680 310 150 125 80

Seattle 31900 4200 1930 1700 950 790 1210

598
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Leachate pH changes, summarized in Table 20, were a possible conse-

quence of the carbonate and sulfur content of th, sediments. Sediments

containing the lowest amounts of calcium carbonate equivalent (Table 5)

were less buffered, and therefore less capable of withstanding processes

such as sulfur oxidation that tend to lower pH. Total sulfur content of

the sediments was significantly (p<0.02) correlated (r = 0.709) with

leachate p11 after 6 months. Sediments containing greater than 7 percent

CaCO3 equivalent generally maintained a pH of approximately 7.0 or

33greater. Sediments low in CaCO3 equivalent and high in total sulfur

* (Black Rock, Johnson Creek, and Seattle) generally attained the lowest

leachate pH's.

Duration and Speciation of Long-Term As Releases

Total As. Cumulative net mass releases of As from unamended sedi-

ments during aerobic leaching are presented in Figure ii. Releases of

sediment As were generally linear with the exception of Johnson Creek

and Seattle sediments, where asymptotic limits on As releases were

reached. Cumulative net mass releases of As from amended sediments dur-

ing aerobic leaching (Figure 12) generally exhibited release patterns

similar to that in unamended sediments. The similarity of release pat-

terns was indicated by a highly significant (p<0.0l) correlation

(r = 0.609, n=70) between amended and unamended net mass releases of As.

In amended sediments, Black Rock, in addition to Johnson Creek and

Seattle sediments, also reached an asymptotic limit on release.

These results indicate that in the majority of sediments, releases

of As will persist for at Least six months under agitated, aerobic con-

ditions. Leaching conditions utilized in this study were designed to

S99
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Table 20

Average Leachate pH During the Long-Term Leaching Tests

Time, months

Sediment 0 1 2 3 4 5 6

. Black Rock Harbor 8.0 7.1 6.7 5.9 6.8 5.7 5.4

Corpus Christi 8.4 7.9 7.8 7.5 7.8 7.3 7.2

Detroit River 8.5 8.3 8.4 8.3 8.4 8.3 7.

ViIndiana Harbor 6.8 6.9 7.1 7.1 7.7 7.7 7.3

Johnson Creek 8.0 6.9 6.7 6.0 7.1 6.3 6.2

Menominee River 6.7 7.3 7.1 6.9 8.2 8.3 7.6

Michigan City 6.9 7.0 7.0 6.9 7.5 7.4 7.5

Milwaukee Harbor 6.8 7.6 7.4 7.5 7.4 7.2 6.9

Oakland Harbor 8.5 7.0 6.5 6.3 7.4 6.6 6.5

Seattle 8.2 6.6 6.3 5.5 5.3 4.5 4.1
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simulate a "worst case" situation where the entire mass of sediment was

constantly exposed to the leaching solution and the liquid-front move-

merit (i.e. as in a soil column) was static. Sediment particles may also .

have been abraded during leaching, making them more susceptible to

extraction. However, even under these worst case conditions, asymptotic

limits on releases, indicating that all As available for release had

been released (Clement and Faust, 1981), were reached. The duration of

release of the various As species will now be examined.

Arsenic(V). Cumulative net mass releases of As(V) from unamended

(Figure 13) and amended (Figure 14) sediments were generally similar to

releases of total As. Cumulative As(V) releases following six months of

leaching were significantly (p<0.01) correlated with total As releases

in amended (r = 0.981) and unamended (r 0.906) sediments. The general

trends in the As(V) release patterns include low initial releases fol-

lowed by linear releases. Asymptotic release patterns were noted, how-

ever, for Black Rock and Seattle among amended sediments and Johnson

Creek, Seattle, and Indiana Harbor among unamended sediments.

Some sediments, such as Johnson Creek and Black Rock, exhibited

asymptotic release in amended treatments and linear release in unamended

treatments. One reason for this is that As(V) releases from amended

sediments were an order of magnitude higher than unamended sediment NO

releases, resulting in differences of scale that obscured minor releases
'

from amended sediments. In amended sediments exhibiting asymptotic

release, the added As contributed to large initial releases in the first 4A

month that rarely persisted following two months of leaching.

These results indicate that mixing anaerobic sediments with aerobic

water should not result in large short-term (1/2 hour of mixing)

''. 1 03

... . . . . .• " ~5€" -'+ " V' d" " ."." ."... .-.-.".-."... .- •. . ..



4.4

-p 0

'Sr
'.<

E vU

Q0.

c 0

cn 0

;7.

00

P~o z 0 00
z) 0

0 0 0 0 <

-j

u 0C E 7

6 00

< 00 2 u

104)



< z. I-

< 0

<. z

zo all

~j ~5~ cA

zw o

letf



releases of As(V) even in sediLments which have recentlv experiencel a

large influx of As(V). if the mixing is prolonged (one month or more),

substantial releases of As(V) can be expected from some sediments. In

other sediments, LIp to three months of mixing is required before sub-

stantial releases of As(V) will occur.

Arsenic(III). Cumulative As(II) releases from unamended (Fig-

ure 15) and amended (Figure 16) sediments differed substantially from

that observed for total As and As(V). In most sediments, the majority

of As(Ill) release occurred initially when anaerobic sediments were

leached for 30 min. For sediments that released As(III) after the

initial releases, substantial releases did not persist following the

second month of leaching.

A number of recent papers (Oscarson et al., 1980; Oscarson et al.,

1981a; Oscarson et al., 1981b) have demonstrated that Mn in lake sedi-

ments abiologically oxidized As(III) to As(V). If this process was

occurring in our sediments, an inverse relationship between sediment

manganese oxides and As(III) would be expected. This was indeed the

case. The log of As(III) release was significantly (p< 0.05) correlated

with easily reducible + moderately reducible (ER4R) Mn in amended (r =

-0.772) and unamended (r = -0.751) sediments. In addition, sediments %

from Black Rock, Johnson Creek, Oakland, and Seattle which contain less

than 80 Lig/g of extractable Mn (easily + moderately reducible) were the

only sediments other than unamended Michigan City sediments to release

substantial amounts of As(III) after the initial releases.

Sediments, especially those high in Mn, should release As(III) only

initially when ,nixed with aerobic water. Sediments continually mixed or

• "106
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leached with aerobic .uter should exhibit minimal releases of As(III)

following initial release. J
Organic As. Measurable amounts of organic As were found in leach- 0

ates of all As(V) amended sediments and in 80 percent of unamended sedi-

ments. Other than substantial initial release, organic As losses from

amended sediments generally occurred following the first month of leach-

ing, notably in Black Rock, Menominee, and Seattle sediments (Fig-

ure 17). Following the first month of leaching, unamended Menominee and

Seattle sediments released substantially more organic As than the other

sediments (Figure 18). The substantial release of organic As by both

amendied and unamended sediments indicates continued production during

the leaching period. Except for Menominee 1, sediments which released a

substantial amounts of organic As following the first month also con-

tinued to release As(III). Oscarson et al. (1981b) has postulated that

the abiotic oxidation of As(ITl) to As(V) by sediments would tend to

counteract the methylation process since methylation of inorganic arsen-

icals is essentially a reduction reaction. Except for trends noted in

Menominee 1 sediments, results of this study are consistent with the

observation of Oscarson et al. (1981b). Menominee sediments, however,

are contaminated with organic As (Anderson et al., 1978) and may have

been releasing adsorbed organic As compounds. Release of adsorbed

organic As could not account for the large difference (0.96 vg/g) in

organic As release between amended and unamended organic As release. It

is therefore highly likely that organic As was being produced in Menom- N

Inee 1 sediments, possibly without an As(ITT) precursor.
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Phasing of As Releases

Examination of release curves for amended and unamended sediments

revealed that release of the various As species was phased at intervals

throughout the leaching period. Trends observed in Menominee I sedi-

ments (Figure 19) were representative of trends in other sediments.

Releases of As(III) were highest initially but were superceded by

releases of As(V) and organic As at the end of six months leaching.

Releases of organic As roughly paralleled that of As(V) for three months

after which no further substantial releases of organic As were noted.

In general, As(Ill) release predominated initially, followed by As(V)

and organic As releases in the first three months. The final three

months of leaching were characterized by almost exclusive release of

As(V).

At the conclusion of six months of leaching, As releases were in

the order As(V) > As(II) > organic As in approximately 70 percent of

the sediments (Table 21). Initial As(II) releases exceeded As(V)

releases in 90 percent of the sediments and organic As releases in all

sediments. At the conclusion of leaching, organic As releases exceeded

As(III) releases in 20 percent of the unamended sediments and 4n percent

of the amended sediments.

Long-term leaching results agreed with results of the short-term

leaching studies and the Literature (Arnott and Leaf, 1967; Johnson and

Hlltbold, 1969) in that added As resulted in increased As releases.

Releases of total As during long-tern leaching under agitated conditions

greatly exceeded long-term releases previously reported under quiescent

conditions (Brannon et al., 1980). Previous long-tem leaching studies

have not determined release of the various As species.
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Table 21

Leaching of As(V), As(III), and Organic As as a

Percentage of Total As Leached

As(V) As(lII) Organic As
'X of Total % of Total 7 o f To ta

Sediment U A U A UA

Black Rock 57.55 48.95 42.45 36.60 0.00 L4.46

Corpus Christi 67.86 35.47 22.62 60.55 11.90 39.76

Detroit 68.42 70.37 15.79 7.41 ?6.32 22.2?

Indiana Harbor 46.67 37.50 36.67 37.50 13.33 27.50

Johnson Creek 65.29 33.04 30.58 54.02 6.61 12.05

Menomninee 1 57.99 70.51 .17.84 6.15 25.65 26.41

dMichigan City 57.50 52.94 42.50 33.33 0.00) 15.69

-. Milwaukee 23.53 60.42 41.18 33.33 35.29 14.58

Oakland 53.49 48.33 65.12 25.83 16.28 26.67

Seattle 29.59 67.17 59.18 15.23 14.61 17.60

U =TJnamendej

A =Amended
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When an anaerobic sediment is resuspended or moved to an aerobic

environment, substantial changes in the speciation of As releases over

time can be expected. Over a prolonged period, As(V) wil I probably be

the inajor constituent released, although release of As(Ill) will pre-

dominaite- initially. Since As(V) and organic As compounds are less toxic

than As(Ill) (Peoples, 1975), As leached under aerobic conditions from

initially anaerobic sediments will become less toxic as time of leaching

increases. Leachate releases should therefore he carefully controlled

during the first few months when the potential for releas e of As(TIT) is

greatest.

Impact of Varying Environmental Condi-
tions on Long-Term Leachate Composition

Varying the environmental conditions a sediment is exposel to will.

affect long-term As releases. Alternating two-week periods of anaerobic

and aerobic leaching with sampling following the aerobic period resulted

in the almost exclusive release of As(V) in amended and unamended Black

Rock sediments (Figure 20). Conversely, leaching under anaerobic con-

ditions resulted in the almost exclusive release of As(ll) in amended

and unamended sediments. Releases of As from amended and unamended sed-

iment followed similar trends within a treatment. Arsenic releases from

unamended Black Rock sediments under aerobic conditions (0.12 jg/!g) were

sinilar to As releases from Black Rock sedinents under anaerobic/aerobic

(0.14 L.g/g) and anaerobic (0.15 Lg/g) conditions, even though the

releases under aerobic condiions included an additional initial leach.

Arsenic releases from amended sediments were i-uch greater under aerobic

conditions, primarily due to the initial leach at time 0, duiring which

• . -
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1.88 jjg/g of As was released. Results indicated that As(II[) releases

could be curtailed by alternating anaerobic/aerobic conditions. Stch

conditions would be found in an area subject to int6rmittent flooding.

Organic As was not formed under either anaerobic/aerobic or anaerobic

conditions, contrary to results observed in aerobic leaches of quiescent

Black Rock sediments.

Under environmental conditions where an anaerobic sediment is in

intimate contact with anaerobic water, releases of As(Ill) to the water

column should occur. Organic As may also be released if it is produced

under anaerobic conditions in the sediment. Anaerobic sediment-water

contact commonly exists in reservoirs during periods of temperature

stratification. Lis and Hopke (1973) showed that in the hypolimnion of

Chautauqua Lake, New York, As releases from sediments occurred more

readily under low dissolved oxygen conditions.

Fixation and Retention of As by Sediment

Operationally defined selective extraction techniques and adsorp-

tion studies have been used to identify factors responsible for As

retention by soils and sediments (Brannon et al., 1976; Woolson et al.,

1971; Crecelius et al., 1975; Galba, 1972b; Misra and Tiwari, 1963a,b).

Such studies give little information on long-term chemical changes, but

may provide insight into leaching potential and short-term adsorption

processes (Wauchope, 1975).

In this study, selective extraction techniques before and after

leaching in combination with analyses of As releases were utilized as a

more direct measure of the leaching potential of native and added As.
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Procedures for computing long-term net mass releases have been described

previously.

Arsenic Distribution in Sediments.

Following 45 days of anaerobic incubation, the great majority of

added As (75 ug As/g dry weight sediment) was associated with the sedi-

ment solid phase (Table 22). All sediments, with the exception of

Corpus Christi which adsorbed only 77.3 percent of added As, adsorbed at

least 98.6 percent of the added As. All sediments incubated contained

some total sulfides, with concentrations ranging from 19 to 2677 ug sul-

% fide/g dry weight. Sulfide concentrations were significantly (p<0.05)

correlated (r = 0.694) with sediment total sulfur concentrations. Sedi-

ment pH ranged between 6.5 and 8.5 following incubation.

Unamended and amended sediments were subjected to sequential selec-

tive extraction at the conclusion of anaerobic incubation. Total As

concentrations in the various chemically extracted phases are presented

in Table 23. All chemically extracted phases in the amended sediments

were enriched with As compared to unamended sediments. In unamended

sediments, the majority of As extracted (71.1 percent to 99.4 percent)

was acid oxalate extractable (moderately reducible phase). This agrees

with findings of others (Crecelius et al., 1975; Clement and Faust,

1981) that acid oxalate extractable As is the major reservoir of sedi-

ment As. The moderately reducible phase extractant used in this study

is reported to preferentially attack poorly crystallized oxides of Fe,

AL, and Mn while having Little effect on more crystalline oxildosI

(McKEeague and Day, 1966; Jacobs et al., 1970). Poorly c rystal ine

118A
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Table 22

Total Sulfide Concentration and pHl of Sediments

Following Anaerobic Incubation

Total Sulfide %As
Sediment Wg/g p11 Adsorbed

Black Rock 2677 7.1 99.8

Corpus Christi 184 6.9 77.3 *

sDetroit 28 8.5 99.9

Indiana Harbor 1929 6.9 98.6

Johnson Creek 1621 7.1 99.8

Menominee 1 19 6.5 99.7

Michigan City 936 6.8 99.6 -

Milwaukee 77 6.7 97.9

Oakland 687 7.3 98.6

Seattle 1214 7.0 99.6

11
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metals in the moderately reducible phase may therefore be active adsorp-

tion sites for added As compounds. The general nature of the exchange-

able and easily reducible extractants and their mode of attack on sedi-

ments has been detailed elsewhere (Engler et al., 1977).

In As amended sediments, the moderately reducible phase generally

remained the largest reservoir of sediment As, containing from 38.5 per-

cent to 92.3 percent of the As extracted. Arsenic concentration in the

moderately reducible phase was significantly correlated (p< 0.05) with

moderately reducible phase Al in both unamended (r = 0.652) and amended

(r = 0.874) sediments. Aluminum, Fe, and Mn concentrations in the vari-

ous chemically extractable phases are presented in Tables BI, B2, and

13, respectively. Moderately reducible phase Fe and As in both the

amended and unamended sediments had a correlation coefficient of only

0.52, very similar to the coefficient of 0.54 reported by Clement and

Faust (1981) for oxalate extractable As and Fe.

Despite the low degree of correlation with Fe, both Al and Fe were

probably playing a role in As retention by the moderately reducible

phase. Both Fe and Al have been implicated as soil and sediment compon-

ents responsible for adsorption of both inorganic and organic As com-

pounds (Jacobs et al., 1970; Woolson et al., 1971; Wiklander and

Fredricksson, 1946; Wauchope, 1975; Akins and Lewis, 1976; Woolson

et al., 1973; Livesey and Huang, 1981). In addition, Clement and Faust

(1981) have determined that only 60 percent of the As extracted by oxa-

late in Tulpehocken Creek sediment was inorganic As; the remainder was

organic. Extraction of mixed As species from the solid phase has been .%%

shown to result in differing extraction efficiencies for each As species

12.
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(Iverson et al., 1979), greatly complicating the situation. The pres-

ence of organic As compounds in the moderately reducible phase, coupled

with the prospect of differing extraction efficiencies, may explain why 9

poor correlations between moderately reducible phase Fe and As exist

when all available evidence implicates sediment Fe as an important As

sink. In fact, not all As added to sediments in this study was

recovered; recoveries ranged from a high of 96.0 percent in Corpus

Christi sediments to a low of 32.9 percent in Milwaukee sediments.

Sediment Properties and Long-Term As Releases

Total As net mass releases from unamend-d and amended sediments

following six months leaching are summarized in Tables 24 and 25,

respectively. Total As losses in unamended sediments ranged from 0.017

to 0.273 Lig As/g compared to losses of from 0.268 to 11.818 Lig As/g in

almended sediments. Net imass releases of As from amended and unamended

sediments were significantly correlated (r = 0.845, p<0.01), indicating

that the same sediment properties may have been controlling releases of

native and added As.

To determine the effect of sediment properties on the partitioning

of As between sediment and leachate, a distribution coefficient (K) was

used. The coefficient selected, the chromatographic distribution coef-

ficient, is defined as the concentration of a species in the solid phase

divided by the concentration in the liquid phase (HouLe and Long, 1980).

Such a distribution coefficient does not apply solely to adsorption, but

to all equilibria causing retention or displacement. For K to he a pro-

perly dimensionless constant, concentration units in sedinent nid solu-

tion must be the same (Houle and Long, 1980).

122
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Table 24

';'S

Total Net Mass Release (g/g) of As, As(V), As(Ill), and

Organic As From Unamended Sediments Tiring

" Six Months of Aerobic LeachingS.

~Organic ""
Sediment As As(V) As(III) Asnic

Black Rock 0.212 0.122 0.090 0.000

Corpus Christi 0.086 0.057 0.019 0.010

Detroit 0.042 0.026 0.006 0.010

Indiana Harbor 0.030 0.014 0.011 0.004

Johnson Creek 0.124 0.079 0.037 0.008

Menominee 0.273 0.156 0.048 0.069

Michigan City 0.040 0.023 0.017 0.000

Milwaukee 0.017 0.004 0.007 0.006

Oakland 0.058 0.023 0.028 0.007

Seattle 0.276 0.079 0.158 0.039

Ar

,--.
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Table 25

% Total Net Mass Release (tig/g) of As, As(V), As(1II), and

Orgaic As From As Amended Sediments D~uring

Six Months of Aerobic Leaching

Organic
Sediment As As(V) As(III) As

Black Rock 6.644 3.247 2.434 0.963

Corpus Christi 3.268 1.156 1.979 0.133

Detroit 0.268 0.188 0.019 0.061

Indiana Harbor 0.398 0.146 0.145 0.107

Johnson Greek 2.224 0.744 1.212 0.268

Menominee 4.020 2.749 0.241 1.030

Michigan City 0.515 0.267 0.17t 0.077

Milwaukee 0.485 0.287 0.130 0.068

Oakland 1.209 0.583 0.308 0.318

Seattle 11.818 7.937 1.801 2.080

124
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To obtain such K values, total As concentrations (,ig/g) in

unamended sediments were divided by cumulative net mass release (pg/g)

following six months leaching. In amended sediments, K values were '

obtained by dividing the sum of total As concentration (ug/g) and

75 ug/g of As (the amount of sediment amendment) by the cumulative net

mass release of As from sediments so amended. Values of K for amended

and unamended sediments are summarized in Table 26. A high K value

signifies that more of the total sediment As was retained as compared to

a sediment with a lower K value.

Correlations between the distribution coefficients (K) for As and

sediment properties in unamended and amended sediments are summarized in

Table 27. These results indicate that both extractable and total Fe

were significant factors affecting the retention of As by sediments dur-

ing leaching. Under different leaching conditions such as less agita-

tion or shorter exposure to leaching, the absolute amount of As leached

from sediment would differ from that reported in this study. The rela-

tive amounts of As leached, however, should not change to any great

extent. Sediments high in total Fe would be expected to release less

native As than sediments low in Fe. For sediments to which As(V) has

been added, CaCO3 equivalent concentration and extractable Fe, in addi-

tion to total Fe, are important sediment constituents controlling the

release of As.

It is not surprising that sediment Fe is such an important sediment

constituent influencing the retention of sediment As. Iron oxides and

hydroxides strongly adsorb As compounds (Pierce and Moore, 1980, 19P2;

Wiklander and Alvelid, 1951; Gupta and Chen, 1978; Ferguson and

Anderson, 1974). Iron and Al compounds have also been demonstrateI to
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be the ajor sink for added As in aerobic soils (Johnson and liltoold,

1969; Woolson et at., 1971; Jacobs et al., 1970; Fordham and Norrish,

1074) .

In unamended sediments, As distribution coefficients following'

leaching were related to total Fe. Tn amended sediments, distribution

coefficients for As, As(III), and organic As were also related to

extractable As, a rlationship also noted for short-term releases of

added As. Tlese result,- indicate that long-term partitioning of most

added As was being influenced by the extractable Fe species of lower

crystallinity. Native As, however, appeared to have been intimately

associated with more crystalline Fe oxides.

Our studies have demonstrated that aerobic leaching causes signifi-

cant changes in sedimentary Fe and As phases. Following leaching-, sedi-

inents were subjected to selective extraction procedures utilized prior

to leaching. Arsenic concentrations in the moderatety reducible phase

showed significant increases following leaching in both unamende] and

amended sediments (Table 23). This increase in As concentration was

paralleled by a decrease in easily reducible Fe ani an increase in

moderately reducible Fe (TabLe 29).

Prior to leaching, 60.7 percent of the added As had been found in

the exchangeable, easily reducible, and moderately reducible phases.

Following leaching, 92.1 percent of the added As was accounted for,

including the average As release of 3.07 :.g As/g of amended sedi:;ients.

Tle increase in mode rately reduLcible Fe and decrease in eai1y --

reducible Fe fol-Lowing six ,nonths of aerobic conditions was apparentlv

die to formation of more crystalline Fe oxides that were res istant to

extraction by hydroxylamine hydrochloride, a weak reducing agent. lee,
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Table ?9

Mean Concentrations of Selec tel ChemicaL Parameters

From Ten Sedim-ents Before a3n! After Six

Months of Aerobic Leaching

Easily Moderately
Parameter Treatmuent Reducible, Lg/ g Reducible, ~/

Fe Before 2437.7 11t949 .9

After 1173.7* 15699.2*

Al lie fore 61.5 1635.4

*After 3 74 .2 1532.1

Mn Be fo re 155.1 189.6

After 2 3L19 113.6

*Significant difference between before and after concentrations at

p< 0.0 5 level

1:30



(1970) reviewed the literature on the role of Fe oxides in the aquatic

environment and found that the crystallinity of hydrous Fe oxide pre-

cipitates increased with time. The increase in mean As concentration in .

the moderately reducible phase was apparently related to the increased

crystallinity and concentration of Fe in this phase.

Under aerobic conditions, As will become associated with sediment 0

phases, such as the moderately reducible phase, that are inherently less

mobile in the aquatic environment (Brannon et al., 1977, 1980). This "'.

shift of As to the moderately reducible phase appears to accompany a

shift of Fe from the easily reducible to the moderately reducible phase.

Such a shift can explain why native As distribution coefficients fol-

lowing leaching ere related to total Fe instead of the more hydrous

extractable Fe compounds.

The impact of sediment CaCO equivalent on retention of As during
-3

leaching is somewhat ambiguous. Woolson et al. (1971) has reported that

Al and Ca bound As may predominate if the amount of "reactive" Al or Ca

is high and "reactive" Fe is low. In our sediments, however, there was

no systematic variation between sediment total Fe concentration and __

CaCO 3 equivalent. It is therefore likely that sediment CaCO 3 was

affecting long-term releases in a more indirect manner, such as alter-

ation of leacnate pH Calcium carbonate tends to buffer p1l (Stumm and

Morgan, 1970), preventing large pH variations from occurring during

leaching. As discussed previously, sediments low in CaCO 3 equivalent

content generally had lower reachate pH's than sediments high in CaCO3 .

Leachate pH strongly affects the adsorption-desorption behavior of the

various As species (Frost and GrifFin, 1977; Everest and Popiel, 1957;
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Pierce and Moore, 1980, 1982; Galba, 1972a) and may well affect micro-

bial transformation of As compounds. Support for such an effect is

provided by the strong relationship between CaCo)3 equivalent and the

organic As distribution coefficient because prodiuction of organic As

during the Leaching was apparently a microbiaLly mediatel:;5,

transformation.

Antimony Behavior in Sediments

Distribution of Sb in Sediment

In unamended sediments, essentially all Sb extracted was in the

moderately reducible phase (Table 30). This was also true of Sh amended

sediments except for Menominee 1, Milwaukee, and Oakland, where the

majority of extractable added Sb was recovered in the easiLy'reducible

phase. Recvery of added Sb ranged from 100 percent in Michigan City

sediments to 33 percent in Indiana Harbor sediments. Antimony concen-

trations in the moderately reducible phase were significantly (p<-.05)

correlated with moderately reducible phase Al in both unamended

(r = 0.724) and amended (r = 0.707) sedinents. These results indicate

that Al in addition to Fe, the major constituent of the moderately

reducible phase, was affecting fixation of Sb by sediments. These

results agree with those reported by Crecekius et al. (1975) for

Puget Sound sediments.

To investigate Ce offect of b-pH conitions on soluble Sb concen-

trations, 1600 ,/i of Sb was added to 'Teas itV sed iment ';uspensions.

After three weeks, hiigher ,omt"ceretrl ti ri- of u.ntr s-,l bl.e Sb were )res-

* ent at +500 mV compa red to -19: m' ( igure 21). The absence of high Sb

S".
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Figure 21. influence of oxidation status and pHl on water soluble Sb
concentrations in Texas City sediment suspensions.
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concentrations under reduced conditions may indicate that reduction of

Sb(V) to Sb(IIl was not occurring or that the adsorption properties of

Sb(III) differed from that of As(llI). High concentrations of As(IlI)

were noted in Texas City sediment suspensions under reduced conditions.

The distribution of Sb somewhat resembled that of As(V) in these sedi-

ments. Higher concentrations of Sb were noted under oxidized conditions

and at higher pH values.

Short-Term Leaching

Antimony concentrations in amended sediment leachates were much

higher than leachate concentrations in unamended sediments (Table 31).

These results are not unexpected because of the highly soluble form of

Sb (antimony potassium tartrate) added to the sediments. Values of the

distribution coefficient (K) are also presented in Table 31. Antimony

distribution coefficients in amended sediments were significantly

(p<0.05) correlated with extractable Fe (r = 0.662) and CaCO3 equiva-

lent (r = 0.753). This indicates that although moderately reducible

phase Al and Sb concentrations were related in the sediments, Fe and

CaCO were responsible for retention of added Sb during short-term

leaching.

To examine the effects of salinity on Sb [eachate concentrations,

five of the ten sediments were leached with water of varying salinity.

In amended sediments, the salinity had no significant impact on leachate

Sb concentrations (Table 32). Tn unamended sediments, Sb concentrations

in saline Leachates of Detroit and Michigan City sediments were signifi-

cantly higher than Sb concentrations in distilled water leachates.
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Table 31

Antimony Concentration (ijg/f) in Short-Term Leachate

and Value of the Distribution Coefficient (K)

Unamended Sediment Amended Sediment
Concentration Concentration

Sediment 0__/ _ K ,g/f K

Black Rock nd t 2570 7.8

Corpus Christi nd t 276 69.4

Detroit nd t 174 120.4

Indiana Harbor nd t 382 53.7

Johnson Creek nd ± 3530 5.8

lenoininee 1 nd t 650 31.0

Michigan City nd 544 36.8

Milwaukee nd 257 73.8

- Oakland nd t 4040 4.7

Seattle 34.0 44.9 4780 4.2
C°

t K cannot be computed when no Sb is released.

1
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Table 32

Total Water Soluble Sb Concentrations (iug/1) from Amended

and Unamended Sediments Leached with Water of

Varied Initial Salinity

Initial Salinity of Leaching Water, 0/00
0____ 5____ 15____ 25___ 35

Sediment U A U A U A U A U -A

Corpus Christi ND 2760 ND 3270 ND 3150 ND 2900 ND 2810

Detroit ND 174 9 185 9 186 9 198 10 198

Indiana Harbor ND 382 ND 393 ND 465 ND 538 ND 636

Menominee ND 647 ND 684 ND 746 ND 855 ND 855

Michigan City ND 544 11 521 13 591 14 676 15 749

U = Unamended

A = Amended

ND =Not detected
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These results indicate that disposal of some freshwater sediments

in saline environments may result in increased desorption of Sb. This

would probably not hold true for saline sediments; Corpus Christi, the
', °.

only saline sediment tested, did not desorb Sb when leached with saline

water.

Water soluble Sb concentrations in three sediments following one

week's leaching under controlled Eh-plt conditions are presented in Fig-

ure 22. Antimony concentrations in all chemically extracted sediment

phases are summarized in Tables CI through C3. The Sb concentrations

showed a strong overall resemblance to the distribution patterns of

added Sb in Texas City sediments. Statistical analyses revealed that,

among sediments, water soluble Sb concentrations at pil 8.0 were higher

than water soluble Sb concentrations at pH 6.5 or pH 5.0.

. These results indicate that higher amounts of Sb wil L be mobilized

into water soluble form under basic compared to acidic conditions. No

clear concentration trends were evident for El. During the short term

(less than one week) there would probably be no impact on Sb concentra-

tions due to the oxidation-reduction status of the sediment. This sup-

position is given credence by results of the following Longer term study

with Black Rock sediments.

Black Rock sediments were leached for three months under anaerobic

and anaerobic/aerobic conditions (Table 33). Anaerobic/aerobic condi-

tions included two weeks anaerobic and two weeks aerobic incubation in a

monthly cycle. Antimony release under both environmental conditions was

slight with no significant differences in net mass reles;e. No Sb

releases were detected from unamended BLack Rock sediments.

A.
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*Figure 22. Influence of Eh and P11 on short-term releases of Sb)
from sediment qIspenSions.
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Table 33

Cumulative Net Mlass Release of Sb ('g)from Amended

Black Rock Harbor Sediments Leached Under Anaerobic

and Anaerobic/Aerobic Conditions

Leaching Time, Months _____

Conditions 1 2 3

Anaerobic 0. 005 0.008 0.009

Anaerobic/Aerobic 0.005 0.005 0.005
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Antimony Volatization

Cumulative sediment Sb losses by volatization from Sb amended sedi-

merits are summarized in Figure 23. No loss of Sb was detected in .

unamended sediments; Sb evolution rates of 8 wg/m 2/week could be

detected. Release of volatile Sb compounds, presumably some form of

stibine, was most pronounced in the first week of anaerobic incubation

when five sediments released detectable amounts of Sb. No further

releases were subsequently noted in three of the sediments.

Corpus Christi sediments released substantial amounts of volatile

2Sb following two weeks of anaerobic incubation, averaging 0.74 Lig/m2/

week Sb release from week 2 to 5. When incubation conditions were

shifted to aerobic, both Corpus Christi and Milwaukee sediments released

additional Sb following a two-week lag period.

These results demonstrate that volatile Sb compounds can be lost

from sediments to which Sb has been added. Releases of Sb have been

demonstrated to occur when the water overlying the sediment was anaero-

bic or aerobic. This implies that volatile Sb compounds can he formed

under anaerobic or aerobic conditions or pass through an oxidized sed-

iment layer following production in the anaerobic sediment zone.

Long-Term Sb Releases

Cumulative Sb releases were either linear or asymptotic (Fig-

ure 24). Unlike As releases, Sb releases from unamended sediments dif-

- fered substantially from releases observed in Sb amended sediments. For

example, amended Menominee sediments released 24.26 wg Sb/g of sediment

compared to no releases from unamended Menominee sediment containing

* -01
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5.6 g/g of moderately reducible phase Sb. Substantial amounts of Sb

(0.35 ,g/g) were released, however, from unamended Detroit sediments

even though amended Detroit sediments released the least Sb of aL

amended sediments.

' Cumulative net mass releases of Sb, percentage losses of extract-

able (easily + moderately reducible phase) an! added Sb, and Sb distri- '.

bution coefficients are summarized in Table 34. Antimony amended

sediments lost from 3.61 percent to 32.34 percent of added Sb during

leaching. Unamended sediments lost from 0.00 percent to 22.65 percent

of extractable Sb.

Antimony distribution coefficients (K) in amended sediments were

correlated with extractable Fe (r = 0.841, p< 0.01) and CaCO 3 equivalent

(r = 0.665, p O.05). These results were very similar to those obtained

for release of total As, indicating that As and Sb releases may be regu-

lated by similar sediment properties.

Sediment Sb also behaved similar to As following Leaching. Easily. y

*" reducible phase Sb in amended sediments decreased significantly follow-

ing leaching while moderately reducible phase Sb increased (Table 35).

Moderately and easily reducible phase Fe behaved in a similar manner.

In these same sediments, moderately reducible phase As in both amended

and unamended sediment increased significantly following leaching.

The decrease in easily reducible phase Fe and increase in moder-

ateLy reducible phase Fe indicates that sediment Fe was sore resistant

to extraction with a mild reducing agent following aerobic leaching.

Decreased easily reducible phase Fe concentrations and increased moder-

ately reducible phase Fe are ,v-nrtomattc of sediment Fe bet,'o[-,ing more

crystalline fol lowing prol onged exposure to air (lee, 11970) .
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If increased surface area due to particle abrasion during mechan-

ical shaking had occurred to any significant extent, element concen- "'

trations in all extractants would be expected to increase in the after

treatment, a phenomenon that was not observed.

These results illustrate the strong influence of sediment Fe on

fixation of Sb. Not only does Fe affect short- and long-term Sb

releases, but it also acts to fix Sb in the sediment. Aerobic con-

ditions in sediments would be expected to render Sb less available to

leaching by gradual incorporation into less mobile sediment phases.
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SUMMARY AND CONCLUSIONS

Arsenic 0

.4-.

Interstitial water and exchangeable phase concentrations of As(V),

As(III), and organic As were monitored in ten As(V) amended sediments O

and unamended sediments following 45 days of anaerobic incubation.

Results indicated that As(III) was a major component of total intersti-

tial water and exchangeable phase As in sediments containing only native

As. In sediments to which As(V) had been added, high accumulations of
.. 4.,

interstitial water and exchangeable phase As(ll[) were found, indicating

that reduction of As(V) to As(Ill) was occurring in a wide range of

anaerobic sediments. In five of the ten sediments, addition of As(V)

also resulted in accumulation of organic As in the interstitial water.

Direct methylation of As(II) or addition of other aliphatic hydrocarbon

groups to As(ITI), rather than oxidation of methylated arsines, is a

plaisi )le mechanism for the accumulation of organic As compounds under

the anaerobic conditions of this experiment.

Concentrations of water soluble As(V), As(TTI), and organic As were

also monitored following three weeks of incubation under varying con-

trolled Eh-pi conditions in Texas City sediment sLurries containing

added As(V) Under reduced conditions (-150 mV) at plt 5.0 and 6.5, from

53 percent to 70 percent of the aided As(V) was recovered as As( I t).

Under ox'lizel conditions (±500 mV), A.-(ll) was detected indicating

th.i t aerobic, red liction of AS(%) iv y also have been occurring.
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Incubation of Texas City sedimen + suspensions amended with disodium

methanearsonate (DSMA) under controlled Eh-pl conditions resulted in

decreased water soluble DSMA concentrations over time. Rates of disap-

pearance were apparently a function of the Eh-pH regime of the sediment

slurry. DSMA disappeared from solution at a more rapid rate under oxi-

dized compared to reduced conditions and was accompanied by accumulation

of inorganic As at pH 8.0 under aerobic conditions. Disappearance of

'DSMA from solution followed first-order kinetics.

Results of short-term leaching (30 min) of anaerobically incubated

unamended and Ns amended sediments with distilled water and water of

varying salinity showed that addition of As to sediments resulted in

increased As release. In both amended and unamended sediment, As(IIl)

was the predominant As species released. During mixing of short dura-

tion, releases of As(III) and total As should be greatest when sediments

are low in Fe and high in interstitial water and exchangeable phase As

and As(III). High total Fe concentrations enhance the short-term reten-

• )-- tion of native As while higher concentrations of more hydrous extract-

able Fe compounds enhance the retention of added As. Releases of As(V),

As(II), and organic As from sediment were shown to be relatively

insensitive to the salinity of. the mixing water.

Three sediments containing no added As were subjected to one week

of leaching under controlled Eh-pH conditions. Higher concentrations of

e%: extractable (water soluble + exclhineabLe) As(V) and As(TIT) were found

at pH 8.0 than at pH 5.0 and 6.5, regardless of Eh. Detection of

... As(III) under oxidized conditions was further evidence that reduction of

As(V) to As(III) was occurring under oxidlzing as well as under anaero-

bic conditions. In sediments where organic As was detected, most

149
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notably Menominee, organic As was present in higher concentrations in

the leachate under highly oxidizing conditions (Eh +500 mV) than

reduced conditions. Leaching of organic As from the sediment and form- O

ation of additional organic As during the week of aerobic incubation

were the postuLated sources of organic As.

Release of volatile As compounds from sediment slurries under vary-

ing Eh-pH conditions and from sediments overlain by anaerobic or aerobic

water was minimal. The '-Lximum As release, noted under anaerobic condi-

tLons, was only 23.9 ., As/m- during a five-week period. These results

indicate that release of voLatile arsenicals from either aerobic or

,tnaerobic sediment suspensions on quiescent sediments should not pose

acly potent- 11 environmental hazard.

" Lng-term leaching experiments were conducted with ten sediments to

determine what As snecies would be released, the duration of the

rel eases, the quality of materials that would be reLeai;ed , and the sed-

iment factors afecting releases. This involved leachate analyses for

the vari,,ls As species initially (1/2 hour of shaking) and at subsequent

monthly intervals for six months.

In the majority of sediment; tested, long-tern releases under agi-

tated, aerobic conditions per,;isted during the entire leaching period.

Sediments amended with As(V) consistently released greater amounts of As

than sediments containing no added As. Arsenic(II) releases generallv

predominated initiallv, followed bv As(V) and organic As releases in the

first three months. "Fhe final three months of leaching were character-

ized by almost exclusive release of As(V). At the conclusion of six

months of leaching, As releases wore ita tie order As(V) \S(ITT or-

ganic As in approximately 70 percent of the sediments.
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Long-term (3 months) leaching of Black Rock sediments tinder alter-

nating two-week periods of anaerobic and aerobic leaching with sampling

following the aerobic period resulted in the almost exclusive release of

As(V). Conversely, leaching under anaerobic conditions resulted in the

nearly exclusive release of As(III). Releases of native and added As

followed similar trends within a given treatment.

These long-term leaching results suggest that soluble As releases

from sediments are potentially more harmful during the first months of

aerobic leaching or at any time under anaerobic conditions. This is due

to the higher toxicity of As(IIT) compared to As(V) and organic As.

At the conclusion of the anaerobic incubation of unamended and As

amended sediments (45 days), sequential selective extraction results

showed that the majority of native and added As was generally found in

the moderately reducible phase (acid oxalate extractable). Poorly crys-

tallized oxides of Fe, Al, and Mn are preferentially attacked by the

moderately reducible phase extractant. Long-term aerobic leaching, how-

ever, caused significant changes in both sedimentary Fe and As phases.

Arsenic concentrations in the moderately reducible phase of both amended

and unamended sediments showed significant increases following leaching.

This increase in As concentration was paralleled by a decrease in easily

reducible Fe and an increase in moderately reducible Fe. This change in

Fe distribution apparently resulted from formation of more crystalline

Fe oxides during the six months of aerobic leaching. Arsenic Is there-

fore not only lost from the system during aerobic leaching, but the As
,..

remaining is predominately concentrated in a more immobile sediment

phase. This remaining sedimentary As should be highly resistant to fur-

ther aerobic leaching.
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Long-term net nass relea.ses of As from unamendel and amended sedi-

ments were significantLy correlated, indicating that siTniLar sediment

properties as well as similar chemistry of added and native As may have

been controlling releases. Arsenic distribution coefficients between

sediment and water following six months of aerobic Leaching were related

to both extractable (easily + moderately reducible) and total Fe. For

sediments to which As(V) has been added, CaCO3 equivalent concentration

andi extractable Fe, in addition to total Fe, are important sediment com-

ponents controlling the release of As.

Ant imony

Sediments containing native and added Sb were subjected to similar

experimental incubation, extraction procedures, and short- and long-tern

leaihing as in the As experiments. Speciation of Sb was not examinel

however, so that only total .Sb concentrations are available.

In ten unamended and Sb amended sediments, the majority of extract-

able Sb was found in the moderately reducible phase following 45 Vays of

anaerobic incubation. Correlation analyses revealed that l in addition

to Fe, the major constituent of the moderately reducible phase, was

influencing fixation of Sb by sediment;. Levels of Sb in the intersti-

tial water and exchangeable phases were higcher in sediments amended with

Sb than in unamendel sediments.

FoLlowing three weeks of incubation under various Eh-pll conditions,

concentrations of %'ater solutble Sb in Sb amended Texas City sediments

wer highest at pT 8.0 tinder oxidized conditions. Antimony distributioin

patterns in the water soluble plhases of three sediments incubated for
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one week under various Eh-pH conditions showed a strong resemblance to

the distribution patterns of added Sb in Texas City sediments. Sediment

.. pH appeared to have a much greater impact on Sb mobilization than redox

. -potential.

At the conclusion of six months aerobic leaching, significant

changes were found in both sedimentary Fe and Sb phases. Antimony con-

centrations in the moderately reducible phase of amended sediments

increased while easily reducible phase Sb decreased. Increased Sb con-

centrations in the moderately reducible phase were paralleled by

increased Fe concentrations in the moderately reducible phase. This

behavior was similar to that noted for As and indicated that Sb had

shifted to more immobile sediment phases during aerobic leaching.

Long-term (six months) releases of Sb were much higher from Sb

amended sediments than from sediments containing no added Sb. In most

sediments, the majority of Sb release occurred early in the leaching

experiment. Net mass release of Sb following six months of leaching was

directly related to extractable Fe and CaCO3 equivalent concentration,

some of the same factors that affected As release. These results sug-

gest that Sb release from contaminated sediment is more likely to occur

during the first few months of.aerobic leaching.

Short-term releases of Sb were higher from amended than from Lo

unamended sediments. Antimony releases from Sb amended sediments were

related to extractable Fe and CaCO3 equivalent concentrations. Short-

term release of native Sb from freshwater sediments were enhanced by

leaching with saline water. This trend would probably not hold true for

* saline sediments; Corpus Christi, the only saline sediment testedi, dii1

not desorb additional Sb when leached with saline water.
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Seven out of ten Sb amended sediments released volatile Sh corn-

pounds during anaerobic incubation. Two of these sedItments released

adlitional Sb under aerobic conditions. This observation indicates that

release of volatile Sb compounds from sediments subjected to recent

inputs of Sb may be cause for concern.

The main conclusion to he drawn from this portion of the study is 0

that Sb behavior in sediments is very similar to As behavior. Notable

exceptions to this general similarity are the pronounced release of vol-

atLie Sb compounds from Sb amended sediments and the increased release

of Sb from some freshwater sedbiients leached with saline water. The

behavior of As and Sb were otherwise similar luring short- and Long-term

leaching experiments. The properties affecting short- an1 long-term

releases and fixation of these two eLements by selment; were also

similar.

7v -'

X. ,A A- .

- - - - - - - - - - - - - - - - - - - - - - - - - - -



REFERENCES

Akins, M. B. and R. J. Lewis. 1976. Chemical distribution and gaseous
evolution of arsenic - 74 added to soils as DSMA - 74 As. Soil Sci.
Soc. Am. J., 40:655-658.

Albert, W. B. and C. H. Arndt. 1931. Concentration of soluble arsenic
as an index of arsenic toxicity to plants. South Carolina Agr. Exp.
Sta. 44th Ann. Rep., pp 47-48.

Alexander, M. 1977. Introduction to Soil Microbiology. John Wiley and
Sons, New York.

Allison, L. E. and C. D. Moodie. 1965. Carbonate. In Black, C. A.
(ed.), Methods of Soil Analysis, American Society of Agronomy 'onograph
No. 9, pp 1388-1389.

American Public Health Association 1980. Standard Methods for Examina-
tion of Water and Wastewater. 15th ed., N.Y.

Anderson, M. A., J. F. Ferguson, and J. Cavis. 1976. Arsenate adsorp-
tion on amorphous aluminum hydroxide. J. Colloid. Interface Sci.,
54: 391-399.

Anderson, M. A., T. R. Holm, 1). G. Iverson, and R. R. Stanforth. 1978.
Mass balance and speciation of arsenic in the Menominee River, Wiscon-
sin. Project Rep. 6. U.S. EPA Environ. Res. Lab., Athens, Ceorgia.

Andreae, M. 0. 1977. Determination of arsenic species in natural
waters. Anal. Chem., 49:820-823.

Andreae, M. 0. 1978. Distribution and speciation of arsenic in natural
waters and some marine algae. Deep - Sea Res., 25:391-402.

Andreae, M. 0. 1979. Arsenic speciation in seawater and interstitial
waters: The influence of biological-chemical interactions on the chem-
istry of a trace element. Limnol. Oceanogr., 24:440-452.

Andreae, M. 0. and D. K. Klumpp. 1979. The biosynthesis and release of
organo-arsenic compounds by marine algae. Environ. Sci. Technol.,
13:738-741.

Andreae, M. 0., J. F. Asmode' P. Foster, and L. Von't dack. 1981.
Determination of antimony (ITT), antimony (V), and nethylantinony spe-
cdes in natural waters by atomic absorption spectrometrv with hydride

generation. Anal. Chem., 53:1766-1771.

Angino, F. E., L. M. Magnuson, T. C. Waugh, 0. K. Calle, and
J. Bredfeldt. 1970. Arsenic in deterpent: Possible danger and pol I-
tion hazard. Science, 168:389-390.

*1'



A rnott, I T. ari A. I. L~eaf. 1067. The detennirriat ion arid] distribution
of toxic levels of arsenic in -i silt loan oiI We eds, 15:12 21-124.

Bamford, C. 11. and 1). M. NewS tt . 194 6. Physical ;ini chemicail proper-
ties of o rgano-!neta 1 tc comIpoundS. Ilart I I I . TheL oxida tion of Boron
and Antimony alIkyls. .J. Chem. Soc. :695-711.

Barr, A. J1., J . 11. CoodInight , J. P. Sa tIl, I . I. lwi. 1976. A uis e rs
guide to SAS 76. SAS Institute Inc., RaegN.C.

Blasco, V'., C. Gaudin, and R. l1ean Jean. 1971 . Absorption des ions
arseniate par Les Chiorelies. Redluctin patielle do. L'arseniate en
arsenite. In llehld, C. R. (ed), Siances Acad. Sci. Ser. D) Sci. Nat.,
273:812-815.

B lum, J . J. [966 . Phrospha te uptake by phospha te-sta rved Eirg lena.
J. Gen. PirysioL., 49:1.L25-1137.

Bohn, H. 1_. 1976. Arsenic Eb-pil diagram and compa risons to the soil
chemistry of phosphorus. Soil Sci., l2115-1?7.

Bo ischot, P. and J. Hebert. 1948. Fixation des arseniates par Le sol.
Annates AgronomiqUes, L8:426-448.

Bottino, N. R., E. R. Cox, 1K. .1. frgolic, S. Mne-da, W. J. 'McShane, R. A.
Stockton, and R. A. Zingaro. 1978. Arsenic rptarke and metabolism by
the alga Tetraselmes chuji. In Brinckman, F. 17. and I. M. Blellomah
(ed s. ), Orga nome ti .1s and 0 rga nome ta L o id s. Aie rican (Kb em ira Soc ie ty
Wlash ington, D.C., pp 116-129).

Bowen , It. 8T. 1960. Trace o-co in ii a&+emi.t cv. Acadlemic Press,
New York, London, pp 280.

Boyle, R. W . and I. R. lnasson . 1.973 . Nie geochemistry of arsenic andl
its rise as an ind i'catar e empn t in geoc h ei lea I prmspc(t i. . 1. . eoc hem.
Explor., 2:251-29)6.

B raman , R. S. 1975 . Arsenico in the env ironmen t. 7TI Wool son, P-. A.
(ed .) , Arsenic~ir Pe,;!Ic ides. Amier. (:Aiem,. SoC. Svyre5r., No. 7: 103-[23.

IBra'man, R. S. anTd C. C. Ho rehack . L)/ 3. 'letlvIa tedl fo n-as of a rsenic in
the environment. Science,12 2 -29

Bramnan, .5.and M. A. Tom kI ioni. 1 978. Atomic emi-ss ton s;p.c troett-r c
detr~in tio ofan ion. er,7anium, and int.' erinlrl npoun nds s

tire environmient. Anr it. (Thn. , 50: 1.088-109

150



9.,
Brannon, J1. M., R. M. Engler, I. R. Rose, P. (I. Hunt, ond0 1. smTjitlh.
1976. Distril.ution of toxic heavy metalis ini iiarine andI freshwa ter sedi-
ments. In Krenkel, P. A., J1. ll:Arrison, andl J. C. Buriirck, TIT (eds)
Dredging and its E~nvironmental Effects, 'roceedin,;s of the Specialty

* Conference, Mobile, Ala., Nmerican Societv of Civil [inoers, New York.

*.Brannon, J. M., R. 11. Plumb, Jr., and 1. SmithIi. 1)(. L~ong-t erm.

release of hiea, metals from sedimeiit-. In Baker, U...(edl.), Contami-
nants and Sed iments, Vol 2, Ann Arbor Science, Ann %rbor, Mich., pp 221-

Brannon, J. MI., J. R. Rose, F. M. EngLer, ;ind I. Smith. ](977. T1he dis;-
t ri btiion of heavy metals in sediment fractions from Mobile Bay,
Alabama . In Yen, T. F. (ed.) , Chemistry of Marinep Sediments, Ann Arbor
Science, Ann Arbor, Mich., pp 125-14q.

* glrenchley, W. E. 1914. On the action of certain compounds of zinc,
*.arsenic, and boron on the growth of plants. Annals Bot., 28:283-3()l

Brunskilt, G. J., B. W. Grahiam, and I. W. M. Rudd. 1.9,q0 . Experimental-

- - studies on the effect of arsenic on microbial degradation of organic
matter and algal growth. Can. J1. Fish. Aqu. Sci., 37:415-423.

Burkholder, P. R. 1963. Some nutritional relb tionships among- microhes
of sea sediments and wanters. In Oppenheimer, C. If. (er . ), ymposium onl
Marine 'Microbiology, Thom-,as, Springfield, lII-., p? 113-15n.

Button, Dl. K.., S. S. Dunker, and M. L,. M-orse. 1973. Continuous ctittore
of Rhodotorn la robin: [Etnot ics of phospha te a rseniite U1pta ke, inhibi tion
and phosphate limited growthi. T. 13-icteriol . 113:59,)-611.

Byrd, J. T. and M. 0. Andreae. 198?. Distribution of arsenic,
antimony, and tin species in the Nati Sea (Abstract). Tas Amr

Geophy. Union, 63:71.

Chadwick, R. A. , TZ. C. Rice, C. Bennett, and B. A. Woorlff. 1975.
Sulfuir and trace elements in the Rosebud and McKay coa. s:ze, Co strip
field, Montana. Mon t. GeoI . Soc., Annu. il Field( Conference, Citideh.
22: 167-179.

Cbalen,,,er, F. 1 4 P!0. Eil;ica CAmth VlIat ion . Ch em. P~ev. , 36: 315 -36 1.

Chao, T. Tr. 10172). Select ive dissolution ot manganese oxides from soils
and sed imen ts wit1,h aciLd ifie(,, hvdiroxy7lam ine hydlrocl Io rid e. ,oj 1 'Sd.
Soc. Am. Proc., 36:764-76,9.

-bn', .- i ndl D. 1). Fchit . 179 . Produiction of alrsine ati.l tmetliyl-
arsinies in soit and ctitutre. .Arm. Ervri . Mic z- , 83:4 1)'.

Cl ementr, W1. T!. ao S., 1 ). Fnais t . 198 1.. 'The reloase of :irsenic from cool-
taniinated sed iments and nu. 1. E-nviron. Ori. Tlea iltli,\lb 0



o wn" .,.*W- G.. q. T_.. Z- 7.0 --

Connell1, W. E. 1966. The redluction o--f sul fate. to ciii fide under anero-
b ic soil1 cond it ions. M..Thesis, Louisiana Sta te 'niversity, Baton
Rouge.

Cox, D). P. 1974. >Iic robjob methivlation of arsenic. Syvmposiumi on the
Review of Arsenical Pesticides, 168th Nat'l. !eeting, American Chemical
Society, Atlantic Ciy N.J.

Cox, D. P. L975. Microbiological methylation of arsenic, Ti Woolson,
E. A. (ad.), Arsenical Pesticides, Amer. Chem. S~oc. Svmp. Ser.
No. 7:81-96.

Cox, D. P. and M. Alexander. 1973. Production of trimethylarsine g"as
from various arsenic compounds by three sewage fungi. Bull. Environ.
Cont. Toxic., 9:64-38.

Crecelius, E. A., M. 11. Bothner, and R. Carpenter. 1975. Geochem-
-' istries of arsenic, antimony, mercury, and related elements in sed L.;ents

of Puget Sound. Env. Sci. Tech., 9:325-333.

Day, P. R. J956. Report of the committee on physical analyses-
(1954-1955). Soil Sci. Soc. Am. Proc., 20:107-169.

Denyszyn, R. B., P. M. Grolise, and I). E. Wagoner. 1978. Sn inplIi ng a nd
atomic absorption spectrometric determination of arsine at the 2 .g/ir 3

level. Anal.. Chem., 50:1094-1096.

Detiel, L. E". and A. R. Swoboda. 1972. Arsenic solubility in a reduced
environment. Soil Sdi. Soc. Amer. Proc., 36:276-278.

Dicokens , R . an,.! A. 1'. Hli I tbos I d . 1 967. Mjovement and pe rsisteonce of
nietbanearsonates in so il. Weedls, 15:299-304.

Dorman, F. , F. 11. Tucrker, and R. Co leman. 1939. The effect of calcium
arsenate uipon the product ivity of several important soils of the cotton
bet t. Amer. Soc . Agru.,31:102'0-1028.

Edmonds, J. .;. and K. A. Francesconi. l(181. The oirigin an(1 chemical
form of itrsenic in the school whiting. Mar. Poll. BullI., 12:92-96.

Elmnan, P. .1. L1(465. 1'f foot of arsenical buld-up in the soil on suhboc-
qo ut -rowt h ndres idtie content of crdop;. Proc . S. Weedl Conof
18: 685-687.

Ehrlich, !f. 1_ 108 1. (;eom icrrob io Ic_,,. Maircel Diekkser, Inc. New York.

4Engler, R<. 'I., 1. '-1. lirinnon, J. iloso, an, (;. El iqm. 1 77. A p ra c-
t ical zselec tive ext ricioni pr, coelkre for sediment ha rio ctoriz it ion. Tn
i en, TF. F. (ed.), (he;-istrv o-IMarine Sodi,:ents, Ann Arb~or Sc once, Aln

rlor,'li oh. , pp 101 -l 71

llppis, F. A. and 'I. B. 11~ s ). Arsion i c conipoundls toxic, to rice.
4 So il Sci. Soc. Am. Proc. 19l-Il. .

158

U

_N.5



Everest, D. A. and W. J. Popiel. L957. Ion-exchiange studies off solu-
tions of arsenites. J. Chem. Soc. :2433-2436.

Ferguson, J. F. and J. Gavis. 1972. A review of the arsenic cycle in .
natural waters. Water Res., 6:1259-1274.

Ferguson, J. F. and M. A. Anderson. 1974. Chemical forms of arsenic in
water supplies and their removal. In Ruibin, A. .1. (edl.), Chemistry of
I-ater Supply, Treatment and Distribution, Ann Arbor Science, Anti Arbor,
Mich., pp 137-158.

Fleischer, M. 1973. Cycling and control of metals. Proceedlings of an
environmental resources conference, National Environmental- Research
Center, Cincinnati.

Folsom, B. L., C. R. Lee, and D. J. Bates. 1931. Influence of disposal-

environment on availability plant uptake of heavy metals in dredged
material. U..Army Engineer Waterways Experiment Station, V'icksburg,
Miss., Technical Report EL-RI-I?. 151 pp.

Fordham, A. W. and K. Norrish. 1974. Direct measurement of the compo-
sition of soil components wh-ich retain added arsenate. Aust. JT. Soil
Res., 12:165-172.S

Frost, R. R. and R. A. Griffin. 1977. Effect of pH on ad[sorption of
*arsenic and selenit-m1 from landfill- leachate by clay mineral-s. Soil Sci.

So.Am. J1., 41:53-57.

Galba, J. 1972a. A study of sorption of arsenates in soiis. T1 I.
hfFects of pH values of soil solution on the intensity of sorption of
arsenates. PoLnohospolarstvo, 18:1055-1061.

Galba, .J. 1972h. D~esorption of arsenates under water. Polnohospo-

darstvo, 18:945-952.

Gilbert, T. R. and D). N. Hume. 19713. Direct determination of bismuth)
*and antitnony in seo wazer by anodic str,-pping x'oltammetry. Anal. Chem.

Acta., 65:451-459.

Gohda, S. 1972 . Activation analysis of arsenc copper, and antimony
in sea water. BullI . Chem, Soc. Japan, 45:1L704-1708.

Grimanits, A. P., M. Vassilaki-Grimani, G. B. Criggs. 1977. Pollution

stud ies of trace elements in sed iments from the uipper Sa ron ilos Cuff,
C.reeue.J. R-idioanal. Chem., 37:7f)7-773.

*Gupta, S. K. and K. Y. Cheni. 1 1)7 P . Arsenic removal by aisorpt inn.
J. Wat. PollI Cont. Fedi., 50):.4(!-)o6.

Harrison, T. P. and V. F. lBerkhoiser. 1982. Anion interactions with
fresly prepared hyd rous fron oxides-. -lavs Cla -i 3:-10.

f lea I y, 1'. U ,A. P'. llerrin9", andl 0). Fierstonan. 1 966)(. 1. ol1oi d
Int er fa P Sc i, 21 :4 35-4 44.



Heimbrook, M. K. LU?.+. MicrhbiaI transformation of inorganic arsenic
coiiipouiIds . P.). di!:seruttion: Colorado State Univ., Fort Collins,
Colorado, 1-122.

Heinricks, H. and R. Myver. 1977. Distribution and cycling of major S
and trace elements in two central European forest ecosystems.
J. tnviron. Qual., 6:402-407.

Hess, R. E. and R. W. Blanchar. 1976. Arsenic stability in contami-
nated soils. Soil Scd. .Soc. Am. I., 40:847-852.

Hess, R. E. and R. W. Blanchar. 1977. Dissolution of arsenic from
waterlogged and aerated soil. Soil Sci. Soc. Am. J., 41:861-865.

Hiltboid, A. E. 1975. Behavior of organoarsenicais in plants and
soils. In Woolson, E. A. (ed.), Arsenical Pesticides. Amer. Chem. Soc.
Symp. Ser. No. 7:53-69.

Hiltbold, A. E., B. F. Hajek, and G. A. Buchanan. L974. Distribution
of arsenic in soil prufiles after repeated applications of MSMA.
Weed Sci., 22:272-275.

Hoim, T. R., M. A. Anderson, D. C. Iverson, and R. S. Stanforth. lq79.
Heterogeneous interactions of arsenic in aquatic systems. In lenne,
F. A. (ed.), Chemical Modeling in Aqueous Systems. ACS Symposium Series
No. 93, American Chemical Society, Washington, D.C. pp 711-736.

loto, T. R. , M. A. An lerson, R. R. Stanforth, and D. C. Iverson. 1980.
The infLuenc,- of adsorption on the rates of microbial degradation of
ar-enic speies in sedimenit:;. .imno[l. Oceanog r., 25:23-30.

"o. Iu e, .1. 1. and T). 1- 1 ,on,. 1980. Tnterpreting results Ir or serial
oatch extrct ion tests of tustes and soils. In Shultz, ). (ed.), His-
posa[ of Hizardous Waste. Proceedings of the Sixth Annual Research
SymposLum at Chicago, I1l., tar 17-20, EPA-600/9-80-OJD, pp 60-81.

Howard, A. G., -I. H. Asbah-Zavar, and S. Apte. L98'. Seasons t va ri-
ability of biological arsenic metlvyation in the estuary of the River
Beaul ieu. ',ar. Chem., 11:493-498.

Huan o,, P. '1. 1975. Retention of arsenic by hydroxy-al.uminum on sn r-
faces of ;uicaceoi;s i L no rl colloid s. Soil Sc i. Soc. Ain. Proc.,
39 :27 1-2 74.

Hurd-Karrer, A. M . 1')1) . Antagont sa of certa in element a e t ,2s :itti to

plants toward (chemicil lv rolated toxic eloments. Plont Phvsio.,
14: 9-2).

lver-;on, 0. 5. , M. A. Vn~Ier-on, V. . liolin, and R R. Stanforth. 1 79

An ev;a in tion 01 ,'OI llnli clro,. tc,,raphy and fl;rmeleSS a t, l alsorption- -
0p2ctropliotomevtr i or arseni, yintion a - /1pp 1 jel to a(iit I systems. ""iI.
E11v. SCi. Tedh. I : 491-14-14. "" V

160

S°"



Jacobs, L. W., J. K. Syers, and D. R. Keeney. 1970. Arsenic sorption
by soils. Soil Sci. Soc. Am. Proc., 34:750-754.

Johnson, D. L. 1972. Bacterial reduction of arsenate in seawater.

Nature, 240:44-45.

Johnson, D. L. and M. E. Pilson. 1975. The oxidation of arsenite in
seawater. Environ. Lett., 8:157-17L.

Johnson, D. L. and R. M. Burke. 1978. Biological mediation of chemical

speciation IT. Arsenate reduction during marine phytoplankton blooms. 5
Chemosphere, 8:645-648.

Johnson, D. L. and R. S. Braman. 1975. Alkyl- and inorganic arsenic in
air samples. Chemosphere, 6:333-338.

Johnson, L. R. and A. E. Hiltbold. 1969. Arsenic content of soil and
crops following use of methanearsonate herbicides. Soil Sci. Soc. Am.
Proc., 33:279-282.

Johnston, S. W. 1978. Behavior of indigenous arsenic in flooded soils
and sediments. MS Thesis, Dept. of Marine Sciences, Louisiana State
Univ., Baton Rouge, La.

Jung, C. and A. Rothstein. 1965. Arsenate uptake and release in rela-
tion to the inhibition of transport and glycolysis in yeast. Bio-Chem.
Pharmacol., 14:1093-ii2.

Kanamori, S. [965. Geochemical study of arsenic in natural waters,
Part 3, The significance of ferric hydroxide precipitate in stratifica-
tion and sedimentation of arsenic in lake waters. Research Laboratory,

Faculty of Science, Nagoya Univ., pp 46-57.

Kanamori, S. and K. Sugawara. 1965. Geochemical study of arsenic in
natural waters, Part 2, Arsenic in river water. Research Laboratory,
Faculty of Science, Nagoya Univ.:36-45.

Keaton, C. M. and L. T. Kardos. 1940. Oxidation-reduction potentials
of arsenate-arsenite systems ip sand and soil mediums. Soil Sci.,
50:189-206.

* Kobayashi, S. and G. F. Lee. 1978. Accumulation of arsenic in sedi-
- ments of lakes treated with sodium arsenite. Env. Set. Tech.,

12: 1195-1200.

Latimer, W. M. 1952. Oxidation Potentials. 2nd ed. Prentice Hall,

Inc., Englewood Cliffs, New Jersey. 392 pp.

* Layalikova, N. N. and L. B. Shlain. 1974. Formation of minerals of

antimony (V) under the effect of bacteria. Izv. Akad. Nauk. SSSR, Ser.
Biol., 3:440-444.

161

- . - , *



Lee, G. F. 1970. Factors affecting the transfer of materials between
water and sediments. Literature Review No. L, Eutrophication Informa-

tion Program, University of Wisconsin, Madlison, Wis.

Lindberg, S. F., A. W. Andren, R. J. Raridon, and 14. Fulkerson. 1975.
Mass bataance of trakie elemenits in Walker Brancli watershied: Relation to

coal-fired steam plants. Environ. Healthi Perspect., 12:9-18.

Lis, S. A. and P. k. Hopke. 1973, Anaomalous arsenic concentrations in

Chautauqua Lake. Environ. Letters, 5:45-5L.

Livesey, N. T. and P. M. Huansg. 1981. Adsorption of arsenate by soils
and its relation to selected chemical properties and anions. Soil Sci.

p- 131:88-94.

McBride, B. C. and R. S. Wolfe. 1971. Biosynthesis of dimethylarsine
by Methanobacterium. Biochem., 10:4312-4317.

McBride, B. C. and T. L. Edwards. 1977. Rote of the methanlogenic bac-
teria in the alkylation of arsenic and miercury. In Drucker, H. and
R. Wilding (eds.), Biological Implications of Metals in the Environment.
ERDA Symposium Series 42. Springfield, Va. National- Technical Infor-

mation Service, pp) 1-19.

McGeorge, W. T. 1915. Fate and effect of arsenic applied as a spray

for weeds. J. Agric. Res., 5:459-463.

McKeague, J. A. and J. H. Day. 1966. Dithionite -and oxatate-
extractable Fe and AL as aLids in differentiating various classes of
soils. Can . J1. Soil Sci. 46: 13-22

Misra, S. G. and R. C. Tiwari. 1963a. Studies onl arseite-arsenate
system adsorption of arsenate. Soil Sci. Plant Ntr., 9:1(1-13.

Nisra, S. G. and R . C. Tiwari. 19631b. Studies onl arsenite-arsenate
adsorption on soils. Trid. J. App. (hem., 26: 117-121.

Myers, 1). .J., M. E. JHeibrook, .1. Ostervoung, and S. M1. 'orrison. 19 73.
Arsenic oxida tion state in the presence of mic rooroanisms: Examination
by differential pulse polaro.4raph-v. Fnlv. letters., :731

Nagatsuka, S. and Y. Yagaki. 1976. Activation analyses of trace ele-
ments in the Tonegawa wator systerm. Bunseki Kiki, 1:6-'2

NNa tional Acadlemy of S ciences. 19771. A\rsen ic . Wash tngton, T).C.

332 pps.

Neal, C., H1. ELderfield, and 1'. Chester. 1 ')). Arseonit- in selmelitf; of
the North AtlIantic ocean and the cistern Ie i t or canon aSean. Mar. Chem.
7:207-219.

Newman , H. M. 1954 . Ant imoiny V ' peci toain hvdrl mli ric acid soII-

tion. J. Am. Chem. Soc., 76:2011.

16-2

-----------------------------------------------------------



I -

'7 jT777 7 77; 1

Onishi, H. and E. B. Sandell. 1955a. Geochemistry of arsenic.
Geochem. et Cosinochem. Acta, 7:1-33.

Onishi, H. and E. B. Sandell. 1955b. Notes on the geochemistry of
antimony. Geochem. et Cosmochem. Acta, 8:213-221.

Osborne, F. H. and H. L. Ehrlich. 1976. Oxidation of arsenite by a
soil isolate of Alcaligenes. J. Appl. Bacteriol., 41:295-305.

Oscarson, D. W., P. M. Huang, and W. K. Liaw. 180. The oxidation of
arsenite by aquatic sediments. J. Environ. Qual., 9:700-703.

Oscarson, D. W., P. M. Huang, and W. K. Liaw. 1981a. Role of manganese
in the oxidation of arsenite in freshwater lake sediments. Clays Clay
Min., 21:219-225.

Oscarson, D. W., P. M. Huang, C. Defosse, and A. Herbillon. 1981h.
Oxidative power of Mn (IV) and Fe (III) oxides with respect to As (III)
in terrestrial and aquatic environments. Nature, 291:50-51.

Papakostides, G., A. P. Grimanis, D. Zafiropoulus, G. B. Griggs, and
T. S. Hopkins. 1975. Hleavy metals in sediments from the Athens sewage

outfall area. Mar. Poll. Bull., 6:136-139.

Parks, G. A. 1967. Aqueous surface chemistry of oxides and complex
oxide minerals: Isoelectric point and zero point of charge. In Gould,
R. F. (ed.), Equilibrium Concepts in Natural Water Systems. Advan.
Chem. Series No. 67:121-160.

Parris, G. E. and F. E. Brinckman. 1976. Reactions which relate to
environmental mobility of arsenic and antimony. II. Oxidation of tri-
methylarsine and trimethylstibine. Env. Sci. Tech., 12:1128-1134.

Patrick, W. H., Jr. 1958. Modification of method of particle size
analysis. Soil Sci. Soc. Am. Proc., 22:366-367.

Patrick, W. H., Jr., B. G. Williams, and J. T. Moraghan. 1973. A sim-
ple system for controlling relox potential and pH in soil suspensions.
Soil Sci. Soc. Am. Proc., 37:3.31-332.

Penrose, W. R., H. B. S. Conacher, R. Black, J. C. Meranger, W. Miles,
H. M. Cunningham, and W. R. Squires. 1977. Implications of inorganic/
organic interconversion on fluxes of arsenic in marine food webs.
Environ. Health Persp., 19:53-60.

Peoples, S. A. 1975. Review of arsenical pesticides. In Woolson,
E. A. (ed.), Arsenical Pesticides, Amer. Cher. Soc. Symp. Ser.

No. 7:1-12.

Pierce, M. L. and C. B. Moore. 1980. Adsorption of arsenlte on
amorphous iron hydroxide from dilute aqueous solution. Env. Sci. Tech.,
14: 214-216.

163

"-. .. °" 4 *- * -.. 2 .\..



Pierce, M. L. and C. B. Moore. 1982. Adsorption of arsenite and

arsenate on amorphous iron hydroxide. Water Res., 16:1247-1253.

Pilson, M. E. Q. 1974. Arsenate uptake and reduction by Pocillopora-

verrucosa. Limnol. Oceanogr., 19:339-341.

Planas, T). and F. P. Htealey. L978. Effects of arsenate and growth and
phosphorus metabolism of phytoplankton. J. Phycol., 14:337-341.

Plumb, Jr., R. H. 1973. A study of the potential effects of the dis-

charge of taconite tailings on water quality in Lake Superior. Ph.D.
Thesis, University of Wisconsin, Madison, Wis.

Portmann, J. E. and J. P. Riley. 1966. The determination of antimony
in natural waters with particular reference to sea water. Anal. Chem.
Acta., 35:35-41.

Ragaint, R. C., H. R. Ralston, and N. -Roberts. 1977. Environmental
trace metal contamination in Kellogg, Idaho near a Lead smelting com-
plex. Env. Sci. Tech., 11:773-781.

Reed, J. F. and M. B. Sturgis. 1936. Toxicity from arsenic compounds
to rice on flooded soils. J. Am. Soc. Agron., 28:432-436. L

Ridley, W. P., L. J. Dizikes, and J. M. Wood. 1977. Biomethylation of

toxic elements in the environment. Science, 197:329-332.

Sanders, J. G. 1979. The concentration and speciation of arsenic in
marine macro-algae. Est. Coast. Mar. Sci., 9:95-99.

Sanders, J. G. and 11. Windom. 1980. The uptake and reduction of
arsenic species by marine algae. Est. Coast. Mar. Sci., 10:555-567.

Schuth, C. K., A. R. Isensee, E. A. Woolson, and P. C. Kearney. 1974.

Distribution of C arsenic derived from [14 cacodylic acid in an
aquatic ecosystem. J. Agr. Food Chem., 22:999-1003.

Sckerl, M. M. 1968. Translocation and metabolism of '°AA-carbon-14 in
johnsongrass and cotton. Ph.i). Thesis, Univ. of Arkansas, FayettevilLe,

72 pp.

Scudlark, J. R. and 1). L• Johnson. 1982. Riological oxid,)tion of
arsenite in seawater. Est., Coast. Shelf Sci., 14:61)3-706.

Shtriatpanahi, M. and A. C. Anderson. 1981. rfffct of sodikurn arsenate
on microbial growth in a chemostat. .1. Environ. ,ci. Ilealth, BR6:283-

29L.

Shariatpanahi, M., A. C. Andera;on, A. 1. tnl+r1ande, A. A. AbdeLghani, and
R. F. 'wiLkinson. 1981. lite itu,Hles on tho ie otransfor:nition of 1::ono-
sodium methanearsonate. J. V,, i r,-n. Sc .Leal th, 16B :35.

164

. . . ..... .... ~ .-.-. .v.:

.t~s~a.. £"



i... _ . , .. ,. . . . , . , - _ . .  i  . , -*., .-. 2 . - *. . -. , . . .

Shnyukov, E. F. 1963. Arsenic in the cimmerian iron ores of the Azov-
Black Sea region. Geokhimiya, pp 87-93.

Sillen, L. G. 1961. Arsenic. In Sears, M. (ed.), Oceanography.
Invited lectures presented at the International Oceanographic Congress,
New York, 1959, Washington, D.C., American Association for the Advance-

ment of Science, p 574.

Small, H. G., Jr. and C. B. McCants. 1962. Residual arsenic in soils
and concentration in tobacco. Tobacco Sci., 6:34-36.

Sollins, L. V. 1970. Arsenic and water pollution hazard. Science,
170:871.

Steel, R. G. D. and J. H. Torrie. 1960. Principles and Procedures of
Statistics. McGraw-Hill Book Co., Inc. New York.

Steevens, D. R., L. M. Walsh, and D. R. Keeney. 1972. Arsenic phyto-
toxicity on a plainfield sand as affected by ferric sulfate or aluminum
sulfate. J. Environ. Qual., 1:301-303.

Strohal, P., D. Huljev, S. Lulic, and M. Picer. 1975. Antimony in the
coastal marine environment, north Adriatic. Est. Coast. Mar. Sci.,
3:119-123.

Stumm, W. and J. J. Morgan. 1970. Aquatic Chemistry. Wiley-
R, Interscience, New York.

Takamatsu, T., H. Aoki, and T. Yoshida. 1982. Determination of
arsenate, arsenite monomethyl-arsenate, and dimethylarsinate in soil
polluted with arsenic. Soil Sci., 133:239-246.

Tammes, P. M. and M. M. de Lint. 1969. Leaching of arsenic from soil.

- Neth. J. Agric. Sci., 17:128-132.

Turner, A. W. 1949. Bacterial oxidation of arsenite. Nature,' : " ~164 :76-77.- -- "-

Turner, A. W. and J. W. Legge.. 1954. Bacterial oxidation of arsenite.

Aust. J. Biol. Sci., 7:452-476, 496-503, 504-514.

Vandecaveye, S. C. 1943. Growth and composition of crops in relation
to arsenical spray residues in the soil. Proceedings of the Sixth
Pacific Science Congress of the Pacific Science Association. Vol. 6,
Los Angeles, Calif., University of California Press, pp 217-223.

Von Endt, D. W., P. C. Kearney, and D. D. Kaufman. 1968. Degradation
of monosodium methanearsonic acid by soil microorganisms. 1. Agric.
Food Chem., 16:17-20.

Walsh, L. M. and D. R. Keeney. 1975. Behavior and phytotoxicity of

inorganic arsenicals in soils. In Woolson, E. A. (ed.). Arsenical
*_ Pesticides. Amer. Chem. Soc. Syrup. Ser. No. 7:1-12.

165



% - .

Wastenchiuk, D. G. L978, Th . budget and geochemistry of arsenic in a
continental shelf environment. Mar. Chemn., 7:39-52.

Waslenchiuk, P). G. 1979. The (leochemical controls on arsenic concentra-
tions in southeastern iUnited States rivers. 'hem. Ceol., 24:315-325.

Waslenchiuk, D. G. and H. L. Windom. 1978. Factors controlling the
estuarine chemistry of arsenic. Est. Coast. Ma-r. Sci., 7:455-464.

Wauchope, R. 1). 1975. Fixa tion of arsenical herbicides, phosphate, and -
arsenate in alluvial soils. .J. Env. Qua[., 4:355-358.

Wed epohi , K. H. (ed.) 1.969. Handbook of Geochemistry. Springer-
* Verlag, Berlin, Vol IT, ch. 33.

Wikiander, L,. and L. Fredriksson. 1946. Die sorption von natriun-
arsenat und natriuinarsenit durch hoden und syntetische eisen-und alumi-
niurnoxyde. Acta Agric. Suecana, L:345-376.

Wikiander, L.. and S. ALvelid. 1951. Solubility of airsenate in syn-

thetic systems and soils. Annals Royal Agric. Call. Swe., 17:342-354.

Wilson, F. 1L. and 1). B. Hawkins. 1978. Arsenic ini streams, stream sed-
iments, anil ground water, Fairbanks areai ALaska. Fnv. GeoL., 2:195-20?.

Winchester, J. W. and C. 0. Nifong. 197(0. I.Water pollution in I-ke
Michigan by trace elemients., from poL lotion aero~sol~s fal loolt. The Univ.
of Mich., College of Eng., Dept. of 0ceaiography and MIeteorology.
Teclin. Progress Rep. 3:L-12.

Wong, P. . S., Y. K. T _ T j~ Ijjou t\ C . !ien _ert. 197 7. An
oil pu bIi shed paper fromi the I I.th anrina] c onfe rence oni t race s-ub s;tances,
Columbia, Missou ri, June 7-9.

Wood, J1. 1,1. 1974. Biological cyc les for toxic elements In the enviran-
ment. Science, 183:1049-UD52.

Woolson, E. A. 1975. Bioaccumulation of arsen ira is. In WooLI son,
E. A., (ed.), Arsenical P?sticides, Amer. Chem. Soc. Syilp. Ser. No.

7: 97-10 7.

Woolson, F. A. 1976. Abstracts of 16th meet ins,, Weed Sc i. Soc. Amn.,
p 91.

Woolson, F. A. and A. R. isensee. 1981 L. Sof. rpsjite accriil at ion froin
three appl ied arsenic sotirces . W-eed Sc I. So(-. Ain. J., -'9:17-'1.

Woo Lsonr, E. A. and P. C. IKe:i rna,. 1971. Plersistenc, a-nil rear tions of
1 C-cacodlvlic acid in so i Is. I nw. -Sd. Tech, 7:4 7-50).

qoolson., F,. A., A . R . ts ,and P. C. Kealrnc'i . I t.ls i iono
and isolbat ion of radiloac tiv ity f rom As-,irsena ttc inli .:--ethaqua rson ic '
acbi in an aquatic modlel ecosystem. Pestio. Biochern. Physiol ., 6:1-61-
269.

166

rS



Woolson, E. A., J. 11. Axley, and P. C. Kearney. 1971. The chemistry

and phytotoxicity of arsenic in soils: I. Contaninated field soils.

".''. Soil Sci. Soc. Am. Proc., 35:938-942. .11
Woolson, E. A., -J. B. Axley, and P. C. Kearney. 1973. The chewnistry
and phytotoxicLty of arsenic in soils: I. Effects of time .nd oho;-
phorus. SoiL -Se. Soc. Amer. Proc., 37:224-259.

Wrench, J., S. W. Fowler, and M. Y. Unlu. L979. \rsenic metabolism in

a marine food chain. lIar. Poll. Bull., [0:15 -2n.

4right, T. D., D. 5. Mathis, and .1. M. Brannon. t978. Aquatic disposal

field investigations Galveston, Texas offshore disposal. site, Evaluative
. summary. U.S. Army Engineer Waterways Experiment Station, Technical

Report D-77-20, Vicksburg, Miss.

-1 6

•-p

,., -

0--

-4'

C.O,

167",



APPENDIX A: EFFEHCT OF LEACHING UNDER CONTROLLED PEh-p~l r:

CONDITIONS ON SEDIMENIT CHEM ICAL CONST ITUENTS".-
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Table Bi

Alumi,.num Concentration in the Interstitial Water, fcaneale

V Easily Reducible, and Moderately Reducible Phases o

Sediments Incubated Anaerobically for 45 Days9

.4Easily Moderately
NInterstital Exchangeable Reducible, Reducible,

Sediment Water, mg/f 1'g/g - g ,/

Black Rock 0.23 0.36 24.6 2772

Corpus Christi 0.30 0.24 111.9 670

Detroit 0.02 0.37 23.2 3765

Indiana Harbor 0.25 0.16 19.1 890

Bridgeport 0.26 0.33 '.7 2210

Menominee 1 0.23 0.12 91.0 286

Michigan City 0.26 0.42 13.6 2186

Milwaukee 0.20 0.43 23.6 555

Oakland 0.21 0.05 194.8 349 P

Seattle 0.27 0.38 170.4 2671

ob-
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Table B2

Iron Concentration in the Interstitia[ Water, Ext-hangeable,

Easily Reducible, and Moderately Reducible Phases of

Sediments Incubated Anaerobically for 45 Mays

FAsi lv Iod e ra tel\

Interstitat Exchangeable Reducible, Reduc i 4.,

Sediment Water, mg/f u g/g -g/g g/g

Black Rock 4.2 70.7 7841.8 15500

Corpus Christi 1.7 3.8 38.9 3937

Detroit 0.5 8.1 346.0 57917

Indiana Harbor 44.3 127.4 3637.3 18350

Bridgeport 1.1 16.3 3497.2 i0

Menominee 1 65.5 101.9 753.0 970

Michigan City 59.2 378.1 1662.1 14506

Milwaukee 27.0 204.3 162.2 5983

Oakland 3.2 8.2 2241.3 2542

Seattle 3.2 20.8 4203.0 95

B4..
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Table B3

Manganese Concentration in the Interstitial Water, Exchangeable,

Easily Reducible, and Moderately Reducible Phases of

Sediments Incubated Anaerobically for 45 Days

Easily Moderately

Interstital Exchangeable Reducible, Reducible,

_____Sediment Water, m/_ ug/g W$/$ W$/,

Black Rock 1.2 3.7 40.0 42.8

Corpus Christi 9.1 39.6 266.3 130.7

Detroit 0.1 14.6 410.0 948.3

Indiana Harbor 1.3 4.6 205.3 256.3

Bridgeport 0.5 1.2 18.6 19.8

Menominee 1 14.2 28.2 79.7 20.7

Michigan City 2.5 14.7 216.2 189.9

Milwaukee 1.7 15.4 245.3 176.3

Oakland 2.4 3.9 50.3 20.7

* Seattle 0.9 1.6 19.7 27.3
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APPENDIX C. EFFECT OF LEACHING UNDER CONTROLLED

Eh-pH CONDITIONS ON SEDIMENT ANTIMONY
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