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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(II1) 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(II1) was the predominant spe- 

cies released. Releases of As(II1) were greatest when sediments were 

Low in iron and high in interstitial water and exchangeable phase As(II1). 

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

be relatively insensitive to the salinity oE 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 

usually persisted throughout the leaching period; releases were higher 

from amended comparedwith unamended sediments. Generally, As(II1) release 

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

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

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

sediments under anaerobic conditions for three months resulted in almost 
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exclusive release of As(II1). 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(IXI). Arsenic releases following six months of leach- 

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

carbonate (CaCO ) 
3 

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 CaC03 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 
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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 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 expe- 

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

directly related to extractable Fe and CnC03 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 oE 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 

INTKODUCTION 

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(III), 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(II1)). 

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(II1) in the acidic to mildly alkaline pH range (Helm et al., 1979; 



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 pg/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 vg/g) can simultaneously exhibit high concentra- 

tions of soluble As (0.15 mg/!> in their interstitial waters (Brannon 

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

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

tion of mobile As may be As(II1) since Johnston (1978) has shown that 

under anaerobic conditions As(V) can be reduced to As(II1) 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 fnctors 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 Sh in - 
anaerobic sediments. 

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

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, 

+l, +3, and +5. Arsine (AsH3) and methylarsines [CH3AsH2 and (CH3)2AsII] 

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

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

(H3As03) and methylarsonic acid (H2AsCH303) are representative of As 

compounds in the +3 valence state. Arsenic acid (H3As04) is an As com- 

pound in the +5 valence state and dimethylarsinic acid [(CH3)2A~02~] is 

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

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

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

[As (V> 1 w By contrast, sodium methylarsonate and dimethylarsinic acid 

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 
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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 (197.3) 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 also 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 pprn As, and 

other heavy metal sulfides 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 compnred to the contribution of 

vulcanism, although vulcanism must have contributed much of the scdimen- 

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

Davis (1972) calculated that 45 x lo3 tons yr 
-1 

of As is weatherecl and 

transported. Such As exists mainly in tile dissolved form as soluble 

arsenates (I3oyle and Jonasson 1973). Although arsenite is present in 



two minerals, orpinent, As S 
2 3' 

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 pig As/P (Gohda, 1972). Arsenic concentrations in fresh 

waters may be lower than 1 ug As/! (Nagatsuka and Yagaki, 1976) or as 

high as 260 ug As/1 (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 

Plan'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 tines 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 (Kananori and Sugawara, 1965; Grinanis 

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 al., 1975) of high industrial or 

agricultural activity. This leads to localization of As contamination. 
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Since deposits of native arsenic are associated with ores of many 

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. 

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

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

smelter releases As as: (1) stack dust into the air, 2 x lo5 kg/yr of 

As203; (2) dissolved species in effluents, 2 - 7 x LO4 kg As/yr; and (3) 

slag particles, 1.5 x lo6 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 pg/g. Ferguson and Cavis (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 Keeney, 1975; NAS, 1977). 

Most of this As is formulated into pesticides (Ferguson and Gavis, 
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1972), the use of which has resulted in As concentrations of up to 

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

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

(Fleischer, 1973). 

Household detergents of high-phosphate type contain from l-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 g-200 times greater than that in surrounding, uncon- 

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

centrations of 1000 ug/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 



containing either As(V) or As(II1) 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 w/P, 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 ug/P in the anaerobic bottom waters of three lakes compared to 

0.70, 0.38, and 1.9 vg/P, respectively, in the aerobic surface waters of 

these same lakes. 

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

to Fe 
+2 

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 soils and sedi- 

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

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

As(II1) under anaerobic conditions. Turner (1949) calculated that the 

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

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

as an electron acceptor in heterotrophic metabolism in the absence of O2 

and N03, such a reaction being energetically favored compared to sulfate 

reduction. Microbial reduction of As(V) to As(I.11) should increase As 
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COnCentratiOnS in sediment interstitial waters since arsenite should be 

4 to 10 times more soluble in some sediments (Albert and Arndt, 1931; 

Brechley, 1914; Keaton and Kardos, 1940). 

Anaerobic reduction of As(V) to As(II1) 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(II1); 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(II1) 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. 
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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., 1932). 

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 mitochondrial oxidative phosphorylation (31um, 

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

Rapid As speciation changes occurring in media surrounding phyto- 

plankton indicate that algal cells are able to reduce, methylate, and 
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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 Chlorella, a freshwater green algae (Blasco 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 Iegge, 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, pH, 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 

0.023 umoles of arsenite 1 
-I -I 

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

and Johnson (1982) have shown that the actual rate of arsenite oxidation 

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(II1) 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(II1) 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(III), indicating 

that Mn in the sediment was probably the primary electron accepto-r in 

the oxidation of As(II1). Conversion of As(III) to As(V) by natllral1.y 

occurring carbonate and silicate minerals common in sediments was not 

noted by Oscarson et al. (1981a). Oscarson et al. (198113) found that 

Fe(II1) oxide does not convert As(II1) to As(V) within 72 hours. Sedi- 

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

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

particulate matter containing Mn(IV) oxides. 
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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 methylated 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(II1) to 

As(V) by sediments would tend to counteract the methylation process. 

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

could be formed durin g 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 
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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. 

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 metharzearsonic acid 

added to a soil will have degraded to form 
14 

CO2 and arsenate (Dickens 

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). Helm et al. (1980) have 

reported that methylarsinic and dimethylarsinic acids are subject to 

demethylation in anaerobic sediments. These dcmethylation 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 (Helm et al., 1980). Shariatpanahi et al. (1981) found 

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

and Pseudomonas, demethylated monosodium methanearsonate under aerobic 
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conditions to produce arsenate methylarsines. Enterobacter and 

Aeromonas produced only methylarsines and Alcalgens produced only 

arsenate. 

Evolution of labeled CO2 from aerobic soils treated with methylated 

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

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

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. Holm 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 

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. 
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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 phosphorylcholinc were possi- 

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

that several unidentified As compounds were separated from extracts of 

algae, daphnids, Gambusia, and crayfish treated with 74As . 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 C 5H7As03H2 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 

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 (LAS, 1977). 

Decreased As concentrations in a flooded soil have been attributed to 

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

arsenic compounds have also been detected when a stream of air was 
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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, 

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 

.Faust (1961) 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- 

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 bacterial cultures under 

anaerobic conditions despite the predicted unfavorable thermodynamics of 

the process. 

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

aerobic and anaerobic systems as volatile methylated arsines (Challenger, 

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

Johnson and Braman (1975) showed that, on average, approximately 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) 

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

dium methanearsonate (DSMA) - 
74 

As) occurred in a soil that contained 

11 percent organic matter and was maintained under reduced conditions. 

All treatments amended with organic matter showed a marked increase in 

74 
As evolution over the corresponding treatment which had received no 

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

of Methanobacterium strain M.O.H. reduce and methylate arsenate to -- 

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

McBride and Edwards (1977) reported that whole cells of methanogenic 

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

produced unidentified, volatile As compounds thought to he alkylarsines. 
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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 from 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 

from the system while 41 percent was metabolized to 
14 

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 

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

investigated the ability of the fungi to produce trimethylarsine under 

varying pII and arsenic compound additions. He concluded that the 
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reduction process appears to require that arsenic acids be 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 from anaerobic sediments remains in doubt. 

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

sediment-water mixtures containing 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 data. 

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

had found significant yields of methylated arsines from al.1 anaerobic 

systems except marine sediments. Methylated arsines produced in such 

sediments may be irreversibly bound soon after formation (Andreae, 

1979). 

Arsenic Adsorption - 

Arsenite 

The dissociation status of the various As compounds will. determine 

if the compounds are present as neutral molecules or as anions subject 

to adsorption. This is well illustrated by considering the case of 

arsenious acid [As(OH)3]. Successive p1Za values for arsenious acid have 

been reported as 9.23, 12.13, and 13.40 (NAS, 1977). The first dissoci- 

ation constant indicates that arsenious acid is a very weak acid. 

Therefore, the fraction of the total As(II.1) present ill solution as 

H2AsOi will be small in acidic or weakly basic solutions but will 
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increase as the pH approaches 9.23 (Frost and Griffin, 1977). The exis- 

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

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

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 ~1-1 range of 4 to 9 were slight. Frost and Griffin 

(1977) showed an increase in adsorption of As+~ by clay minerals as pH 

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(II1) in the acidic 

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

Arsenate 

Arsenic acid (H3As04) 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 pII's of environ- 

mental interest. This charge status is reflected by the adsorption 

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

adsorption by kaolinite and montmorillonite was highest at pH 5, roughly 

corresponding to the highest percentage of arsenate in the H2As0i form. 

The shape of the arsenate adsorption-p8 curves suggested to Frost and 

Griffin (1977) that the amount of arsenate adsorption is dependent upon 
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the concentration of h2AsO- ions in solution. 4 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 pH range 3.5 to 5.3, then steadily decreased as pH 

increased. Anderson et al. (1976) fo und that arsenate adsorption by 

amorphous aluminum hydroxide is independent of pH at low pII, 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 pHIEP (pFL 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. In general, arsenate adsorp- 

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

Methylated Arsenic Acids -~ 

Methylarsonic aci.d is dibasic with pKa values of 3.61 and 8.24 at 

18'C (Ferguson and Gavis, 1972). At pH 5.93 essentiaLly all of the 

methylarsonic acid exists as the univalent anion. Dimethylarsinic acid 

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

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

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

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

dimethylarsinic acid < arsenate = methylarsonic acid in the pH range of 
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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. 

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). 

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 

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(II1) 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 2 3 and h1203 

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 like.Ly 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; Xisra and Tiwari, 

1963a, b; Vandecaveye, 1943). 

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. Oxa.La te ext racti.on 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 al. (1976) reported that citrate-dithionite rxtract- 

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

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

COIlJl. ; and Ashtabula, Ohio. Neal 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 ('JooLson et al., 1971). 

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

to the same degree as Fe oxide. Tron 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 NH4F and - - 

0.5 2 H2S04 extractable As, respectively) may predominate if the amount 

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

(1971, 1973) extracted As from a i.arge number of soils with 0.5 N NH4F - 

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 PlcCants, 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 H202, 

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

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 Eixed 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 ( c 10,000 molecular weight) 

fraction of dissolved organic I?atter. 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- 

ariue interface (Waslenchuk and Windom, 1978). 

The association oE 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 

,>A1 > 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 (Ilolm et al., 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. 

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 apptjc:dt.j,;n 

rate, the longer it took for the As fonns 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 1eveLs 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. Rrannon et al. (1980) have 

demonstrated that As in undisturbed, relatively noncontaminated (< 0.25 

to 9 ug 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 1-1s As/g) under conditions simulating dredging and 

aquatic disposal has also been shown to be insignificant (Erannon 

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 (&George, 1915; Tammes and de 
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Lint, 1969; Johnson and Hiltbold, 1969). Sandy soils leach higher 

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

Hiltbold, 1967; Tammes and de Lint, 1969; Hiltbold et al., L974), pre- 

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

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

arsenate easiest to Leach from calcareous s oils. Desorption was closely 

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

CaO + MgO/A1203 + Fe203. 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 t 4 years 

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

soils since water soluble As accumulates faster in sands 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 90 and 180 kg 
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As/ha and 720 kg As/ha, respectively, during four cropping seasons. 

Hiltboid 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 &year period, with no evidence o f Leach ing 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 

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) . Huang (1975) has reported that the presence of h7,aC.L in solution 

generally decreased As retention by the hydroxy-Al 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 results 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 Reeney, 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/P) was added to the system 

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

of added phosphate was attributed to anion competition (Livesay and 

Eluang, 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 place where 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, 1966; Johnson and Burke, 1978). 

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

and inhibits productivity at concentrations as low as 67 UM of As when 

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

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 compe-tes 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 eco- 

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

is much slower (Sanders, 1980). 

Tllis short review illustrates some of the similarities and differ- 

ences between the behavior of P and As in the environment. Care should 

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

because of the differences between the environmental chemistry 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 Sb is on the order of 

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

soils ranging from 0.4 to 0.7 ppm. 

Anti.mony, found primarily in mineral ores, is derived principally 

from stibite, Sb2S3 (Rraman and Tompkins, 1978). Shales containing 

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

(Onishi and Sandell, 1955b). Microbial oxidation of Sb2S3 in mineral 

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

Shlain, 1974). The Sb2S3 is first oxidized to form Sh203 followed by 

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

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

Royle 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 pg Sb/P (Portmann and Riley, 1966; Gilbert and Hume, 

1973; Gohda, 1972). Antimony concentrations ranging from 0.2 to 
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1.7 ug/Pwere reported in the Tonegama River in Japan (Nagatsuka and 

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

ranging from 13.6 to 232.6 pg/P in fresh, estuarine, and marine waters. 

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

centration for both fresh and saline water samples determined by hydride 

generation was approximately 20 qg/P. 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 Sb S 
2 3’ 

Sb203, or 

(CH3)2SbO(OH) (Braman and Tompkins, 1973; Parris and Urinclunan, 1976), 

which may have been present. 

Anthropogenic 

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

much the same manner as As. Pagaini et al. (1977) reported that lead 

smelting operations in the Kellogg Valley of Idaho had resulted in soil 

Sb concentrations ranging from 5 to 260 pg/g. Crecelius et al. (1975) 

reported that the major anthropogenic source of Sh to Puget Sound 

(1.52 x lo6 kg Sb/yr) was a large copper smelter located near Tacoma. 

Antimony concentrations ranging from 0.46 to 0.64 us/g have been 

reported in Wyoming coals (Chadwick et al.., 1975). When coal is burned, 

Sb is concentrated in fly ash discharged through the stack compared to 

fly ash colLected by the precipitator (3,indberg et al., 1975). Antimony 

is also introduced into the environment from sewage and fertilizer 

(Papakostides et al., 1975; Grimans et al., 1977). It can therefore be 

seen that Sb concentrations in soils and sediments may be increased in 

localized areas by man's activities. 

34 



Chemistry of Sb 

Recent studies have shown that Sb exists in the Sb(II.1) 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(III) was found in most samples and methylantimony compounds were con- 

sistently present in the marine and estuarine environment. The presence 

of the nonequilibrium Sb(II1) and methylantimony compounds was attrib- 

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

Andreae (1982) reported that Sb(II1) concentrations in the Baltic Sea 

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

lowed by greatly increased Sb(II1) 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(II1). Based on the limited data available (Latimer, 1952), reduction 

of Sb205 to Sb(II1) in the form SbO+, at pH 7 and an SbO+ activity of 

10m6m should theoretically occur at approximately 140 mV. The existence 

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

Sb(II1) is present (Andreae et al., 1981; Byrd and Andreae, 1982). 

In seawater, Sb(OH)i, SbC12(0H)i, and SbCl(OH); 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 results available to date indicate that Sb does become associ- 

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

shown that 48 percent of the total Sb (0.28 to 1.82 ug/g) in three 

"noncontaminated" Puget Sound sediments was oxalate-extractable, thereby 

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 

CH,SbO(OH)2 
> 

and dimethylstibinic acid SbO(0t-I) 
> 

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, (CX3)3 SbO. 

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. Trimethylstibine 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 

( 33 ) (CH ) SbO (Parris and Brinckman, 1976). 

The limited data available on Sh indicate that Sb cycling in the 

environment may be similar to that of As. r!yrd and hndreae (1982) 
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reported that Sb(II.1) concentration profiles in Baltic Sea waters fol- 

lowed a similar pattern to those of As(II1). Andreae et al. (1981) sug- 

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

methylated As compounds in aerobic natural waters was probably due to 

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

future research. 
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MATERIALS AND METHODS 

Sampling Areas 

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 selection 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- 

plers. After sampl.ing, the sediments were placed into new, 208- steeL 

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

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

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

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

study. 

Controlled Eh-pH Incubation 

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

to a 2.8-P wide mouth erlenmeyer flask. Sufficient distilled deionized 
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water was added to each flask to produce a water-to-dry-sediment weight 

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

continuous stirring with a magnetic stirrer. Sediment-water mixtures 

were equilibrated at 25 t 1°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 rnte of 

approximately 15 ml/min. A combination pH electrode connected to a pi! 

meter monitored pH. The desired pi1 was maintained by injecting either 

1.0 N FICl or NaOH as necessary via syringe through a serum cap into the - 

sediment-water m-ixt*ure. Prior to beginning any cxper:iment, 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 E% and pll 

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

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

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

+250 mV, and +500 mV) and at three pH levels (pH 5.0, pH 6.5, and 

pH 8.0). Each Eh-pH combination was allowed to incubate for 1 week fol- 

lowing stabilization at the chosen Eh-pH regime. Any volatile As or Sb 

compounds evolved were trapped in 20 ml or 9.005 El mercuric nitrate and _ 
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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, 

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

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

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

metal. in HNO 
3' 

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. Fach duplicated Eh-pH combination was amended with 35 rig/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 combinatfon 

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 25%ml polycarbonate centrifuge bottle under an N 
2 

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

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

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

filter and immediately acidified to a pH of 1 with concentrated, ultra- 

pure HCl. A 60-ml subsample to be used for As speciation analysis was 

immediately transferred to a polyethylene bottle and quick frozen at 

-6O'C to prevent oxidation of As(II1) 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 loo-ml sample of the mixture was then removed by syringe 

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

24 ml of deoxygenated 5 1 ammonium sulfate at pF1 7. Dilution resulted 

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

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

sions were shaken mechanically for 1 hr, then centrifuged at 6000 rpm 

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

The filtrate was acidified to pH 1 with concentrated, ultrapure HCl, 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 

phase. 

43 



Easily Reducible Phase 

The residue from the 1N 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-urn 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-urn pore-sized membrane filters, transferred to polyethylene 

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

at 4'C. 

Sediment Incorporation and Trans- 
formation of Added Arsenic and Antimony 

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

River, site 1, Wis.-?Iich.; Detroit River, site 1, Mich.; Michigan City 

Harbor, site 3, Ind.; Milwaukee Harbor, Wis.; Oakland Inner Harbor, 
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site 3, Calif.; Black Rock Harbor, Conn.; Corpus Christi Ship Channel, 

site 1, Tex.; Seattle, Duwamish Waterway, site 3, Wash.; and Bridgeport 

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

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-p, 

polyethylene containers with airtight lids. Sediment in each container 

was then amended with 20 g of cellulose (1 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 pg 

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

third amended with 75 iig Sb+3/g dry weight using a lOOO-mg/P 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 + 0.5'C. At the conclusion of 

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

under a nitrogen atmosphere. Fach container was then opened and mechnn- 

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

blended sedimen-t was then transferred to an oxygen-free, polycarbonate, 

250-ml 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-ml centrifuge tube containing 100 ml deoxygenated 1 N ammon- - 

ium sulfate. A separate subsample was removed for determination of 
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percent solids. The extraction was then conducted as previously des- 

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

ately reducible phase extractions were then conducted sequentially on 

the residue from the exchangeable phase as 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-ml poLycarbonate 

centrifuge tubes. Sufficient distilled-deionized water was then added 

to each centrifuge tube to bring the total volume of water to 160 ml. 

Each mixture was then aerated with compressed air for 5 min, shaken for 

30 min, reaerated for 5 min, centrifuged at 6000 rpm for 10 min, and 

filtered through 0.45-Lrn pore-size membrane filters. The conductivity 

and pH of the supernatant were determined on a small, disposable aliquot 

(15 ml) prior to filtration. The filtered portion of the sample was 

preserved by adding a few drops of ultrapure HCl followed by immediate 

freezing at -60°C. 

Incubated sediments from Indiana Harbor, Menominee River, Detroit 

River, Michigan City Harbor, and Corpus Christi Ship Channel were also 

subjected to additional short-term Leaching. This additional Leaching 

was conducted in an identical manner to the short-term Leaching previ- 

ously described except that four subsamples of each sediment treatment 
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were extracted with artificial seawater (Table 1) of varying salinities 

(5 O/00, 15 O/00, 25 '/oo, and 35 '/oo). 

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 Rlack 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- 

ples 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 

set of samples was shaken for three months under 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 Quantity 

Distilled water 

NaCl 

Na2S04 

NaHC03 

KC1 

KBr 

H3B03 

MgC12'6H20 

SrC12-6H20 

CaC12'2H20 

PH 

1F 

23.476 g 

3.917 g 

0.192 g 

0.664 g 

0.096 g 

0.026 g 

lO.610 g 

0.040 g 

1.469 g 

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-ml Erlenmeyer flasks. One hundred milliliters 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 ?I mercuric nitrate and 0.05 percent weight:volume - 

nickelous nitrate prepared in 0.02 N nitric acid (Gupta and Chen, 1975). - 

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 

ahove 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 

The concentrations of As(III), As(V), and total methylated As com- 

pounds were determined by a modification of the sequential volatilzation 

hydride generntion,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 MHS-10 

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 

H2S04. Additional acid causes backpressure in the MHS-10 system and 

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/!), while inorganic arsines passed 

unaltered through the trap wit?1 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(II1) from the 

sample followed by total inorganic As analyses. At a pH of 4 to 9 

As(II1) 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- 

ple aliquot (generally 1 ml or less) was adjusted to approximately 
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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 2 in Tris and 

2.4 N in HCl giving a pH of 6.2 after dilution to 0.05 5, except that - 

HCl addition was stopped when pH 7.2 was reached. Following pH adjust- 

ment of the sample, 1 ml of 4.8 percent NaBH4 solution was added, and 

argon gas slowly bubbled through the sample. When all added NaRH4 had 

decomposed (6 hours), the sample -was acidified and total inorganic As 

was again determined. This is a measure of As(V) since As(II1) 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 ug/l of As as As(II1) (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) wa's quantitatively recovered in all cases. 

Other Analytical Methods 

Calcium, Fe, Mn, and Al concentrations were determined using direct 

flame aspiration with a Spectrometrics Spectraspan II ecelle grating 

argon plasma emission spectrophotometer. Antimony concentrations were 

determined with an isotope Zeeman shift atomic absorption 

spectrophotometer. 

Total Digestion Procedure 

One gram of oven-dried sediment was weighed into a loo-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 HN03 was added and the mixture again heated until 

almost dry. After cooling to room temperature, the mixture was diluted 

with 30 ml of 1.2 N HCl, filtered through Whatman 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 55O"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 55O'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- 

mine percent recoveries, and anaiyses of National Bureau of Standards 

Reference Standards were conducted on every eighth sample to ensure 

consistent precision and accuracy. 

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. 

Yultiple regression analysis was conducted using maximum K 2 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. 
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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- 

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 

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). 
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Table 3 

Mean Coefficients of Variation (X) 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 (X) of Ten Randomly Selected Samples 

Total Inorganic 
Sample Matrix As As 0') As Sb 

Water 2.99 8.87 6.77 4.33 

Ammonium sulfate 5.23 11.95 10.54 6.56 
extractant 

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 (95.3 percent) and Milwaukee (96.6 percent) sediments. 

Total As concentrations were generally low, with only three sediments 

containing more than 10 pg/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(II1) was generally the predom- 

inant form of inorganic As. Concentrations of As(V), As(III), 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 cont.) as high 

as 72 for As(V), 3350 for As(III), and 1542 for organic As in the inter- 

stitial water. Similar enrichment factors were noted for exchangeable 

p!lase As species. 
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Since the added As was in the As(V) form these results demonstrate 

that in the sediments studied, As(V) was reduced to As(III) under anaer- 

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(II1) and production of organic As occurred in 

sediments from both freshwater and saline areas; Black Rock, Corpus 

Christi, Johnson Creek, Oakl.and, 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 sediments (Clement and Faust, 1981; Johnston, 1978; Andreae, 

1979; Takarnatsu et al., 1982) and water (McBride and Wolfe, 1971; 

Brunskill et al., 1980; Johnson and Pilson, 1975). The accumulation of 

As(II1) following As(V) addition to sediments observed in this study is 

also in agreement with results of Brunskill et al. (1980) and Myers 

et a.1. (1973) who observed similar As reduction in sewage sludge. Addi- 

tion 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 

sediments. Reduction of Fe from Fe(1I.T) to Fe(I1) with subsequent dis- 

solution of ferrous arsenate, a mechanism previously advanced to explain 

the increase in soluble As under anaerobic conditions (Kanamori, 1965; 

Deuel and Swoboda, 1972), therefore, played no part in the elevated con- 

centrations of any As species -in the amended sediments. 

A portion of the organic As compounds found in the interstitial 

water were probably methylatetl As oxyacids. When organic As compounds 

have been found in aerobic and anaerobic environments, methylarsonic and 
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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 C5H7As0 B 
3 2' 

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 

was reduced to As(II1) prior to methylation or addition of a longer ali- 

phatic carbon chain. Arsenic in methylated As oxyacids is present in 

the +3 and +l valence states (Ehrlich, 1981). 

It is highly unlikely that the organic As compounds in the sediment 

interstitiaL qater were oxidation products of methylated arsines, a 

mechanism postulated by Wood (1974) and Ridley et al. (1977). During 

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(II1). Direct methylation of arsenite or addition of other 

aliphatic hydrocarbon groups to As(III) is a more plausible mechanism 

than oxidation of methylated arsines for the accumulation of organic As 

compounds under the experimental conditions used in this experiment. 

These findings are in agreement with the biosynthetic pathway of 

dimethylarsine by methanobacteria (McBride and Wolfe, 1971). Although 

volatile As compounds were not measured in this phase of the study, 
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elevated concentrations of As(II1) and soluble organic 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 pH. The Texas City sediment was 

high in clay content (26.9 percent), low in total Mn (57 Kg/g), total As 

(0.55 up/g>, and total Fe (1.62 mg/g) content (B. L. Folsorn, personal 

communication). 

Unamended Texas City sediments were not subjected to the same incu- 

bations as As(V) amended sediments because of the low total As concen- 

tration. At the solid-liquid ratio (15:l) in the reactor units, solu- 

bilization of all sediment As would result in a total water soluble As 

concentration of only 0.035 mg/E, a minor amount compared to the amount 

of added As. 

After stabilization of Eh-pH conditions in the sediment suspension, 

4.75 mg/E (75 pg/g) of As(V) was added, and the mixture allowed to incu- 

bate for three weeks before sampling. Total water soluble As concentra- 

tions in Texas City suspensions are presented in Table 8. At pH 5.0 and 

6.5, soluble As concentrations at -150 mV greatly exceeded those at 

+500 mV; at pH 8.0 the reverse was true. Under oxidized conditions, a 

maximum of 17.1 percent of the added As remained in solution compared to 

a maximum of 69.5 percent under reduced conditions. Arsenic(V) was 

present under reduced conditions only at pH 8.0 and as a minor portion 

(13.9 percent) of the total inorganic As (Figure 5). Under oxidized 
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Table 8 

Water Soluble Total As (mg/P> in Texas City Sediment Suspensions 

Redox Potential 
mV -- 

-150 

+500 

5.0 

2.50 

0.05 

PH 
6.5 

3.30 

0.17 

8.0 -- 
0.18 

0.81 
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Figure 5. Influence of oxidation status and pH on water 
soluble As(V) in Texas City sediment suspensions. 
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conditions, As(V) was present in the interstitial waters at all pH's 

tested. Distribution of As(II1) as a Function of Eh and pH was the 

opposite of As(V) trends (Figure 6). Arsenic(II1) was present at all 

pH's under reducing conditions, although much higher concentrations were 

reached at pH 5.0 and 6.5. TJnder oxidized conditions, As(II1) was pres- 

ent only at pII 8.0. No organic As was found at any Eh-pH 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(II1) and to 

accumulation of As(II1). The higher concentrations of As(II1) 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 oE 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 has been reported to be 

in the pH range of 3.5 to 5.3. Soluble As(V) concentrations in Texas 

City sediment suspensions under both oxidized and reduced conditions 

were lower at pH 5.0 than at pH 8.0. The lack of soluble As(V) under 
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soluble As(II1) in Texas City sediment suspensions. 
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reduced conditions at pH 5.0 and 6.5 may also have been due, however, to 

nearly complete reduction of all added As(V). 

The presence of As(II1) in solution under oxidized conditions at 

ph 8.0 at a relatively high concentration (0.78 mg/Q) when adsorption 

should be highest, indicates that aerobic reduction of As(V) may also be 

occurring. Others (Johnson, 1972; Heimbrook, 1974; Shariatpanahi and 

AnJcrson, 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 pH 8.0. Arsenite is 

much less subject to adsorption at pH 5.0 and 6.5, yet no soluble 

As(II1) was observed. 

Disappearance of Disodium Methanearsonate (DSNA) --I__ --- 

Different Eh-pH conditions in Texas City sediment suspensions re- 

sulted in differences in initial adsorption of 2.22 mg/Q (35 i.rg/g) of 

DSNA. Samples taken 2 hours following addition of DSMA to the reactor 

units revealed that relatively larger amounts of DSMA were adsorbed at 

p?L 6 under oxidized conditions than at ptl 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 sampling shouLd have been more 

than sufficient for adsorption-desorption equilibrium to have been 

established. Anderson et al. (1978) reported that adsorption of arsen- 

ate and methanearsonic acid could be described by I,angmuir isotherms, 

with each compound displaying similar adsorption rate constants. 

Adsorption rates for arsenate and methylarsonic acid should therefore 
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Table 9 

Adsorption of DSMA from 2.64-P Solutions Containing 2.22 mg/P of 

As and 63.3 g/F of Texas City Sediments Under 

Differing Eh and pH Conditions 

Equilibrium solution DSMA adsorbed 
El-l -I!!- mg/P As* ~g A.5 per 6 h 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 
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be simiLar. Adsorption of arsenate is known to be rapid, with from 50 

to 90 percent of added arsenate adsorption completed within minutes 

(Anderson et al., 1976; Pierce and Moore, 1982). 

Water solllble DSMA added to Texas City sediments generally 

decreased over time (Figure 7), the rates of disappearance apparently a 

function of the Eh-pil regime. The solllble organic As has been assumed 

trr be DSMA for the duration of the incubation. The previous experiment 

demonstrated that no organic As is formed when As(V) is added to Texas 

City sediments. Holm et al. (1980) has also demonstrated that during 

degradation of methylarsonic acid, dimethylarsinic acid was not formed. 

Tne disappearance of DSMA was apparently a demethylation reaction. 

Holm et al. (1980) has demonstrated that changes in As speciation did 

not occur in sterilized sediments. Von Endt et al. (1968) follnd that 

arsenate is the degradation product of methylarsonic acid. Holm et al.. 

(1980) found good agreement between model predictions and experimental 

data of arsenate as the degradation product of methylarsonic acid. In 

OUT study inorganic As concentrations remained rel.atively constant or 

increased slightly over time (Figure 7). In general, under both oxi- 

dized and reduced conditions, inorganic As concentrations were higher at 

pH 3 compared to pJI 6. The average concentration of inorganic As under 

oxidized and reduced conditions at pH 6.0 was 0.025 mg/f and 0.084 mg/P, 

respectively, compared to 0.344 mg/! and 0.140 mg/P, respectively, at 

pY 8.0. 

The most substantial increase in inorganic As concentrations 

(0.19 mg/f) was found at pH 8.0 under oxidized conditions. Holm et aL. 

(1980) found gains of approximately 2 mg/8 As(V) during methylarsonic 

acid degradation, but their spike (19 mg/f) was considerably larger than 
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the one used in this study (2.22 mg/P). At pH 6.0, arsenate adsorption 

is much more pronounced than at pH 8.0. Arsenate produced by degrada- 

tion of DSMA at pH 6.0 may therefore have been rapidly adsorbed. At 

pH 8.0 under reduced conditions, very little DSMA disappeared from solu- 

tion; very little arsenate was therefore produced. Only at pF! 8.0 under 

oxidized conditions were degradation and adsorption-desorption condi- 

tions optimum for observing a buildup of inorganic As as DSMA 

disappeared. 

Redox potential was maintained at -100 mV for the DSMA 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(II1) at -100 mV, however, 

As(II1) concentrations were undetectable at pH 6.0 following four weeks 

of incubation and showed a marked decrease at pH 8.0. These data indi- 

cate that As(V) reduction may be favored at redox potentials Lower than 

-100 mV. 

Inorganic As concentrations at time 0 were higher in some treat- 

ments than solubilization of the entire amount of native sedimentary As 

could explain (a maximum of 0.035 mg/a). This indicates that some 

degradation of DSMA may have occurred immediately. 

A plot of In [organic AsJo/[organic AsIt versus time t for each 

Eh-pTl combination (Figure 8) resulted in a straight-line function. The 

straight line indicated first-order kinetics where decrease of organic 

As (DNA) could be predicted as a function of time by: 

In [organic Aslo/[organic AsIt = Kt 

where [organic Aslo = initial concentration of DSMA 

[organic AsIt = concentration of DSYA at time t 

K = first-order rate constant 
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First-order kinetics have also been shown by others (Hiltbold, 

1975; Helm et al., 1980; Shariatpanahi et al., 1981) to adequately des- 

cribe degradation of methylarsonic actd. Examination of the first-order 

rate constants in Figure 8 (slopes of the regression equations) showed 

that disappearance of DSFlA 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 
-1 

and 1.58 week 
-1 

compared to rate constants of 

0.06 week 
-1 -1 

and 0.266 week under reduced conditions. These results 

indicate that the oxidation status of the sediment suspension strongly 

afEected disappearance of DSMA (presumably via demethylation). Arsenic 

was not lost from the system 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 propeller 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. 
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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(II1) 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- 

trations (r = 0.848, ~~0.01). Total As concentrations in unamended 

sediment leachates were related to both interstitial water (IW) and EX 

As concentrations by the following equation: le,achate As = 1.50 IW 

As + 0.16 EX As + 0.007 (r2 = 0.964, p ~0.01). 

Arsenic(II1) concentrations in the short-term leacllates were sig- 

nificantly (~~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(III) concentrations in amended (r = 0.725) and 

unamended (r = 0.816) sediments. 

These results indicate that when anaerobic sediments from fresh- 

water and saline environments are subjected to short-term mixing, 

As(II1) will be the major As species released. The magnitllde of the 

As(II1) releases and total As releases are directly related to the 

amount of As(II1) 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 nre more 

mobile than other sediment phases (Rrannon et al., 1977; Sraunon et al., 

1980). 
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The predominance of As(II1) in short-term As releases from anaer- 

obic sediments indicates that caution must be utilized when evaluating 

the environmental impact of such releases. Arsenic(III) 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 calcuiated as described by 

Houle and Long (1980). The distribution coefficient is K = Ms/Mw where 

MS is the mass of As in the sediment, expressed as pg As/g dry weight 

sediment and Mw is the mass oE As in the leachate, expressed as ug 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 unamendecl 

sediments and from 31.5 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 oE 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 added As, which gen- 

erally composed the majority of sediment As, was adsorbed by more 

hydrous extractable Fe compounds. Native As may have been fixell 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. 

Saline Water 

Five anaerobically incubated amended and unamended sediments were 

also leached with water of varying salinity. Concentrations of As(V), 

As(III), and organic As in amended sediment leachates are presented in 

Table 13. Arsenic(V) and As(III) concentrations in unamended sediment 

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(III), 

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 '/oo leachates were significantly (~~0.05) higher than As(V) concen- 

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- 

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 

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, 1969). The relationship between 
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Table 13 

Concentrations (ng/!) of As(V), As(III), and Organic As 

in Saline Leachates of Amended Sediments - 

Sediment 

Corpus Christi 

Detroit 

Indiana Harbor 

Menominee 1 

Michigan City 

Corpus Christi 

Detroit 

Indiana Harbor 

Menominee 1 

Michigan City 

Corpus Christi 

Detroit 

Indiana Harbor 

Menominee 1 

Michigan City 

As - (V) 
Salinity -- 

0 O/o0 5 O/o0 15 O/o0 25 ‘/oo 35 -- O/o0 

125 200 103 178 138 

i3 12 15 14 11 

24 25 68 54 98 

19 36 39 46 30 

16 5 6 6 8 

As(II1) 
Salinity 

0 O/o0 5 O/o0 15 O/o0 25 ‘/oo 35 O/o0 -- -- 
544 450 507 5u2 609 

3 7 9 14 17 

41 30 26 41 18 

41 18 31 32 44 

40 55 63 61 69 

Organic As -- 
-- Salinity --- II_ 

0 O/o0 5 O/o0 15 O/o0 25 '/oo 35 O/o0 --- 

ND 48 57 35 ND 

2 10 ND ND ND 

27 3 3 ND 6 

32 3 64 2 7 

19 ND ND ND ND 

ND = Not Detected 
-- 
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Table 14 

Concentrations (us/i> of As(V) and As(III) in 

Saline Leachates of Unamended Sediments 

As (VI 
Salinity 

Sediment 0 O/o0 5 O/o0 15 O/o0 25 o/oo 35 oloo 

Corpus Christi 1.3 1.5 2.4 3.9 6.7 

Detroit ND 0.7 0.8 0.6 ND 

Indiana Flarbor 3.3 2.2 4.3 2.3 4.0 

Menominee 1 13.0 15.0 17.0 17.0 18.0 

>Iichigan City 0.9 0.9 0.8 1.2 1.4 

As(II1) 
Salinity 

0 O/o0 5 O/o0 15 O/o0 25 '100 35 O/o0 

Corpus Christi 5.5 4.3 3.2 1.8 1.0 

Detroit 2.0 1.5 1.9 2.7 3.3 

Indiana Harbor 2.5 4.0 2.0 4.0 3.3 

Plenominee 1 14.0 2.0 4.0 4.0 5.0 

Wchigan City 2.5 2.6 2.9 2.9 2.5 

ND = Not Detected 
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Table 15 

Effect of Salinity ('/oo) on Short-Term Leachate pH 

Initial Salinitv 

Sediment 0 O/o0 5 O/o0 1.5 O/o0 25 '/oo 35 o/oo - -- 

Corpus Christi 8.4 8.4 8.3 8.3 8.2 

Detroit 8.5 8.5 8.5 8.5 8.5 

Indiana Harbor 6.8 4.8 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 
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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, 

1959). 

The limited impact of leachate salinity on As release did not agree 

with the findings of Yiklander 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 that did 

not impact short-term releases in this study. 

Upon mixing, short-term impacts of anaerobic sediments contaminated 

with As should be greatest when sediments are low in Fe and high in 

interstitial water and exchangeable phase As. Releases of As(V), 

As(LLI), 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 As 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. 
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Table 16 

Some Physical and Chemical Characteristics of Sediments Leached 

for One Week TJnder Specified Eh-pH Conditions 

(From Folsom et al., 1981)* 

% Sand* % Silt* % Clay* Total Total* Total* 
Sediment >50 urn Z-50 urn <2 Pm Sb, iig/g As, iJg/g Fe, mdg 

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 17.5 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(II1) were higher at pH 8.0 than 

pH 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 ?fioon silt loam soil peaked after 6 days. Arsenate concen- 

tr.?tions should therefore be at a maximum in the sediment suspension. 

Adsorption of As(II1) 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, 1952). Results of this study, however, show that As(II1) con- 

centrations were highest at pH 8.0. This also contradicts results of 

work reported previously where higher concentrations of water soluble 

As(III) 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(II1) concentrations were 

higher at p1l 7.5 compared to pH 5.0. 

The concentrations of As(II1) reached are not strictly due to 

leaching of sedimentary As(II1). Johnston (1978) found that in anaer- 

obic sediment slurries, high levels of As(II1) (250 ppb) could be pro- 

duced after only 4 days of incubation. In this study reduction of As(V) 

to As(II1) 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; Heimhrook, 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(IIT) extracted at 

pH 8.0 may have been due to removal of As(II1) from the sediment 

exchange complex. The clear statistical trends exhibited in the ammo- 

nium sulfate extractable phase were not exhibited in the water soluble 

phase, but were present for exchangeable phase As(II1) 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 A3. The distribution of total As in the 

various sediment fractions (water soluble, water soluble + exchangeabLe, 

exchangeable, easily reducible, and moderately reducible) are presented 

in Tables A4 through Ah. Iron and Al concentrations in the various 

fractions are presented in Tables A7 through A12. Water soluble Ca con- 

centrations can be found in Table 1113. 

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 present in higher concentrations at an Eh of +500 mV. Organic As 

was detected in low concentrations (0.01 pg/g) in Baltimore Harbor sedi- 

ment suspensions at pH 5.0 and an Eh of +500 mV and at pH 6.5 and an Eh 

of +250 mV (Table A3). 

These results indicate that following one week's incubation under 

highly oxidized conditions, large amounts of organic As can be released 

from previously anaerobic sediment, especialLy those from Menominee. It 
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Table 17 

Concentrations of Water Soluble Phase (ug/P) and Exchangeable 

Phase (pg/g) As(II1) as a Function of Eh and pH -.--- - - 

Eh DH 

Indiana Harbor Menominee 3 Baltimore Harbor --- 
ws EX -ws EX ws EX -- -?- 

1.1 

4.5 

1.7 

-150 5.0 

-150 6.5 

-150 8.0 

+50 5.0 

+50 6.5 

+50 8.0 

+250 5.0 

+250 6.5 

+250 8.0 

+500 5.0 

+500 6.5 

+500 8.0 

14.0 ND 

4.5 ND 

3.5 0.01 

1.7 

1.4 

2.4 

ND 

2.2 

3.9 

0.03 

ND 

0.03 

0.04 

0.03 

0.05 

0.05 

0.02 

0.07 

ND 

37.0 

143.0 

448.0 

24.0 

114.0 

17.0 NE ND 

10.0 0.02 1.5 

83.0 0.98 1.4 

40.0 NE ND 

27.0 0.44 ND 

87.0 3.78 ND 

0.69 ND 

NE 2.2 

2.16 9.3 

NE 14.0 

0.11 1.5 

2.68 ND 

0.03 

NE 

0.05 

NE 

9.03 

0.08 

0.02 

NE 

0.01 

0.02 

0.01 

0.03 

WS = Water Soluble As(III) 

EX = Exchangeable Phase As(II1) 

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 ug/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 Menominee sediments because methylarsoaic acid contaminated 

groundwater upwelling through the sediments 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 Xarataria day sediment suspensions. He also noted high 

concentrations of a high boiling point As fonn, tentatively identified 

as trimethylarsine, on the second day of incubation. 

Roth 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 

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 

Rlack Rock sediments released 23.9 tig As/m2 and Xichigan City sediments 

released 13.7 vg As/m'. 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 bg As/m2/week 

could be detected in this experiment. 
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Table 18 

Arsenic Losses (ug/m2) from IJnamended Sediments Whose 

Overlying Water was Kept Anaerobic (Weeks 1-5) 

and Aerobic (Weeks 5-8) 

Sediment 
Black Rock 

Treatment 
Anaerobic Aerobic 

18.0 9.0 

Corpus Christi ND 10.0 

Detroit 20.4 17.2 

Indiana Harbor ND 7.2 

Johnson Creek ND ND 

Menominee 1 ND ND 

Michigan City ND ND 

Xilwaukee ND 7.9 

Oakland ND 11.0 

Seattle ND 17.1 

ND = Not Detected 
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Long-Term As Releases 

Leaching experiments were conducted with ten sediments to determine 

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 (l/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-urn 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 

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 = lbO(xL) 

On sample day 2: x released = 160(x2) - (160-yL)(xL) 

On sample day 3: x released = 160(xn) - (163-yn-L)(y,-L) 

where 
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x = species of interest 

(x) = analytical concentration (Dg/ml) 

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 

reverse process. Conversion of net mass release to a sediment dry 

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 (vg/g) for a parameter at a specified 

sampling period is the summation of net mass releases for that specific 

parameter at a particlllar sampling period with all preceding net mass 

releases of that parameter. A cumulative release curve is obtained when 

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 t 

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 at time 0. Leachate conductivities from saline 

sediments (Black Rock, Corpus Christi, Johnson Creek, Oakland, and 

Seattle) decreased most rapidly; conductivities at time 1 ranged from 

7 percent to 26 percent of the conductivity measured at time 0. 
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Table 19 

Average Conductivity (Vmhos/cm) During 

the Long-Term Leaching Tests 

Sediment 

Black Rock Harbor 

Corpus Christi 

Detroit River 

Indiana Harbor 

Johnson Creek 

Menominee River 

Michigan City 

Milwaukee Harbor 

Oakland Harbor 

Seattle 

- 
Time, months 

0 1 2 3 4 5 6 ___--- --- 

27800 7320 3270 2500 1390 1470 1930 

28900 5760 2450 1720 870 750 510 

1980 1510 1400 950 700 750 610 

1180 928 590 560 400 360 340 

29700 6800 3060 1980 1070 730 1480 

490 565 290 260 230 280 210 

1470 1320 890 680 350 340 230 

890 1130 686 610 560 440 390 

28400 1990 680 310 150 125 80 

31900 4200 1930 1700 950 790 1210 
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Leachate pH changes, summarized in Table 20, were a possible conse- 

quence of the carbonate and sulfur content of the 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 pH after 6 months. Sediments containing greater than 7 percent 

CaC03 equivalent generally maintained a pH of approximately 7.0 or 

greater. Sediments Low in CaC03 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 wss releases of As from unamended sedi- 

ments during aerobic leaching are presented in Figure 11. 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 (~~0.01) 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 
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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 7.9 

Indiana 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- 

mert (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 

h,een 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 -__1_ 

(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<O.Ol) 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 

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 

month that rarely persisted following two months of leaching. 

These results indicate that mixing anaerobic sediments with aerobic 

water shou id Id not result in large short-term (l/2 hour of mix 
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releases of As(V), even in sediments which have recently experienced 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, up to three months of mixing is required before sub- 

stantial releases of As(V) will occur. 

Arsenic(II1). Cumulative As(II1) 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(III) release occurred initially when anaerobic sediments were 

leached for 30 min. For sediments that released As(II1) 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(LII) release was significantly (p< 0.35) correlated 

with easily reducible + moderately reducible (ERXR) 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 I-'g/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 mixed with aerobic water. Sediments continually mixed or 
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leached with aerobic water should exhibit minimal releases of As(II1) 

following initial release. 

Organic As. Measurable amounts of organic As were found in leach- 

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 Xenominee and 

Seattle sediments released substantially more organic As than the other 

sediments (Figure 18). The substantial release of organic As by both 

amended and unamended sediments indicates continued production during 

the leaching period. Except for Pienominee 1, sediments which reLeased 

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(II1) 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 diEference (0.96 pg/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- 

inee 1 sediments, possibly without an As(T.11) precursor. 

109 



3 

/ 1 

LE
G

EN
D 

0.
20

 
r 

LE
G

EN
D 

G
 

IN
D

IA
N

A 
HA

RB
O

R 
H 

M
IC

H
IG

AN
 

C
IT

Y
 

1 
M

IL
W

AU
KE

E 
J 

D
E

TR
O

IT
 

A 
BL

AC
K 

RO
CK

 
B 

CO
RP

US
 

C
H

R
IS

TI
 

C 
JO

H
N

SO
N

 
CR

EE
K 

D 
M

EN
O

M
IN

EE
 

E 
S

E
A

TT
LE

 
F 

O
AK

LA
ND

 

0.
15

 
- 

TI
M

E
, 

M
O

N
TH

S 
TI

M
E

. 
M

O
N

TH
S 

Fi
gu

re
 

17
. 

C
um

ul
at

iv
e 

or
ga

ni
c 

As
 

re
le

as
e 

- cr
am

 
am

en
de

d 
se

di
m

en
ts

 
un

de
r 

ae
ro

bi
c 

co
nd

iti
on

s 
(N

ot
e 

sc
al

e 
di

ffe
re

nc
e 

be
tw

ee
n 

gr
ap

tls
). 



1 0.03 - 
I- 
s 
w > 
2 -I 
2 0.02 - 

2 

0.01 - 

LEGEND 

B CORPUS CHRISTI 

C JOHNSON CREEK 

D MENOMINEE 

E SEATTLE 

F DETROIT 

G INDIANA HARBOR 

I MILWAUKEE 

J OAKLAND 

0 

0 1 2 3 4 5 6 

TIME, MONTHS 

Figure 18. Cumulative organic As release from unamended sediments 
under aerobic conditions. 
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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 1 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(II1) 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(III) > organic As in approximately 70 percent of 

the sediments (Table 21). Initial As(TII) releases exceeded As(V) 

releases in 9\3 percent of the sediments and organic As releases in all 

sediments. At the conclusion of leaching, organic As releases exceeded 

As(II1) releases in 21) percent of the unamended se+Lments and 40 percent 

of the amended sediments. 

I,ong-term leaching results agreed with results of the short-term 

leaching studies and the literature (Arnott and T,eaf, 1967; Johnson and 

Siltbold, 1969) in that added As resuLted in increased As releases. 

Releases of total As during Long-term Leaching under agitated conditions 

greatly exceeded long-term releases previously reported under quiescent 

conditions (Brannon et al., 1980). Previous long-term leaching studies 

have not determined release of the various As species. 
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Table 21 

Leaching of As(V), As(TII), and Organic As as a 

Percentage of TotaL As T,eached - 

As W As(II1) Organic As 
% of Total 
U A Sediment 

Black Rock 

Corpus Christi 

Detroit 

Indiana Harbor 

.Johnson Creek 

Menominee 1 

Michigan City 

Milwaukee 

Oakland 

Seattle 

% of Total 
U A -- - 

57.55 48.95 

67.86 35.47 

68.42 70.37 

46.67 37.50 

65.29 33.04 

57.99 70.51 

57.50 52.94 

23.53 60.42 

53.49 48.33 

29.59 67.17 

% of Total 
U A -- 

42.45 35.60 

22.62 60.55 

15.79 7.41 

36.67 37.50 

30.58 54.02 

-17.84 6.15 

42.50 33.33 

4L.18 33.33 

65.12 25.83 

59.18 15.23 

-L --- 

0.00 14.46 

11.90 39.76 

26.32 22.22 

13.33 27.50 

6.61 12.05 

25.65 26.41 

0.00 15.69 

35.29 14.58 

Lh.28 26.67 

14.61 17.60 

U = JJnamended 

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) will probably be 

the major constituent released, although release of As(II1) will pre- 

dominate initially. Since As(V) and organic As compounds are less toxic 

than As(II1) (Peoples, 1975), As leached under aerobic conditions from 

initially anaerobic sediments will become less toxic as time of leaching 

increases. Leachate releases should therefore be carefully controlled 

during the first few months when the potential for release of As(II1) is 

greatest. 

Impact of Varying Environmental Condi- 
tions on Long-Term Leachate Composition 

Varying the environmental conditions a sediment is exposed 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(III) 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 ug/g) were 

si:nilar to As releases from Black Rock sediments under anaerobic/aerobic 

(0.14 pg/g) and anaerobic (0.15 ~g/g) conditions, even though the 

releases under aerobic conditions included an additional initial leach. 

Arsenic releases from amended sediments were much greater under aerobic 

conditions, primarily due to the initial leach at time 0, during which 
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Figure 20. Cumulative As release from Black Rock sediments under 
anaerobic/aerobic and anaerobic conditions (Note scale difference 

between graphs). 
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1.88 pg/g of As was released. Results indicated that As(II1) releases 

could be curtailed by alternating anaerobic/aerobic conditions. Such 

conditions would be found in an area subject to intermittent 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(II1) 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. T,is and Hopke (1973) showed that in the hypolimnion of 

Challtauqua 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 vg As/g dry weight sediment) was associated with the sedi- 

ment solid phase (Table 22). AL1 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 pig sul- 

fide/g dry weight. Sulfide concentrations were significantly (~~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. AL1 chemically extracted phases in the amended sediment:; 

were enriched with As compared to unamended sediments. In unnmended 

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 oxides 

(WKeague and Day, 1966; Jacobs et aL., 1970). Poorly crystaLline 
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Table 22 

Total Sulfide Concentration and pII of Sediments 

Following Anaerobic Incubation 

Sediment 

Black Rock 

Corpus Christi 

Detroit 

Indiana Jlarbor 

Johnson Creek 

Menominee 1 

Michigan City 

Milwaukee 

Oakland 

Seattle 

Total Sulfide 

Ndg 

2677 

184 

28 

1929 

1621 

19 

936 

77 

6.37 

1214 

Pll -- 

7.1 

6.9 

a.5 

6.9 

7.1 

6.5 

6.8 

6.7 

7.3 

7.0 

% As 
Adsorbed 

99.8 

77.3 

99.9 

98.6 

99.8 

99.7 

99.6 

97.9 

98.6 

99.6 
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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 = Q.874) sediments. Aluminum, Fe, and i4n concentrations in the vari- 

ous chemically extractable phases are presented in Tables Bl, B2, and 

B3, 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 

Eredricksson, 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 
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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 

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 unamended 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 !Jg As/g compared to losses of from 8.268 to 11.818 rig As/g in 

amended sediments. Net mass releases of As from amended and unamended 

se:liment:; were significantly correlated (r = 0.845, p< O.Ol), indicating 

that the same sediment properties may have been controlling re.Leases of 

native and added As. 

To determine the efFect of sediment properties on tile partitioning 

of As between sediment and leachate, a distriblltion coefficient (K) was 

used. The coefficient selectetl, the chromatographic distribution coef- 

ficient, is defined as the concentration of a species in the sotirl 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 be 3 pro- 

perly dimensionLess constant, concentration units in sediment and solu- 

tion must be the same (Houle and Long, 1980). 
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Table 24 

Total Net Mass Release (vg/g) of As, As(V), As(III), and 

Organic As From Unamended Sediments During 

Six Months of Aerobic Leaching -- 

sediment AS As (W As(II1) 

Black Rock 0.212 0.122 0.090 

Corpus Christi 0.086 0.057 0.019 

Detroit 0.042 0.026 0.006 

Indiana Harbor 0.030 0.014 0.011 

Organic 
As 

0.000 

0.010 

0.010 

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 
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Table 25 

Total Net Mass Release (ug/g) of As, As(V), As(III), and 

Organic As From As Amended Sediments During 

Six Months of Aerobic Leaching - 

Sediment 

Rlack Rock 

Corpus Christi 

AS -- 

6.644 

3.268 

As 0') As(II1) 

3.247 2.434 

1.156 1.979 

Organic 
As 

0.963 

0.133 

Detroit 0.2613 0.188 0.019 0.061 

Indiana Harbor 0.398 0.146 0.145 0.107 

Johnson Creek 2.224 0.744 1.212 0.264 

Menominee 4.020 2.749 0.241 1.030 

Michigan City 0.515 0.267 0.171 0.077 

Milwaukee 0.485 0.287 0.130 0.068 

Oakland 1.209 0.583 0.308 0.315 

Seattle 11.818 7.937 1.801 2.080 
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To obtain such K values, total As concentrations (~lg/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 (pg/g) and 

75 pgg/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 unamenden 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, CaC03 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, 1982; 

\Jiklander and Alvelid, 1951; Gupta and Chen, 1978; Ferguson and 

Anderson, 1974). Iron and Al compounds have also been demonstrated to 
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be the major sink for added As in aerobic soils (Johnson and Hiltbold, 

1969; Woolson et al., 1971; Jacobs et al., 1970; Fordham anJ Norrish, 

1974). 

In unamended sediments, As distribution coefficients following 

leaching were related to total Fe. In amended sediments, distribution 

coefficients for As, As(III), and organic As were also related to 

extractable As, a relationship also noted for short-term releases of 

added As. These results 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- 

ments were subjected to selective extraction procedures utilized prior 

to leaching. Arsenic concentrations in the moderately reducible phase 

showed significant increases following 1.caching in both unamentle3 and 

amended sediments (Table 20). This increase in As concentration was 

paralleled by a decrease in easily reducible Fe and 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 accollnted for, 

including the average As release of 3.07 ug As/g of amended sediments. 

The increase in moderately reducible Fe and decrease in easily 

reducible Fe following six months of aerobic conditions was apparently 

due to formation of more crystalline Fe oxides that were resistant to 

extraction by hydroxylamine hydrochloride, a weak reducing agent. Lee 
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Table 29 

Mean Concentrations of Selected Chemical Parameters 

From Ten Sediments Before and After Six 

Months of Aerobic Leaching 

Parameter 

Fe 

Al 

Mn 

Treatment 

Before 

After 

Before 

After 

Before 

After 

Easily Moderately 
Reducible, pg/g Reducible, ~g/g 

2437.7 11949.9 

1173.7” 15699.2* 

61.5 1635.4 

374.2 1532.1 

155.1 189.6 

* 231.9 113.6 

* Significant difference between before and after concentrations at 

p:O.O5 level 

130 



(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 

phases, such as the moderately reducible phase, that are inherently l-ess 

mobile in the aquatic environment (Rrannon 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 were related to total Fe instead of the more hydrous 

extractable Fe compounds. 

The impact of sediment CaCO3 equivalent on retention of As during 

leaching is somewhat ambiguous. Woolson et al. (1971) has reported that 

Al and Ca bound As may predominate ii 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 

CaC03 equivalent. It is therefore likely that sediment CaC03 was 

affecting long-term releases in a more indirect manner, such as alter- 

ation of leachate pR. Calcium carbonate tends to buffer pH (Stumm and 

Morgan, 1970), preventing large pH variations from occurring during 

leaching. As discussed previously, sediments low in CaC03 equivalent 

content generally had lower leachate pH's than sediments high in CaC03. 

Ieachate 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 &CO3 equivalent and the 

organic As distribution coefficient because production of organic As 

during the leaching was apparently a microbially mediated 

transformation. 

Antimony Rehavior in Sediments 

Distribution of Sb in Sediment 

In unamended sediments, essentially all Sh extracted was in the 

moderately reducible phase (Table 30). This was also true of Sb amended 

sediments except for Menominee 1, Milwaukee, and Oakland, where the 

majority oE extractable added Sb was recovered in the easily reducible 

phase. Recovery of added Sb ranged from 100 percent in Wchigan City 

sediments to 38 percent in Indiana Harbor sediments, Antimony concen- 

trations in the moderately reducible phase were significantly (p~O.05) 

correlated with moderately reducible phase XL in both unamended 

(r = 0.724) and amended (r = 0.707) sediments. 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 Crecelius et al. (1975) for 

Puget Sound sediments. 

To investigate the efEect of Eh-pM conditions on soluble Sb concen- 

trations, 1600 bg/F of Sb was added to Texas City sediment suspensions. 

After three weeks, higher concentrations of water soluble Sh were pres- 

ent at +500 mV compared to -150 mV (Figure 21). The absence of high Sb 
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Figure 21. Influence of oxidation status and pH 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(II1) was not occurring or that the adsorption properties of 

Sb(II1) differed from that of As(III). High concentrations of As(III) 

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 T,eaching 

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<O.O5)'correlated with extractable Fe (r = 0.662) and CaCO 
3 

equiva- 

lent (r = 0.753). This indicates that although moderately reducible 

phase Al and Sb concentrations were related in the sediments, Fe and 

CaCC3 were responsible for retention of added Sb during short-term 

leaching. 

To examine the effects of salinity on Sb leachate 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). In 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 (ng/!) in Short-Term Leachate 

and Value of the Distribution Coefficient (K) 

Sediment 

Black Rock 

Corpus Christi 

Detroit 

Indiana Harbor 

Johnson Creek 

Menominee 1 

Unamended Sediment Amended Sediment 
Concentration Concentration 

c1 g/P K DdQ K 

nd t 2570 7.8 

nd t 276 69.4 

nd t 174 120.4 

nd t 382 53.7 

nd t 3530 5.8 

nd I 650 31.0 

Michigan City nd t 544 36.8 

Milwaukee nd t 257 73.5 

Oakland nd t 4040 4.7 

Seattle 34.0 44.9 4780 4.2 

t I( cannot be computed when no Sb is released. 
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Table 32 

Total Water Soluble Sb Concentrations (ug/Z) from Amended 

and Unamended Sediments Leached with Water of 

Varied Initial Salinity 

Initial Salinity of Leaching Water, O/o0 
0 5 15 25 35 

Sediment U A U A U A U A U A - P-----B--- 

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-pH conditions are presented in Fig- 

ure 22. Antimony concentrations in all chemically extracted sediment 

phases are summarized in Tables Cl 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 pH 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 will be mobilized 

into water soluble form under basic compared to acidic conditions. NO 

clear concentration trends were evident for Eh. 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 tenn study 

with Rlack 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 release. No Sb 

releases were detected from unnmended BLack Rock sediments. 
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Figure 22. Influence of Eh and pH on short-term releases of Sb 

from sediment suspensions. 
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Table 3.3 

Cumulative Net Yass Release of Sb (pg/g) from Amended --- 

Black Rock Harbor Sediments T,eached 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- 

ments are summarized in Figure 23. No loss of Sb was detected in 

unamended sediments; Sb evolution rates of 8 pg/m'/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 

Sb following two weeks of anaerobic incubation, averaging 0.74 pg/m'/ 

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 Sh 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 be 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 ug Sb/g of sediment 

compared to no releases from unamended Menominee sediment containing 
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5.6 og/g of moderately reducible phase Sb. Substantial amounts of Sb 

(0.35 vg/g) were released, however, from unamended Detroit sediments 

even though amended Detroit sediments released the least Sb of all 

amended sediments. 

Cumulative net mass releases of Sb, percentage losses of extract- 

able (easily + moderately reducible phase) and 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 CaC03 equivalent 

(r = 0.665, ~~0.05). 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 

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 more 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 symptomatic of sediment Fe becoming more 

crystalline fol lowing pro longed exposure to air (Lee, 1970). 
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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 

Interstitial water and exchangeable phase concentrations of As(V), 

As(III), and organic As were monitored in ten As(V) amended sediments 

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 

interstitial water and exchangeable phase As(ITI) were Eound, indicating 

that reduction of As(V) to As(II1) 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(III) or addition of other aliphatic hydrocarbon 

groups to As(III), rather than oxidation of methylated arsincs, is a 

plausible mechanism for the accumulation of organic As compounds under 

the anaerobic conditions of this experiment. 

Concentrations of water soluble As(V), As(III), and organic As were 

also monitored following three weeks of incubation under varying con- 

trolled Eh-pFJ conditions in Texas City sediment slurries containing 

added As(V). Under reduced conditions (-150 mV) at pH 5.0 and 6.5, from 

53 percent to 70 percent of the added As(V) was recovered as As(II1). 

Under oxidized conditions (+500 mV), As(III) was detected indicating 

that aerobic reduction of As(V) may also have been occurring. 
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Incubation of Texas City sediment suspensions amended with disodium 

methanearsonate (DSPIA) under controlled Eh-pH 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 As 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(III) 

vwa s the predominant As species released. During mixing of short dura- 

tion, releases of As(II1) 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(III), 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 

extractable (water soluble + exchangeable) As(V) and As(II1) 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(II1) was occurring under oxidizing as well as under anaero- 

bic conditions. In sediments where organic As was detected, most 
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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 fonn- 

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 maximum As release, noted under anaerobic condi- 

tions, was only 23.9 ug As/m2 during a five-week period. These results 

indicate that release of volatile arsenicals from either aerobic or 

anaerobic sediment suspensions on quiescent sediments should not pose 

any potential environmental hazard. 

Long-term leaching experiments were conducted with ten sediments to 

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

releases, the quality of materials that would be released, and the sed- 

iment factors affecting releases. This involved Leachate analyses for 

the various As species initially (l/2 hour of shaking) and at subsequent 

monthly intervals for six months. 

In the majority of sediments tes-ted, long-term releases under agi- 

tated, aerobic conditions persisted during the entire leaching period. 

Sediments amended with As(V) consistently released greater amounts of As 

than sediments containing no added As. Arsenic(III) releases generally 

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 almost exclusive release of As(V). At .the conclusion of six 

months of leaching, As releases were in the order As(V)>As(III)>or- 

ganic As in approximately 70 percent oE the sediments. 
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Long-term (3 months) leaching of Black Rock sediments under 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(II1). 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(III) 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 reducibie 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 systa 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 mass releases of As from unamended and amended sedi- 

ments were significantly correlated, indicating that similar 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, CaC03 equivalent concentration 

and extractable Fe, in addition to total Fe, are important sediment com- 

ponents controlling the release of As. 

Antimony 

Sediment:; 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. 

In ten unamended and Sb amended sediments, the majority of extract- 

able Sb was found in the moderately reducible phase following 45 days of 

anaerobic incubation. Correlation analyses revealed that Al in alltlition 

to Fe, the major constituent of the moderately reducible phase, was 

influencing fixation of Sb by sediments. Levels of Sb in the intersti- 

tial water and exchangeable phases were higher in sediments amended with 

Sb than in unamended sediments. 

Following three weeks of incubation under various Eh-pH conditions, 

concentrations of water so1ubl.e Sb in Sb amended Texas City sediments 

were highest at pH 8.0 under oxidized conditions. Antimony distribution 

patterns in the water soluble phases 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 CaC03 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 

unamended sediments. Antimony releases from Sb amended sediments were 

related to extractable Fe and CaCO 
3 

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 tested, did 

not desorb additional Sb when Leached with saline water. 
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Seven out of ten Sb amended sediments released volatile Sh com- 

pounds 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 oE Sb may be cause for concern. 

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

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

exceptions to this general similarity are the pronounced release of vol- 

atile 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 were 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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APPENDIX A: EFFECT OF LEACHING UNDER CONTROLLED Eh-pH 

CONDITIONS ON SEDIMENT CHEMICAL CONSTITUENTS 
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APPENDIX B. DISTRIBUTION OF VARIOUS CHEMICAL CONSTITUENTS 

IN SEDIMENTS FOLLCJJING ANAEROBIC INCUBATION 

Bl 



Table Bl 

Aluminum 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, mg/e LJdg dg e/g - 
Black Rock 0.23 0.36 24.6 2772 

Corpus Christi 0.30 0.24 14.9 670 

Detroit 0.02 0.37 23.2 3765 

Indiana Harbor 0.25 0.16 19.1 890 

Bridgeport 0.26 0.33 39.7 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 

Seattle 0.27 0.38 170.4 2671 

.B3 



Table B2 

Iron Concentration in the Interstitial Water, Exchangeable, 

Easily Reducible, and Moderately Reducible Phases of 

Sediments Incubated Anaerobically for 45 Days 

Sediment 

Black Rock 

Easily Moderately 
Interstital Exchangeable Reducible, Reducible, 
1Ja ter, mg/P 4dg udg L-fdg 

4.2 70.7 7841.8 15500 

Corpus Christi 1.7 3.8 35.9 3537 

Detroit 0.5 8.1 346.0 57917 

Indiana Harbor 44.3 127.4 3637.3 18350 

Bridgeport 1.1 16.3 3497.2 100 

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 

-84 . 



Table B3 

Manganese Concentration in the Interstitial Water, Exchangeable, 

Fasily Reducible, and Moderately Reducible Phases of 

Sediments Incubated Anaerobically for 45 Days . 

Sediment 

Black Rock 

Easily Moderately 
Interstital Exchangeable Reducible, Reducible, 
Water, mg/fJ udg dg uiglg 

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 

B5 



APPENDIX C. EFFECT OF LEACHING UNDER CONTROLLED 

Eh-pH CONDITIONS ON SEDIMENT ANTIMONY 

Cl 
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