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A laboratory study was conducted to determine the effects of pH and

oxidation-reduction conditions on the distribution of mercury, lead, cadmium,
zinc, copper, manganese, iron, phosph~oruy, and,@iuunium-nitrogen among selected
chemical forms in sediment-water syit6 is from TourIsites. In particujlar., his
study was desigued to determine how changes in these physicochemical parameters,
such as nay occur during dredging and dredged material disposal, night affect
the chemical availability of these nutrients and toxic substances and thus re-
flect possible changes in their bioavailability.

Sediment and surface water samples were collected from Mobile Bay, (Mobile,
Alabama), Barataria Bay (coastal Louisiana), Mississippi River (New Orleans,
Louisiana), and Calcasieu River (Lake Charles, Louisiana). A suspension
(8:1 water to solids ratio) of the sediment material was incubated In the labora-
tory at every combination of three pH levels (5.0, 6.5, and 8.0) ranging from
moderately acid to mildly alkaline and four redox potential levels (-150, +50,
+250, and +500 my) representing a range of oxidation-reduction conditions from
strongly reduced to well oxidized. After incubation under controlled pH and
redox potential conditions for 2 weeks, a chemical fractionation procedure was
used to determine the quantity of metals in chemical forms thought to be readily
available, unavailable, and potentially available.

Another study was conducted to determine the effects of pH and oxidation-
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reduction potential on the capacity of the sediment materials to retain high
levels of added toxic metals. The effects of pH and oxidation conditions on the
formation, stability, ai., molecu.lr weight distribution of soluble metal com-
plexes with selected trace metals were also studied.
.---Thesojptudies indicated that pH and redox potential do' influence the chemi-
cal form ana distribution of the metals studied, although the response to changes
in the physicochemical environment were frequently not the same for hh-different
etals.

-S6luble and exchangeable levels of mercury were not greatly influenced by
changes in pH and oxidation intensity. However, small increases in these forms
were noted under strongly reduced, acid conditions and oxidized, mildly alkaline
conditiohs. Soluble and especially insoluble large moledular weight humic ma-
terials apparently are principal regulatory factors controlling the retention and
availability of mercury.

Levels of soluble and exchangeable lead were less affected by oxidation in-
tensity than pH and increased considerably when pH was lowered to 5.0. Lead was
strongly associated with the reducible phase (hydrous oxides), and lead re-
covered in this chemical form increased with increasing oxidation intensity.
Much of the remaining potentially available lead was associated with large
molecular weight humic materials recovered from oxidized systems with a mild
extraction using a synthetic organic chelate.

Unlike mercury and lead, cadmium release to soluble and exchangeable forms
was favored by oxidized cunditions, particularly at pH 5.0 and 6.5. As oxidation
intensity increased, this cadmium was apparently released from large molecular
weight organics.

The report also discusses the effects of pH and redox potential on the
chemical transformations of iron, manganese, zinc, copper, phosphorus, and

~ ammonium-nitrogen In the sediment materials studied.
* Th results of this studypsuggest that pH and redox potential are important

in regulating the chemical availability of a number of nutrients and potentially
toxic trace metals. The metal regulatory processes involved included precipita-
tion with sulfide, adsorption or coprecipitation with colloidal hydrous oxides,
and complex formation with soluble and insoluble organics. In many cases,
changes in acidity or oxidation-reduction conditions resulted in considerable
transformations among potentially available formsbut little conversion to the
soluble and exchangeable chemical forms thought to be most readily available.
Cadmium was a notable exception, as considerable proportions of the total
cadmium content could be transformed to soluble and exchangeable forms as a
result of comparatively mild changes in physicochemical parameters.

Where dredged material disposal is accomplished by open water dumping, it is
probable that little change in oxidation-reduction conditions occurs to the
typically reduced bulk solid phase before these solids settle to the bottom of
the water column at the disposal site and again become a reduced sediment ma-
terial. Toxic substance release by open water disposal methods can better be
approximated by short-term studies such as the elutriate test. The availability
response described in this report is thought to be applicable in open water dis-
posal where little change in physicochemical parameters of bulk solids is ex-
pected to occur as well as to upland application of dredged material for disposal
or resources utilization purposes. Where upland methods are used, gradual drain-
age and subsequent oxidation may occur over extended time intervals concurrently
with probable redox potential mediated changes in pH which may affect metal
availability.

The results of this study and Its applicability to upland disposal methods
suggest that plants should be included in research of this type to determine if
conditions enhancing chemical availability do indeed increase bioavailability of
these netals to flora and fauna populations when dredged mrterials are introduced
into wotlnnd orn_'Qcnm I
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EXECUTIVE SUMMARY

The volume of sediments dredged annually from navigable waters

in tht United States exceeds 200 million cu m. Currently, most

dredged material disposal is accomplished either by discharge into open

water at sites removed from shipping channels or by land disposal where

solids settle from suspension and are confined, usually within a dike

structure. Disposal of dredged material may, under some conditions, ad-

versely affect environmental quality. This concern is compounded by the

large quantities of dredged material involved. Waterways are the recipi-

ents of much of the toxic metals, pesticides, biostimulants, and other

organic and inorganic wastes released into the environment. In water-

ways, sediments and suspended solids exhibit a strong affinity for most

chemical contaminaits. As a consequence, considerable quantities of un-

desirable materials may accumulate in the sediment solid phase.

Some sediment-bound materials, such as nitrogen, phosphorus, and

certain metals, are known to diffuse from interstitial water into over-

lying surface water. Thus an equilibrium may exist which results in the

maintenance of low levels of certain materials in the water column as a

consequence of their release from undisturbed sediments. However, there

may be a much greater exchange of potential pollutants between sediments

and surface waters when sediments are disturbed during dredging and

dredged material disposal.
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In recent years, much concern has been focused on the possible del-

eterious effects on water quality resulting from the release of toxic

metals from dredged sediments. Even more recently, attention has been

drawn to the possible uptake and concentration of toxic metals by plants

grown on dredged sediments transported to land.

Sediment-bound pollutants range widely in availability to aquatic

and benthic organisms and to plants grown on dredged sediments. Some

chemical combinations are readily available to the biological community,

and other chemical forms are essentially unavailable. Soluble and ex-

changeable metallic cations are examples of readily available materials.

Metals bound within the crystal lattice of primary minerals are essen-

tially unavailable. Between these extremes may be a considerable quan-

tity of toxic or biostimulatory substances which are potentially available

to terrestrial plants and aquatic and benthic populations as a resqlt of

chemical transformations in the sediment-water system. When sediments

are disturbed during dredging and dredged material disposal, physical

and chemical changes may occur, possibly influencing the bioavailability

of sediment-bound toxins and biostimulants.

Several factors have been found to influe ce the exchange of ma-

terials between disturbed sediments and surface waters. These factors

include the solid-to-liquid ratio, the degree ofagitation, sediment

particle size, time of contact, and chemical characteristics of the water

and sediments. The pH and oxidation-reduction (redox) potential of
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sediment-water systems are chemical characteristics known to have both

direct and indirect effects on chemical transformations, possibly af-

fecting the bioavailability of toxic metals and nutrients. The soluble

concentration of a metal in an aqueous environment is regulated to a con-

siderable extent byelemental speciation, or the ions and covalent com-

pounds formed in a given chemical environment. Redox potential and pH

are important parameters influencing elemental speciation in aqueous

systems.

The pH and redox potential of sediment-water systems also affect

the bioavailability of potentially toxic metals by influencing the chem-

istry of numerous other substances which regulate the availability of

metals. Some of these processes include metal-sulfide precipitation;

adsorption to colloidal hydrous oxides, such as those of iron and man-

ganese; and metal complexation with soluble and insoluble organics.

Currently, little is knownabout the chemical transformations of

sediment-bound toxic metals and biostimulants resulting frcm their being

disturbed, transported, and disposed of in an environment which may dif-

fer considerably from that of an undisturbed sediment at the bottom of

a waterway. Even less is known about the influence of pH and redox po-

tential, and particularly changes in these parameters, on the chemical

transformations affecting the bioavailability of metals and nutrients

during dredging and dredged material disposal. A striking change in the

chemical environment of dredged material may occur as typically reduced

bottom sediments are dispersed in an oxygenated water column or deposited
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on land for disposal. Transformations in the chemical forms of environ-

mental contaminants which affect their bioavailability may occur due to

changes in pH or redox potential of the dredged material.

The influence of pH and redox potential on the chemistry of many

elements can be derived from thermodynamic considerations for simple

inorganic systems such as a metal in water. For aqueous systems con-

sisting of a limited number of elemental components, the regulation of

chemical form characterized by distinct redox potential-pH boundary

conditions between the various possible chemical forms. In recent years,

such thermodynamic calculations have been expanded to describe metal

chemistry in more complex aqueous systems which include both organic

and inorganic chemical constituents. Such studies are useful in iden-

tifying regulatory mechanisms affecting metal solubility and availa-

bility. However, these models of simple aqueous systems cannot approach

the complexity of natural sediment-water systems due to the qualitative

diversity and quantitative variability of the chemically reactive con-

stituents present in natural systems. This suggests a somewhat empiri-

cal approach is necessary to study the influence of pH and redox poten-

tial on metal and nutrient chemistry in sediment-water systems.

The objective of this study was to determine the influence of pH

and redox potential in regulating chemical transformations affecting

the bioavailability of toxic metals and nutrients in sediment-water

systems. In particular, this research was planned to answer how changes
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in pH and redox potential encountered by a sediment material during

dredging and dredged material disposal might affect the release of toxic

metals and plant nutrients. It is believed that an increased under-

standing of the regulatory influence of pH and redox potential on toxic

metal and plant nutrient chemistry in sediment-water systems may con-

tribute in developing effective dredged material disposal criteria.

Sediment materials from four locaticns were selected to include a

range of physical and chemical sediment properties in the research ma-

terials studied. The sediments were incubated at controlled pH and

redox potential levels as a suspension of approximately the same solids-

to-water ratio encountered in a dredged slurry. Four redox potential

treatments were selected to represent oxidation levels ranging from

strongly reduced to well oxidized. The pH levels studied ranged from

moderately acid to weakly alkaline (pH 5.0, 6.5, and 8.0).

The nature of oxidation-reduction reactions.is such that the pH of

reduced sediments generally falls within a fairly narrow range around

neutrality (represented by the pH 6.5 and 8.0 treatments). However,

moderately acid environments may be encountered by dredged materials.

The pH 5.0 treatment may be particularly applicable to some dredged ma-

terials transported to land for disposal. Drainage and subsequent ox-

idation of the surface layer of reduced sediments containing considerable

sulfide may result in the formation of a weak sulfuric acid solution.

This may contribute to the formation of an acid environment, not only

vii



in the surface oxidized layers, but in underlying reduced layers as a

consequence of leaching.

Dredging and dredged material disposal may also affect redox po--

tential. Though it is likely the redox potential of sediments from most

navigable waterways ranges from moderately reduced to strongly reduced,

well-oxidized environments may be encountered by initially reduced sed-

iments as a consequence of dredging and/or dredged material disposal.

Some chemical changes affecting aqueous metal chemistry as a consequence

of an altered redox potential may be almost immediate. An example is

the oxidation of soluble ferrous iron as reduced interstitial water is

mixed with oxygenated surface waters. The colloidal hydrous ferric ox-

ides and hydroxides thus formed may be effective scavengers for soluble

heavy metals. In contrast to the rapid oxidation of soluble ferrous

iron, quantitative and qualitative changes in organic matter may occur

gradually if the oxidation-reduction environment of a sediment is al-

tered for extended periods.

Changes in redox potential of dredged sediments may depend or the

methods of dredging and dredged material disposal. It is likely that

there will be little change in redox potential in the bulk of the dredged

solids which are transported relatively short distances, dumped in open

waters for disposal, and settle rapidly to the bottom. However, there

is some opportunity for oxidation to occur where: (1) hydraulically

dredged sediments are transported for extended distances, (2) interstitial
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water and its soluble components are mixed with surface water, and

(3) finely divided solids remain in suspension for considerable length

of time following open-water disposal. Also, it is likely that the

surface horizons of reduced dredged material transported to land for

disposal will eventually become oxidized as excess watej drains and

is replaced by air.

A laboratory study was conducted in which sediment suspensions were

incubated under conditions of controlled pH and redox potential. All

incubation flasks were equipped with glass (pH) and platinum electrodes

connected to potentiometers to measure pH and redox potential, respectiyely.

The pH was controlled by manual additions of acid or base. In the ab-

sence of oxygen, sediments tend to become more reduced with time. Thus

redox potential was adjusted and then maintained at the selected levels

by slowly bubbling air containing the normal contents of oxygen through

the sediment suspensions whenever the redox potential decreased below

the specified level. Air was automatically added as required by an air

pump activated by a meter relay which was, in turn, connected to the

recorder output of the potentiometer monitoring redox potential. When-

ever the redox potential dropped below a preset level, the meter relay

started the air pumpwhich resulted in a slow, gradual increase in sus-

pension redox potential. Using this system, suspension redox potential

could be maintained within a relatively narrow range.

After equilibration for several days under a controlled environment,

ix



a-sequential chemical fractionation procedure was used to determine the

influence of pH and redox potential on the chemical forms of iron, man-

ganese, zinc, copper, mercury, cadmium, lead, ammonium-nitrogen, and

phosphorus in the sediment materials. The chemical fractionation pro-

cedure was designed to determine the quantity and/or proport.on of ele-

ments in readily bioavailable forms (soluble and exchangeable) as well

as in chemical forms which are thought to be less available, but poten-

tially capable of being chemically transformed to the more bioavailable

forms. Chemical fractionation was conducted under an oxygen-free at-

mosphere to prevent changes in redox potential during extraction and

filtration procedures.

Following the initial chemical fractionation in which the influence

of pH and redox potential on the geochemical distribution of indigenous

metals and nutrients was determined, incremental additions of selected

heavy metals were added to the sediment suspensions. This study was

conducted to determine the capacity of the various processes regulating

metal availability to transform added soluble toxic metals to relative-

ly unavailable chemical forms under conditions of controlled pH and

redox potential.

Another study was conducted to determine the influence of various

levels of dissolved oxygen on the redox potential and pH of a sediment

material and the subsequent effect on the readily bioavailable chemical

forms of selected trace metals and nutrients.
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Metal complex formation with soluble organics has been reported

to enhance the solubility of metal ions in surface waters and sediments.

A series of experiments wereconducted to determine the ionic nature and

particle-size distribution of soluble metal-organic complexes, and the

effects of pH and redox potential on these properties.

The formation of metal sulfides is reported to be an important

factor limiting the solubility of toxic heavy metals. Several hundred

vg sulfide/g oven dry solids generally were found in strongly reduced

sediment materials from three of the four sites studied. Most of the

sulfide was likely precipitated with the excess ferrous iron present

in these materials. In all strongly reduced (-150 my) materials con-

taining sulfide, an increase in redox potential to moderately reducing

(50 my) levels resulted in no measurable sulfide after a 2- to 3-week

period. However, there was no great increase in soluble levels of any

metal as the redox potential increased above the stability field for

sulfide. A small increase in readily available zinc and cadmium was

noted, possibly as a consequence of sulfide oxidation, but the increases

were modest relative to levels found in potentially available forms.

There was some evidence that processes affected by redox potential other

than sulfide precipitation were equally as important, or perhaps more

important, in complexing with metals under strongly reduced conditions.

For example, metal complex formation with insoluble organics was thought

to be an effective scavenger for most metals, particularly at low redox

potentials.
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In simulated highly contaminated sediments, insoluble sulfide com-

plex formation was thought to significantly reduce the bioavailability

of zinc, lead, and possibly cadmium. However, sulfide apparently had

only a moderate influence in reducing the solubility of indigenous zinc

and cadmium and little effect on the availability o. most other metals

in the sediment materials studied.

Comparatively large quantities of reduced soluble and easily ex-

changeable iron and manganese were found relative to levels of toxic

metals. Oxidation of the readily available iron and manganese occurred

as sediment redox potential and pH increased. This oxidation is thought

to occur rapidly. During dredging and dredged material disposal as

typically reduced sediments are dispersed in an oxygenated environment,

considerable quantities of freshly formed hydrous ferric and manganic

oxides and hydroxides are formed which may effectively adsorb soluble

heavy metals. Though the scavenging effect of hydrous oxides is thought

to be enhanced by increasing pH and redox potential, considerable quan-

tities were found at all pH-redox potential combinations studied.

Most of the total zinc, copper, and lead were found associated with

the hydrous oxide (reducible) phase. The reductant extractable levels

of copper and lead increased markedly with increasing redox potential.

The presence of sulfide apparently affected the solubility of in-

digenous zinc more than any other metal studied. Although zinc solu-

bility was apparently reduced in the presence of sulfide, there was
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some indication that more zinc was soluble than would be expected based

on the dissociation constant of zinc sulfide. Similar conclusions were

made for most potentially toxic metals studied. Zinc complex formation

with soluble organics was not thought to account for the enhanced zinc

solubility at certain pH-redox potential combinations, but inactivation

of most of the sulfide by the excess ferrous iron present in strongly

reduced sediments may have been a contributing factor. Most of the po-

tentially reactive zinc was associated with the hydrous oxide phase, and

lesser amounts were found with insoluble organics. There was not a

great release from the potentially available forms to the more available

soluble and exchangeable forms at any pH-redox potential combination

studied.

Some zinc may be released from sulfide-bearing sediments during

dredging and dredged material disposal, which results in an increase in

redox potential above the sulfide stability boundary for sufficiently

long periods for sulfide oxidation to occur. However, little release

would be expected from increasing the oxidation status of reduced sedi-

ments which contained no sulfide.

This study indicated that changes in the pH or redox potential

environment of sediments, possibly induced by dredging, will result in

little increase in readily bioavailable copper. Precipitation or ad-

sorption to colloidal hydrous oxides in oxidized environments and for-

mation of insoluble complexes with organics and perhaps sulfide in
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reduced sediment materials contributed to the strong affinity of sedi-

ment solids for copper over the range of pH and redox potential studied.

The predominant factors regulating the bloavailability of mercury

were found to depend on the mercury levels present. In simulated highly

contaminated sediments, a large release of mercury to soluble and ex-

changeable forms was favored by decreasing pH and increasing redox po-

tential. The solubility of indigenous mercury in the four sediment

materials studied did tiot show such clear, progressive increases with

incremental changes in pH and redox potential. However, apparent solu-

bilization of indigenous mercury did occur at certain pH-redox potential

combinations in some of the sediment materials under strongly reduced

conditions, in moderately and weakly acid environments, and under oxidized

conditions at pH 8.0. The greater solubility of mercury in some sus-

pensions containing sulfide relative to better oxidized treatments sug-

gested that the mercury sulfide complex was not the predominant factor

regulating mercury solubility in the strongly reduced sediment material.

The increased solubility of mercury was apparently due to the formation

of soluble, uncharged mercury complexes, possibly with soluble organics.

Sediment organics were indicated to be the predominant factor regulating

mercury availability in reduced as well as oxidized environments, al-

though there was considerable evidence that the stability of the in-

soluble organo-mercury complex decreased with increasing oxidation

levels. Dredging and dredged material disposal could possibly affect
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the bioavailability of mercury by altering the oxidation status and/or

pH of sediments. change in the sediment chemical environment result-

ing in a lower redox potential in moderately and weakly acid sediments,

and an increase in redox potential under mildly alkaline conditions may

result in a small increase in soluble mercury in some sediment materials.

In highly contaminated sediments, a reduction in pH or an increase in

sediment oxidation may result in large increases of readily available

mercury.

Though a slight increase in soluble lead may have occurred with

decreasing pH and redox potential, it was generally concluded that these

parameters had no important effects on soluble lead. Considerably more

lead was found in an exchangeable form, and this lead was affected by

both pH and redox potential. Exchangeable lead levels were generally

greatest under a moderately reducing environment at low pH. At lower

redox potentials, lead sulfide formation was thought to limit exchange-

able lead, while an increase in reducible lead likely decreased the ex-

changeable pool as the materials became better oxidized. Most poten-

tially available lead was associated with the hydrous oxide (reducible)

and insoluble organic-bound phases. In simulated highly contaminated

sediments, lead was more strongly bound to sediment solids than equiv-

alent levels of zinc, mercury, and cadmium.

This study indicated that changes in the sediment chemical environ-

ment resulting from dredging and dredged material disposal will have
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little effect on soluble lead. Exchangeable lead levels may increase

somewhat if a sediment pH is reduced to moderately acid levels.

A much greater proportion of potentially available indigenous cad-

mium was found in the soluble and exchangeable forms than for other tox-

ic metals studied. Redox potential and pH were found to greatly influ-

ence the readily available cadmium levels. Though the presence of

sulfide may reduce cadmium solubility to some extent in highly contam-

inated sediments, cadmium retention by insoluble organics was indicated

to be important in regulating cadmium solubility. A reduction in the

stability of the cadmium-insoluble organic complex with increasing redox

potential was thought to contribute to increased cadmium solubility as

a sediment material became oxidized.

This study indicated that a dredged sediment encountering a more

acid envircnment may release cadmium to the soluble and easily exchange-

able forms, as was noted for other metals such as iron, manganese, and

zinc. However, unlike other metals studied, there was a comparatively

large increase in soluble and exchangeable indigenous cadmium with in-

creasing redox potential over the entire redox potential range studied

in both moderately acid (pH 5.0) and near-neutral (pH 6.5) sediment ma-

terials. Thus a typically reduced dredged sediment material subjected

to an oxidizing environment for a sufficiently long time could be ex-

pected to release much of its potentially bioavailable cadmium to the

readily available forms.
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Dredging and dredged material disposal of reduced sediments may

increase both the ammonium-nitrogen and phosphorus content of surface

waters. This increase is a consequence of mixing surface waters with

reduced sediments and interstitial water containing relatively large

quantities of readily available forms of these nutrients. Both redox

potential and pH were found to influence their bioavailability. An in-

crease in the oxidation status of interstitial water during dredging

would tend to reduce soluble phosphorus and ammonium-nitrogen levels,

thus countering the expected increase resulting from mixing. However,

nitorgen cycling in sediment-water systems is complex. Processes other

than a reduction in auonium levels with increasing redox potential

should be considered before evaluating the effects of dredging on ni-

trogen availability.
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TRANSFORMATIONS OF HEAVY METALS AND PLANT NUTRIENTS IN DREDGED

SEDIMENTS AS AFFECTED BY OXIDATION REDUCTION POTENTIAL AND pH

VOLUME II: MATERIALS AND METHODS/RESULTS AND DISCUSSION

INTRODUCTION

The volume of sediments dredged from navigable waters in the United

States exceeds 250 million cu a annually.1 Disposal of dredged material

may adversely affect environmental quality, and this concern is compounded

by the large quantities of material involved. Currently, most dredged

material disposal is accomplished either by discharge into open water at

sites removed from shipping channels or by land disposal in which the ]
solid material settles from suspension and is confined, usually within a

dike structure on land.

In recent years, much concern has been focused on the possible del-

eterious effects on water quality resulting from dredging and dredged

material disposal, especially regarding possible release of toxic metals

from dredged sediments. Sediment-water systems are the final recipients

of much of the toxic metals, pesticides, biostimulants, and other organic

and inorganic wastes released into the environment from both point and

nonpoint pollution sources. In addition , many atmospheric pollutants

eventually migrate to waterways as a result of precipitation and land

drainage. In waterways, sediments and suspended solids exhibit a pro-

nounced affinity for most chemical contaminants. As a consequence, con-

siderable quantities of these materials may accumulate in the sediment

phase.

Sediment-bound pollutants range in availability to aquatic and

benthic organisms from chemical combinations which are readily avail-

able to the biological community to forms which are essentially
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unavailable. Soluble and exchangeable metallic cations are examples

of readily available materials. Metals bound within the crystal struc-

ture of primary minerals are essentially unavailable. Between these ex-

tremes may be a considerable quantity of toxic or biostimulatory substances

which are potentially available to aquatic and benthic populations as a

result of chemical transformations within the sediment-water system.

When sediments are disturbed, as during dredging and dredged material

disposal, physical and chemical changes may occur, possibly influencing

the bioavailability of sediment-bound toxins and biostimulants. These

changes may be harmful or possibly beneficial.

Currently, little is known about the transformations of sediment-

bound toxic metals and biostimulants resulting from their being disturbed,

transported, and disposed of in an environment that may differ from that

of the undisturbed sediment at the bottom of a waterway. A striking

change in the chemical environment of dredged material may occur as re-

duced bottom sediments are dispersed in an oxygenated water column or

deposited on land for disposal. Transformations in the chemical forms

of environmental contaminants which affect their bioavailability may

occur due to changes in pH or in the oxidation-reduction status (as in-

dicated by redox potential) of the dredged material.

The influence of pH and redox potential on the chemistry of many

elements can be derived from thermodynamic considerations for simple

systems such as a metal in water. For such simple aqueous systems, pH-

redox potential diagrams and associated calculations can be utilized to

predict the chemical form and concentration of an element under a

2



specified pH and redox potential environment. In recent years, such

thermodynamic calculations have been expanded to describe metal chemis-

try in more complex aqueous systems which include specified levels of

a few additional organic and inorganic chemical constituents.2 3 Such

studies are useful in identifying regulatory mechanisms affecting metal

concentrations. However, these models of simple aqueous systems cannot

approach the complexity of natural sediment-water systems due to the

qualitative diversity and quantitative variability of chemically reac-

tive constituents present in natural systems. This suggests a somewhat

empirical approach to the study of the influence of pH and redox poten-

tial on metal chemistry in sediment-water systems.

The objective of this study is to determine the influence of sedi-

ment pH and redox potential on chemical transformations of selected toxic

metals and plant nutrients in sediments. The chemical forms of these

materials and transformations among chemical forms influenced by changes

in pH and oxidation intensity were determined by various chemical ex-

tractions. Hence availability in this report refers to chemical avail-

ability, as biological incorporation was not determined. However, the

generally assumed biological availability of soluble and easily exchange-

able toxic metals and nutrients should approximate or at least reflect

qualitatively how changes in the study parameters affect biological

availability. Additional chemical extractants used in this study indi-

cate the role of various regulatory processes in limiting the availability

of metals and nutrients. Although no distinction was made between chemi-

cal and biological transformations, it should be kept in mind that either

3



or both processes are involved in regulating the chemical and biological

availability of these materials. The research methods in this study

utilize come of the expertise developed over the years in the Laboratory

of Flooded Soils and Sediments, Louisiana State University, in determin-

ing the effects of pH and redox potential in the regulation of certain

chemical transformations in natural systems. A better understanding of

the role of these environmental parameters in regulating the chemistry

and thus bioavailability of chemical pollutants in waterways should con-

tribute to establishing sediment disposal criteria for developing effec-

tive disposal guidelines.
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MATERIALS AND METHODS

Site Selection

The influence of pH and redox potential on the chemistry of se-

lected metals and plant nutrients in sediment-water systems was studied

on sediment samples from four sites. The sites were selected with the

objective of including sediments which varied considerably in their

physical, chemical, and biological properties, as well as in the ex-

pected degree of pollution from cultural activities affecting the water-

ways. The selected sampling sites included (1) Bay Ronfleur, a coastal

bay near Grand Isle, Louisiana, and part of the greater Barataria Bay

area; (2) Mobile Bay, Mobile, Alabama; (3) the Mississippi River, near

New Orleans, Louisiana; and (4) Calcasieu River at Lake Charles, Louisiana

(Figure 1).

The Barataria Bay sampling site (Bay Ronfleur) was a small, par-

tially enclosed bay of approximately 1.5 sq km located 3 km west of

the southern tip of Grand Isle, Louisiana. This bay is little influ-

enced by man's activities and should be representative of natural, un-

polluted estuaries of the Louisiana Gulf Coast. The water depth at

the sampling site near the south end of the bay was approximately 1 m.

The sampling site in Mobile Bay was 800 m east of the Mobile Bay

ship channel near buoy #38. This is approximately 8 to 9 km south of

Pinto Island and the main harbor area of Mobile Bay. The water depth

at the time of sampling on an outgoing tide was 2.5 to 3 m.
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A sediment sample was obtained from the Mississippi River just out

of the main channel at the entrance to the Algiers Lock. This site is

at mile #88 and is just a few km downstream from the main harbor area of

New Orleans.

A sediment sample from Lake Charles, Louisiana, was obtained from

a site about 200 m east of the Calcasieu River ship channel near the

1-210 bridge. This site is approximately 1 km south of Coon Island and

is downstream from the main industrial and harbor complex of Lake Charles.

The water was 3 to 4 m deep at the sampling site. A more detailed map

of each sampling site is presented in Appendix A.

Sediment Sampling and Storage

Sediment samples were taken with a Peterson dredge lowered by rope

over the side of a boat. At each sampling site, the boat was maneuvered

or allowed to drift so that the total sediment taken during a 15- to

30-minute sampling time was a composite of the bottom sediment over a trav-

erse of 50 to 100 m. The sediment material collected was sealed in

20-t metal tubs lined with two large-capacity polyethylene bags for

transport to the laboratory. Approximately 100 to 150 Z of sediment

was taken at each site. Surface water samples were taken at the same

time in acid-rinsed polyethylene carboys.

In the laboratory, sediment material from each container was com-

posited in a 120-k polyethylene tub. After thorough'mixing, 3- aliquots

of the composite sediment material were placed in 4- glass storage con-

tainers and sealed with a gas-tight cap. The atmospheric oxygen overlying
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the sediment in each storage container was then displaced by purging

with nitrogen gas injected through a rubber septum fitted into each

container cap. The sediment material was then stored at 4C until

needed, as were surface water samples.

Sediment Characterization

pH and Redox Potential of Bulk Sediment Samples

The pH and redox potential of the bulk sediment material were meas-

ured upon returning to the laboratory. A standardized pH electrode was

inserted into a bulk sediment aliquot and allowed to stand undisturbed

for a few minutes before a reading was made.

Several bright platinum electrodes were inserted into aliquots of

bulk sediment material to measure redox potential. Readings were taken

occasionally over the course of 1 to 2 days until the measured potentials

had stabilized, then an average of the readings from the electrodes was

recorded.

Mineralogy

The preparatory steps for mineralogical analysis of the silt,

coarse clay, and fine clay fractions of the sediment samples from the

four study sites were as follows: (1) destruction of carbonates; (2)

decomposition of organic matter and manganese oxides; (3) removal of

free iron oxides; (4) dispersion in sodium carbonate; (5) separation

of sand, silt, and clay; and (6) separation of coarse clay (2.0-0.2 U)

from fine clay (<0.2 U). These procedures are described in detail by

8



Jackson. 4 The procedures for magnesium and potassium exchange satura-

tion, glycerol solvationj and mounting of mineral specimens for X-ray

diffraction analysis are described by Whittig.5 Crystalline minerals

in the sediment materiall were identified by interpretation of X-ray

diffraction patterns. | "

Organic Carbon and Carbonate Content

Total carbon in the sediment materials was determined by dry com-

bustion and expressed as percent carbon (dry weight basis).6 Carbonate

carbon was measured by the ptessure-calcimeter method.7 Organic carbon

was calculated by subtracting the carbonate carbon from the total car-

bon content.

Oxygen-Consimption Rates

The reduced sediment samples were transferred to bottles fitted

with serum caps. The bottles were then purged with air (21 percent

oxygen) and incubated with continuous shaking at 30*C. At the end of

1, 2, 4, 6, 8, 12, and 24 hours, small gas samples were withdrawn from

the bottles into a cell provided with an oxygen electrode. The de-

crease in oxygen content of the gas samples with incubation time was

determined.

Particle-Size Distribution

The particle-size distribution of the whole sediment materials

*Personal Communication, Dr. A. G. Caldwell, Department of Agronomy,
Louisiana State University, Baton Rouge, Louisiana, June 16, 1975.
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was measured by the hydrometer method of particle-size analysis.
8

Cation ExLhange Capacity

Cation exchange capacity was determined by the ammonium saturation

procedure described by Chapman.
9

pH and Redox Potential Control

A 2-Q, 3-necked, flat-bottomed flask was used to contain sediment

suspensions incubated under conditions of controlled pH and redox poten-

tial (Figure 2). A suspension was maintained by continuous stirring of

the sediment-surface water mixture using a motor-driven magnetic stirrer.

Two-inch (5.08-cm) teflon-coated magnatic stirring bars were inserted

into an equal length of flexible polyvinyl chloride (Tygon) tubing to

prevent excessive wear to the bar due to abrasion. As indicated in Fig-

ure 2, each flask was fitted with two platinum electrodes, a glass elec-

trode for measuring pH, a thermometer, one large serum cap, separate inlet

tubes for air and nitrogen, and an outlet tube, the end of which was sub-

merged to prevent gaseous oxygen diffusion into the flask.

The suspensions were maintained at 300C + 10. Temperature was reg-

ulated by inserting thin asbestos sheets as required between the flask

and the underlying magnetic stirrer to control the heat transfer from

the stirrer motor.

Suspension pH was adjusted to the proper level and then maintained

using a syringe to add 1 N hydrochloric acid or 1 N sodium hydroxide

through the serum cap located in the center rubber stopper. The suspen-

sion pH was measured continuously using a glass electrode and a saturated
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calomel reference electrode connected to the suspension with a saturated

potassium chloride-agar salt bridge. This reference electrode assembly,

coupled with the glass electrode, was more satisfactory in long-term

sediment suspension studies than comercial combination pH electrodes.

The commercial combination pH electrodes used initially required more

frequent restandardization, particularly in reduced sediment suspensions.

This was attributed to possible metal sulfide precipitation in the fritted

ceramic junction of the silver-silver chloride reference electrode, which

contributed a junction potential to the electrode system which was not

constant with time.

Bright platinum electrodes immersed in the sediment suspension were

connected to a potentiometer (Beckman Zeromatic, SS-3) for redox poten-

tial measurements. A separate saturated calomel reference electrode, as

described for pH measurements, was used to complete the cell. A meter

relay (General Electric, Type 196) was connected to the recorder output

of the potentiometer and activated an aquarium pump when the redox po-

tential of the suspension dropped below the desired level. The airflow

from the aquarium pump was regulated by a valve from 0.5 to 2.0 ml/minute

to allow slow oxidation of the suspension during the aeration cycle. When

the suspension was again oxidized to the proper level, the meter relay

automatically switched off the aerator.

In the absence of oxygen, sediments exhibit a natural tendency to

become more reduced. Thus, the redox potential of a sediment suspension

can be maintained over a considerable range of oxidation-reduction levels

by regulating the addition of air. An additional gas inlet to the flask

12



supplied oxygen-free nitrogen gas. Nitrogen gas was effective in purg-

ing excess oxygen from the system at the end of the aeration cycle, re-

moving possible oxygen contamination from small leaks, and preventing a

buildup of gaseous decomposition products such as carbon dioxide. Con-

tinuous purging with nitrogen may artificially reduce the sediment carbon-

ate content, possibly an important regulatory mechanism for some trace

metals in sediment-water systems. On the other hand, it is possible that

little or no gaseous purging may result in an excessive buildup of carbon

dioxide, as considerable microbial activity is expected in the incubated

sediments. Thus, the experimental procedure used could possibly affect

the regulatory role of metal carbonate chemistry in an undetermined manner.

Passing a slow, continuous stream of nitrogen gas through the suspension

allowed the redox potential to be controlled within 5 to 10 mv of the de-

sired potential. In studies in which a continuous nitrogen flow was not

used, redox potential was somewhat more difficult to control, but ranged

from 10 to 35 mv of desired level.

A zinc acetate trap at the end of the outlet tube prevented atmos-

pheric oxygen diffusion into the suspension and served as a trap for de-

termining possible hydrogen sulfide evolution from reduced suspensions.

Chemical Extraction of Sediments under

an Oxygen-Free Atmosphere

During studies of sediment-water systems in which redox potential

may affect chemical transformations of environmental contaminants, it is

important that the oxidation-reduction status of the sediment material

13

S. o



not be altered during the chemical fractionation procedure. Such trans-"

formations may occur rapidly. When a typically dark* reduced sediment

is exposed to the atmosphere, oxidation may begin Inediately as evi-

denced by the formation of a lighter colored, thin surface horizon within

a few minutes. Continued exposure to air results in an increase in the

depth of the partially oxidized layer and a greater degree of oxidation.

the thin oxidized layer formed at the surface of a sediment sample after

exposure to the atmosphere may represent only a small proportion of the

total sediment material volume. However, this oxidation process could

result in unwanted chemical transformations during extraction procedures.

This would especially be true if the sediment material were mixed while

exposed to air or shaken in the presence of air with an oxygen-saturated

chemical extractant for extended periods. For example, soluble trace

metals in a reduced sediment-water system may be subject to rapid ad-

sorption on freshly formed colloidal hydrous oxides of iron and manga-

nese. It has been suggested that the oxidation of soluble ferrous iron

(Fe2+) to insoluble ferric iron (Fe3+) during dredging is almost immedi-

ate.10 Several literature reports suggest that such freshly formed oxides

of iron and manganese may be more effective scavengers for soluble trace

metals than aged hydrous oxides. 10 1 2  Thus, ordinary air is a poten-

tially serious contaminant during chemical extractions, and considerable

care must be exercised to minimize oxidation of sediment material during

laboratory extractions.

In this study, centrifugation and chemical extractions were con-

ducted under an oxygen-free nitrogen atmosphere in 500-ml polycarbonate

14



centrifuge bottles. Many of these bottles were found to have air leaks

around the screw cap. Sealing gaskets cut from thin polyvinyl chloride

sheeting were placed in the caps to prevent air leaks. A silicon rubber

serum cap was sealed into a hole drilled into each bottle cap to permit

sample and extractant transfer to and from the bottle without oxygen con-

tamination. The sealed centrifuge bottles were purged with oxygen-free

nitrogen prior to adding a sediment suspension aliquot.

A plastic syringe fitted with a glass pipette was purged with ni-

trogen and then used to transfer suspension from the 2-t incubation flasks

to the centrifuge bottles. The transfer was made by inserting the glass

pipette through the serum caps in the top of the incubation flask and

centrifuge bottle. After centrifugation, the supernatant solution was

transferred under a nitrogen atmosphere through a filter and collected

in a receiving flask (Figure 3). For this transfer, a syringe needle

connected to a low-pressure nitrogen source was inserted through the se-

rum cap in the centrifuge bottle. A glass pipette connected by polyvinyl

chloride plastic tubing to a gas-tight, 300-ml-capacity filtering funnel

was also inserted into the atmosphere above the supernatant solution within

the centrifuge bottle. A vacuum applied to the filtering flask displaced

the atmospheric oxygen in the filtering apparatus by pulling nitrogen

through the system. After purging for several minutes, the glass sam-

pling tube was pushed down into the supernatant solution, which was then

drawn into the filter reservoir. The supernatant solution was thus fil-

tered into a receiving flask containing a sample preservative under an

oxygen-free atmosphere.

15
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Figure 3. Apparatus for Filtering Supernatant Solutions Under a

Nitrogen Atmosphere: (a) pipette in N2 purge position, and
(b) pipette in filtering position

A sample preservative is necessary to prevent the precipitation of

some soluble metallic ions as the solution becomes oxidized upon exposure

to air and storage. Prior to analysis, metallic ions can be maintained

in solution either by acidification to pH 1 or 2.13.14 or by complexing

with a soluble chelating agent. 1 5j* In this study, both techniques were

*Personal Comunication, Dr. M. G. Verloo, Department of Agricultural

Sciences, State University, Ghent, Belgium, Ontober 9, 1974.
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employed. In sample solutions containing considerable soluble organic

matter, some humic acid material which is soluble at the pH of extrac-

tion may precipitate upon acidification to pH 1 or 2 and become an effec-

tive scavenger in removing certain trace metals from solution.16 Humic

acids are not precipitated when a chelating compound such as EDTA (ethyl-

enediaminetetraacetic acid) is used to maintain metal ions in solution.

However, caution must be exercised in determining the milliequivalents

of EDTA required, as an excess may precipitate in solutions of relatively

low ionic strength which are stored at low temperatures for extended

periods.

After filtration of the initial water-soluble fraction, additional

extractions in the sequential fractionation procedure were also conducted

under an inert atmosphere. A measured quantity of extracting solution

was injected through the serum cap in the centrifuge bottle before dis-

persing the centrifuge solids. The bottle was immediately connected to

a vacuum and an oxygen-free nitrogen source. Sufficient vacuum was ap-

plied until the extracting solution approached a boil, as indicated by

the formation of gas bubbles within the solution. Then the atmosphere

was replaced to just greater than 1-atmosphere pressure with oxygen-free

nitrogen gas. This sequence was repeated 4 or 5 times prior to dispers-

ing and shaking the sediment material with a chemical extractant. The

purpose of this procedure was to remove dissolved oxygen from the ex-

tracting solution and any traces of gaseous oxygen in the centrifuge

bottle.

17



Incubation of Sediment Material Prior to Chemical Fractionation

A container of stored sediment material to be incubated under con-

ditions of controlled pH and redox potential was turned on a roller-

mixer overnight prior to being weighed into the incubating flasks to

ensure a homogeneous sample. A predetermined amount of reduced, wet

sediment material, equivalent to 200 g of oven dry solids, was placed

in each of four incubation flasks. Sufficient stored surface water

from the sampling site was added to each flask to produce a sediment-

water mixture with a solids:water ratio of 1:8. Two platinum elec-

trodes, a standardized pH electrode, and associated reference electrodes

were positioned in the flask and connections made with nitrogen and air

inlet tubes and a gas outlet tube as previously described.

Stirring of the sediment-water mixture was begun, and the redox po-

tential of the suspension was adjusted to near the desired level. Four

to five days were usually required to approximate the most oxidizing

redox potential levels. The suspension pH was adjusted to the proper

level at this time, and further refinement of the pH and redox potential

continued for 2 to 5 additional days. Each experimental run included

four redox potentials ranging from strongly reduced to well-oxidized at

one specified pH.

After incubation of the sediment suspensions for 4 to 5 days at

controlled pH and redox potential levels, radioisotopes of mercury and

cadmium or lead were added. The sediment suspensions were incubated

18



an additional 4 to 7 days at the specified pH and redox potential lev-

els to permit equilibration of the added isotopes with the various

chemical forms of these trace metals in the suspension prior to chemi-

cal fractionation.

Chemical Fractionation

The order in which the four sediment materials were studied during

the course of this research was as follows: (1) Barataria Bay, (2) Mobile

Bay, (3) Mississippi River, and (4) Calcasieu River. As early data were

evaluated, it was thought that some modifications in the originally

planned chemical fractionation procedure might provide additional infor-

mation. Also, as additional experience in methodologies was gained,

some changes in laboratory extraction techniques were found to be ben-

eficial and were thus employed in subsequent work. Thus, the materials

and methods used for each sediment material, though basically the same,

will be presented separately to fully explain the procedural modifica-

tions used on each.

Barataria Bay

After the desired levels of redox potential and pH were reached

and maintained in the sediment suspensions for several days, 0.25 PCi

of carrier-free 203Hg and 0.20 pCi of carrier-free 109Cd per g oven dry

solids were added to each treatment. Duplicate 25- to 30-ml suspension

aliquots for each treatment were withdrawn and dried at 1050C for 24

19
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hours to determine the solids:water ratio. After one week of equilibra-

tion; sediment suspensions were withdrawn and fractionated according to

the following scheme: (1) total water-soluble, (2) soluble organic bound,

(3) exchangeable, (4) reducible, (5) sodium citrate-sodium dithionite ex-il
tractable (hereafter called the dithionite extractable), and (6) total

elements. Total water-soluble, soluble organic bound, and total elements

were determined on separate sample aliquots. Fractions 3, 4, and 5 were

sequentially carried out on duplicate aliquots in the order mentioned.

The fractionation procedure is described below.

Total Water-Soluble. About 150 ml of sediment suspension was pi-

petted out through the rubber septum in each incubation flask with a

glass pipette fitted to a plastic syringe. These suspensions were trans-

ferred to preweighed, airtight centrifuge bottles. Just before samp-

ling, the centrifuge bottles and the pipette-syringe assembly were

purged with nitrogen to remove any atmospheric oxygen. The centrifuge

bottles were reweighed to determine the weight of suspensions withdrawn

and the amount of solids present. The suspensions were centrifuged for

20 minutes at 6000 rpm, and the supernatant was transferred to polyethy-

lene bottles containing sufficient 6 N hydrochloric acid to lower the

pH to = 2. This transfer was carried out in a glove bag under a nitro-

gen atmosphere. The acidified samples were then stored at 40C until

analyzed for their metal and nutrient content.
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Soluble Organic Bound. About 150 ml of sediment suspension was

withdrawn from each incubation flask and centrifuged as outlined for

the total water-soluble fraction. The supernatant s then transferred

to an airtight centrifuge bottle containing g cation exchange resin

(Chelex-lO0, sodium form. 100-200 mesh). is transfer was carried out

in a glove bag under a nitrogen atmosph e. The centrifuge bottles con-

taining the resin were purged with n rogen prior to transferring the

supernatant. The solution-exchang resin mixture was shaken for 2

hours on a mechanical shaker ann'centrifuged for 20 minutes at 6000 rpm.

The supernatant was poured into polyethylene bottles containing suffi-

cient 6 N hydrochloric acid to lower the pH to = 2. This transfer was

carried out in a glove bag under a nitrogen atmosphere. The extracts

were stored at 4 C.

Exchangeable. Fifty ml of sediment suspension was pipetted into

each of two centrifuge bottles containing 10 ml of a 5 N sodium acetate

solution adjusted to the pH of the suspension. The centrifuge bottles

containing sodium acetate were weighed and purged with nitrogen before

transferring the suspension. The centrifuge bottles were reweighed to

record the amount of suspension taken and then purged again with nitro-

gen. The suspensions were shaken for 2 hours using a mechanical shak-

er and centrifuged. The supernatant was transferred to polyethylene

'bottles containing sufficient 6 N hydrochloric acid to lower the pH to

2 to prevent precipitation of metal ions. The supernatant from both

21
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centrifuge bottles was composited and stored at 40C. The quantity of

elements in the exchangeable fraction was calculated as follows:

Exchangeable element = mass of element in the sodium acetate
extract minus mass of element in the total water-soluble fraction.

Reducible. Two-hundred and fifty ml of oxalate reagent (0.1 M

oxalic acid plus 0.175 M ammonium oxalate, pH 3.25) was added to the

residual sediment material from the exchangeable fraction and the cen-

trifuge bottle purged with nitrogen. The mixture was shaken for 2

hours on a mechanical shaker and centrifuged for 20 minutes at 6000 rpm.

The supernatant was transferred to polyethylene bottles containing suf-

ficient 6 N hydrochloric acid to lower the pH to = 2 and stored at 40C.

The two extracts were not composited.

Dithionite Extractable. A freshly prepared 20-percent sodium di-

thionite solution was shaken with equal weight of cation exchange resin

(Chelex-100, sodium form, 100-200 mesh) for 5 hours, centrifuged, and

the supernatant collected. The purpose of treating sodium dithionite

with a cation exchange resin was to remove zinc contamination present

in this reagent. Fresh dithionite reagent was prepared just prior to

each extraction as sodium dithionite loses reducing power with time.

To the residual material in the centrifuge bottles from the reducible

fraction, 10 ml of freshly cleaned 20-percent sodium dithionite solution,

20 g of sodium citrate, and 240 ml of distilled deionized water were
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added andjhe contents shaken for 18 hours on a mechanical shaker.
18

The mixture was centrifuged for 20 minutes at 6000 rpm and the unacid-

ified supernatant was stored in polyethylene bottles at 40C.

Total Elements. Nine ml of sediment suspension from each treat-

ment was transferred to Teflon beakers. Thirty ml of concentrated hy-

drofluoric acid and 20 ml of concentrated nitric acid were added to the

beakers. The beakers were loosely covered with Teflon caps and allowed

to stand for 2 hours under a fume hood. Four ml of 6 N perchloric acid

was then added and the mixture heated at a low temperature on a hot

plate until the dense fumes of perchloric acid subsided. The mixture

was cooled and the sides of beakers washed with a minimum of distilled,

deionized water, and the material was then evaporated to dryness. The

residue was dissolved in hot concentrated hydrochloric acid and diluted

to 50 ml. The digest was stored in polyethylene bottles for total iron,

manganese, zinc, copper, cadmium, lead, and phosphorus analyses.

Total Mercury. Nine ml of sediment suspension was transferred to

125-ml Pyrex Erlenmeyer flasks, and 25 ml of 2:1 mixture of concentrated

sulfuric acid and redistilled concentrated nitric acid was added. The

contents were mixed well and the flasks placed in an ice bath to pre-

vent possible mercury volatilization. After cooling, the flasks were

transferred to a water bath maintained at 50 to 600C and digested for

about 5 hours, after which the supernatant was clear. The samples were
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removed from the water bath and allowed to cool in an ice bath. Five

ml of 5-percent potassium permanganate solution (w/v) was added and the

mixture allowed to stand for 15 minutes. Additional potassium perman-

ganate solution was added as necessary to maintain an excess, as indi-

cated by a purple color. Two ml of 5-percent potassium persulfate (w/v)

was added and the samples left overnight to ensure complete oxidation

of organo-mercury. The digest was stored for total mercury analysis.

A reagent blank was carried through the procedure with the samples.

Mobile Bay

Five to six days ior to chemical fractionation, this sediment sus-

203 210pension recei 0.3 ICi of carrier-free Hg and Pb per g solids (dry

ueight sis). A 25-ml suspension aliquot from each incubation flask

_-'was placed in 50-ml beakers and dried 24 hours at 1050C to determine

the precise solids:water ratio at the time of chemical fractionation.

The Mobile Bay sediment suspensions were sequentially fractionated ac-

cording to ihe following scheme: (1) total water-sriuble, (2) soluble

organic bound, (3) exchangeable, (4) reducibbe, (5) DTPA (diethylenetria-

minepentaacetic acid) extractable, and (6) total elewents. The follow-

ing paragraphs describe the details of the fractionation procedure.

Total Water-Soluble. Suspension samples were obtained through a

rubber septum located in the top of each incubation flask with a 1-ml

glass pipette which was connected to a large-capacity plastic syringe.
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The pipette and syringe were purged with nitrogen to remove atmospheric

oxygen contamination immediately prior to sample removal. A 125-mi ali-

quot was withdrawn from Each treatment flask and injected through a

septum in the top of a tared, sealed, 500-ml polycarbonate centrifuge

bottle in which the atmosphere had been replaced with nitrogen. The

centrifuge bottles were then reweighed so that the exact amount of solid

material present could be calculated from the solids:water ratio and

the suspension weight. The suspensions were centrifuged at 6000 rpm

for 20 minutes, and the supernatant solution was filtered under an oxygen-

free atmosphere through a 0.45-p pore size membrane filter into a receiv-

ing flask containing 4 ml of 0.5 N EDTA. A measured aliquot of EDTA

solution was used as a sample preservative at a rate of approximately

I ml per 25 ml ot sample solution for all extractions unless otherwise

stated. After the contents of the receiving flasks were swirled to mix

the sample and preservative thoroughly, the receiving flasks were opened

to the atmosphere and poured into an acid-rinsed polyethylene bottle

for storage. All samples were stored at 40C until analyzed for their

trace metal and nutrient content.

Soluble Organic Bound. A 125-mi suspension aliquot was removed

from the incubation flask, centrifuged, and &iltered as described for

the total water-soluble fraction. However, the supernatant solution

was passed through a cation exchange resin bed (Chelex-100, sodium form,

100-200 mesh) connected in series with the filtering funnel to remove

25
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soluble free cations.16 * i. flow rate of < 4 ml/minute/cm2 of resin

bed surface was used. 19 Solution containing cations bound to soluble

organic matter was collected in the receiving flask and stored for sub-

sequent analysis as described for the total water-soluble fraction.

Exchangeable. A 2-N sodium acetate solution was prepared and

passed through a sodium-saturated cation exchange resin bed (Chelex-l00,

sodium form, 100-200 mesh) to remove possible trace metal contamination

in this reagent.19 This extractant was diluted with distilled, deionized

water to I N and the pH adjusted to the pH of the suspension by addition

of 8 N distilled hydrochloric acid. To determine the easily exchangeable

metals, sufficient extractant to give a 10:1 extractant:solids ratio (w/w)

was injected through the septum in the top of the centrifuge bottles

containing the residual solid material from the total water-soluble frac-

tion. The centrifuge bottles were then connected to a high vacuum source

and a compressed nitrogen source. Sufficient vacuum was applied to the

bottle such that gas bubbles evolved from the solution; then the atmos-

phere within the bottles was replaced with nitrogen. This cycle was re-

peated several times to ensure removal of both dissolved and gaseous oxy-

gen from the centrifuge bottle. The sediment-extractant mixture was then

shaken for 2 hours, centrifuged, and the supernatant filtered through a

0.45-p pore size membrane filter into a receiving flask containing a

*Personal communication, Dr. John Sims, Department of Agronomy, University
of Kentucky, April 11, 1974.
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premeasured aliquot of EDTA as a preservative, The sediments were

washed with 50 ml of deionized water using the same procedure descL.oed

for the sodium acetate extraction except that a 15-minute shaking time

was used. The filtered supernatant was combined with the sodium acetate

extract.

Reducible. A solution of 0.15 M oxalic acid and 0.25 M ammonium

oxalate was prepared and passed through an amonium-saturated cation

exchange resin bed (Chelex-100, sodium form, 100-200 mesh) to remove

possible trace metal contamination in this reagent. A 300-ml aliquot

of this extractant (approximately a 20:1 extractant:solids ratio) was

added to the residual solid material previously extracted for exchange-

able metals. The prQcedure for this extraction and the subsequent water

wash was the same as described previously for the exchangeable fraction.

DTPA Extractable. An extracting solution of 0.05 M DTPA and 0.2 M

sodium acetate was prepared and the pH adjusted to 7.0. An amount of

150 ml of this extractant, equivalent to a 10:1 extractant:solids ratio

(w/w), was added to the residual material from the previous extraction.

The extraction procedure was the same as described previously for the

exchangeable fraction; however, no EDTA was required as a sample pre-

servative. Strong synthetic complexing agents such as EDTA or DTPA have

been used to measure naturally complexed, chelated, and adsorbed micro-

nutrients in soils.2 0
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Total Elements. Aliquots were taken for total elemental analysis

and digested as described for the Barataria Bay sediment material.

This fractionation sequence was repeated the following day such

that data of two extractions from each treatment were available. An

aliquot was also taken at the conclusion of the chemical fractionation

procedure for a total sulfide analysis. The zinc acetate solution con-

nected to the gas outlet tube of the flask was also analyzed for sulfide

to detect possible gaseous hydrogen sulfide loss from the stirred sus-

pensions.

Mississippi River

After the sediment suspensions were equilibrated for several days

at the controlled redox potential levels at each pH, 2.4 pg mercury/g

solids (oven dry basis) tagged with 0.4 pCi 20 3Hg/g solids was added to

each treatment. The suspensions also received 0.2 pCi of carrier-free

109Cd per g solids. Four days after these additions, sediment suspen-

sions were sampled in duplicate for chemical fractionation according to

the procedures described for the Mobile Bay study. However, the extrac-

tion with DTPA was not followed by a water wash. The residual material

from the DTPA extraction was further treated to determine the quantity

of metals bound to insoluble organic matter as follows.

Insoluble Organic Bound Elements (Mercury Excluded). The residue

from the DTPA extraction was digested at 950C with 30-percent hydrogen
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peroxide for several hours to a pale bleached color, indicating the or-

ganic matter was destroyed.2 1 The residual material was then extracted

with 1 N sodium acetate adjusted to pH 2.5, similar to the procedure

described for extracting exchangeable metals. The extraction was fol-

lowed by a water wash, which was composited with the initial extraction,

and the samples were stored at 40C.

Insoluble Organic-Bound Mercury. The DTPA residue from one repli-

cation of different redox potential treatments maintained at pH 5 was

digested at 50 to 60*C with 30-percent hydrogen peroxide to reduce pos-

sible mercury volatilization during digestion. The remaining extraction

procedure was the same as described in the previous paragraph.

Calcasieu River

The chemical fractionation of the Calcasieu River sediment material

and the laboratory procedure used were basically the same as described

for the Mobile Bay suspensions and included the modifications described

for the study of the Mississippi River materials. The radioisotopes
added to the Calcasieu River suspensions were 203Hg and 21Opb. A study

of this material at pH 5 was not attempted due to time limitations.

Table 1 lists the experimental variables included in the study of

the four sediment materials.
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Adsorption-Desorption Study for Zinc, Mercury,

Cadmium, and Lead

Following the initial fractionation procedure, a study was con-

ducted on the remaining suspension in which increasingly larger incre-

ments of three trace metals were added at 24-hour intervals to three of

the sediment materials. Twenty-four hours after each addition, suspen-

sion aliquots were taken to determine the influence of pH and redox po-

tential on the distribution of these metals in the total water-soluble

and exchangeable fractions. The extracUion procedures were similar to

those previously described. Each metal was added as a soluble salt.

Barataria Bay

After the initial chemical fractionation, incremental additions of

1, 6, 12, 20, 45, 100, and 215 jg each of mercury, cadmium, and zinc/g

solids were made to the remaining suspensions at 24-hour intervals.

Twenty-four hours after each addition, sediment suspensions were extracted

for the total water-soluble fraction as outlined for the Barataria Bay

fractionation scheme. To the residual sediment material from the total

water-soluble fraction, 1 N sodium acetate adjusted to the pH of sus-

pensions was added to obtain a 10:1 sodium acetate:solids ratio (w/w).

The extraction for the exchangeable fraction was then carried out as

outlined earlier for the initial fractionation study.

Mobile Bay

Increments of 1, 5, 20, 80, 150, and 250 Vg each of mercury, lead, and
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zinclg solids were added at 24-hour intervals to the Mobile Bay sediment

material. Total water-soluble and exchangeable metals were determined

for each incremental addition as described for Barataria Bay.

Mississippi River

In the Mississippi River sediment suspensions, increments of 1, 5, 25,

75, 150. and 250 us each of mercury, cadmium, and zinc/g solids were added

at 24-hour intervals. Twenty-four hours after each addition, concen-

trations of these elements were measured in the water-soluble and ex-

changeable fraction. After the equilibration of the 150-pg/g addition

(accumulative addition of 256 pg/g), the sediment suspensions were ex-

tracted for total water-soluble, soluble organic bound, exchangeable.

reducible, DTPA extractable, and insoluble organic bound fractions ac-

cording to the scheme outlined for the initial chemical fractionation

of Mississippi River sediment suspensions.

Effect of Dissolved Oxygen on the Transformation of Metal

Ions and Nutrient Elements in Barataria Bay Sediment Suspensions

An experiment was set up in the laboratory to investigate the in-

fluence of various levels of dissolved oxygen on the transformation of

metal ions and nutrient elements in Barataria Bay sediments. The ob-

jective was to simulate dredging and dredged material disposal where

reduced bottom sediments were dispersed in oxygenated surface water or

were transported to a landfill area where gaseous atmospheric oxygen
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may diffuse into the dredged material. Changes in the oxidation-reduction

conditions of dredged material influence the availability of toxic metals

and biostimulants and hence their uptake by organisms. This study in-

vestigated some of these chemical transformations as a function of oxy-

gen concentration and time.

A predetermined amount of reduced, wet sediment material equivalent

to 300 g oven dry solids was placed in each of three 3-t, 3-necked, flat-

bottomed flasks. Sufficient stored overlying water was added to attain

a solids:water ratio of 1:8. After 10 days of preincubation at 300C under

an argon atmosphere, sediment suspensions were continuously stirred with

oxygen-free argon to create a highly reduced system. Suspension pH and

redox potential were recorded according to the system outlined earlier in

this section (see Figure 2 for details). After the suspensions reached

a minimum redox potential (7 days), pretreatment sediment suspension all-

quots were pipetted out and extracted according to the fractionation scheme

summarized below:
1. Water-soluble

2. Soluble organic bound

3. Exchangeable (0.5 N sodium acetate, pH 6.5)

4. Easily reducible (0.1 M hydroxylamine hydrochloride

in 0.01 N nitric acid, pH 2.0, solids:extractant ratio

of 1:50, shaking time of 30 minutes, centrifuge) 22
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5. Reducible (0.1 M oxalic acid plus 0.175 M ammonium oxa-

late, pH 3.25, solids:extractant ratio of 1:50)

Water-soluble and soluble organic bound fractions were determined

on separate samples. Fractions 3, 4, and 5 were sequentially extracted

in the indicated order on duplicate samples.

Detailed methods of extraction have been described earlier under

the heading "Chemical Fractionation, Barataria Bay."

After the zero-time sampling (pretreatment), sediment suspensions

were constantly purged with 0.11 percent, 2.11 percent, and 21 percent

oxygen at a flow rate of 20 ml/minute. Changes in pH and redox potential

were recorded with time. Suspension samples were taken for fractionation

as a function of redox potential and time, as indicated in Table 2.

The sampled sediment suspensions were extracted for different chem-

ical fractions outlined earlier and the extracts analyzed for iron, man-

ganese, zinc, copper, ammonium-nitrogen, and phosphorus.

Studies of Metal Complexation with Soluble Organics

Efficiency of Chelex-l00 Resin for Separating Water-Soluble Free and

Complexed Ions

According to data given by the manufacturers, Chelex-l00 cation ex-

change resin has an exchange capacity of about 2.9 meq/g dry material.

The reported moisture content of this resin is 71 to 75 percent. Ten g

of Chelex-100 resin (2.6 g dry resin) have an exchange capacity of 7.5
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Table 2

Sampling Parameters of the Dissolved Oxygen Experiment

Sample % Oxygen

Number 0.11 2.11 21.00

Redox Potential
----------------- y-----mv --------------------------

1 -200 -200 -260
(0) (0) (0)

2 -210 -160 -160
(8) (8) (0.5)

3 -170 -50 -40

(120) (48) (3.5)

4 ---- +100 +150

(168) (7)

5 ---- +640 +610
(288) (132)

Note: Zero in parentheses indicates zero-time (pretreatment) sampling.
Number in parentheses indicates hours after initiating oxygen

treatments.

meq. Small columns 16 mm in diameter and 10 mm long were filled with

10 g of Chelex-lO0 resin and placed in a vacuum flask as shown in Fig-

ure 4. Based on the stoichiometry of the reaction between copper and

the disodium salt of EDTA, cupric sulfate and EDTA were mixed to give

five solutions containing 0, 25, 50, 75, and 100 percent, respectively,

of complexed copper. Each solution contained 100 ppm of total copper.

These solutions had an average specific conductivity of 2.040 mmhos/cm,
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Figure 4. Pressure Filtration Apparatus for Separating Free

Cations and Selected Size Fractions of Cation-Soluble
Organic Complexes.
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which corresponds to a salt concentration of 0.014 N based on a 0.01 N

potassium chloride solution having a specific conductanceof 1.413 mmhos/cm

at 250C. One-hundred-ml portions of this sample solution thus contained

an average of 1.4 meq soluble salts, and 50-ml portions contained 0.7 meq.

Fifty-ml portions of these solutions were passed through the resin

bed at a rate of 5 ml/min.

Influence of Zinc, Lead, and Copper Additions on the Free and Chelated

Forms of Soluble Iron and Manganese

A 241.5-g portion of anaerobic Barataria Bay sediment material con-

taining 100 g oven dry solids and 141.5 g water was weighed into a 2-k

Erlenmeyer flask. To this, 658.5 g water was added to obtain a mis-

mixture with a solids:water ratio of 1:8. One-half g of ground grass

was added as a carbon source for micro-organisms. Four replicate flasks

were set up. The containers were purged with oxygen-free nitrogen once

a day and shaken manually twice a day to achieve anoxic conditions. Redox

measurements were made to confirm anaerobic conditions existed.

After 5 days of anaerobic incubation, 100 pg/g of zinc, lead, and

copper were added to three different containers.

After another 10 days, pH and redox potential were measured and a

150-ml aliquot from each flask was withdrawn and transferred anaerobic-

ally to polycarbonate centrifuge bottles which had previously been

purged with nitrogen. The sediment material was centrifuged for 20

37



minutes at 6000 rpm. The supernatant was filtered through a 0.45-p

membrane filter under an oxygen-free atmosphere as described previously.

The separation of free and chelated ions was accomplished by pass-

ing a portion of the sample solution through a membrane filter connect-

ed in series to a Chelex-100 cation exchange rcsin column.

To all filtered solutions, 100 mg of EDTA was added to prevent

precipitation of insoluble metal compounds upon oxidation prior to anal-

ysis.

Influence of pH and Redox Potential on the Particle-Size Distribution

of Water-Soluble Iron,.Manganese, Mercury, and Lead in Barataria Bay

Sediments

For this experiment, a 1:8 solids:water mixture of reduced Barataria

Bay sediment material was incubated anaerobically for 15 days. Ground

grass (0.5 percent) was added as a carbon source for micro-organisms.

The sediment mixture was filtered through a Whatman No. 42 filter and

transferred to a 2-, 3-necked flask. The flask was provided with

a combination pH electrode, inlet, and outlet tubing for passing air

or N2 through the solution, a serum cap and a magnetic stirrer as shown

in Figure 5. Each of six flasks was filled with 1500 ml of the fil-

tered solution. The solutions in three flases were purged with oxygen-

free nitrogen, keeping the solution under reducing conditions. The re-

maining three solutions were aerated with compressed air to create

oxidizing conditions.
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After the redox potential of the solutions was stabilized (some 4

days). 20 pCi each of 20 3Hg and 210Pb were added to separate oxidized and

reduced solutions, and the pH was adjusted to 8.0 by adding sodium hy-

droxide.

After another 2 days of equilibration, solution samples (pH 8.0)

were taken, and the pH was lowered to 7.0 by adding dilute hydrochloric

acid. When pH and redox potential were again stabilized (2-3 days). ad-

ditional solution samples were taken, and the pH was adjusted to 6.0.

This procedure was repeated until pH 4.0 was obtained, at which the last

sample was taken.

The samples were filtered tnrough different Millipore filter types

using a modified "Millipore stirred molecular filtration cell" permitting

filtration under completely anaerobic conditions. The filter types used

were HA (0.45-p pore size), pellicon PSAC (1000 nominal molecular weight

limit), PSED (25,000 nominal molecular weight limit), and PSJM (100,000

nominal molecular weight limit). Some solutions were also run through

a VC type filter (0.10-p pore size), which was not available during the

first portion of this experiment.

The water-soluble fraction (<0.45 p) was also run through a Chelex-

100 cation exchange resin column to determine the amount of free cations

in these solutions.

Analytical Procedures

Atomic Absorption

Flame atomic absorption (Perkin-Elmer Model 107 Atomic Absorption
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Spectrophotometer) was used for metal analyses in samples containing

sufficient concentrations to be measured by this procedure. Total water-

soluble and exchangeable cadmium and lead were measured by flameless

atomic absorption (Perkin-Elmer Model 360 Atomic Absorption Spectropho-

tometer, Perkin-Elmer Model 2100 HGA graphite furnace). Indigenous com-

ponents of the sample matrix as well as added chemical extractants con-

tributed to considerable broad-band, nonatomic absorption in the graphite

furnace. Deuterium arc (D2) background correction alone was not suffi-

cient to reduce broad-band absorption to acceptable levels. This type

of interference was minimized by optimizing the sample and instrument

operating parameters for each element as well as for the type of sample.

Among the variables controlled to reduce interference weze sample size,

sample dilution, furnace charring and atomization temperatures, enhance-

ment of interfering components' volatilization during charring cycle by

chemical modification of the sample, and D2 background correction.

A brief description of the procedures used with the graphite fur-

nace are presented in Table 3.

Generally, a 1:2 dilution of the total water-soluble samples

with deionized, distilled water was helpful in reducing background ab-

sorption without reducing metal concentration to low levels approaching

the detection capabilities of the procedure. Where chemical extractants

were used, a somewhat greater dilution was necessary.

The validity of D2 background correction is open to serious question

41
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Table 3

Instrument and Sample Parameters Used with Graphite
Furnace Atomic Absorption Technique

Element

Parameter
Cadmium Lead

Sample size 20 p1 50 I1

Sample treatment dilution, dilution,
20 pl 5% NH4NO3  20 V1 5% NH4NO3

Drying time 30 sec 40 sec

Drying temperature 125 0C 1250C

Charring time 25 sec 25 sec

Charring temperature 400 0C 5000C

Atomization time 7 sec 10 sec

Atomization temperature 24000C 26000C

D background correction yes yes

whenever broad-band, nonatomic absorption approaches 1% absorption.
23

Treatment of samples with 20 V1 of a 5-percent ammonium nitrate solution

directly within the graphite furnace was effective in reducing the sam-

ple matrix interference for most samples to levels which could be han-

dled by D2 background correction.

The previously discussed procedures were used to optimize sample and

instrument parameters, and the method of standard additions was used for

all determinations made by graphite furnace atomic absorption. An
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example of this technique for cadmium is presented in kigure 6.

Relative
Absorbance Units

Mississippi River
Total Water-Soluble
Cd, pH 6.5, Redox 4-
Potential 50 mv,

Sample 3-

4,00

I I I I

3 2 1 1 2 3
Indigenous Added

Cd, pg/Il

Figure 6. Soluble Cadmium Determination by Method of Standard
Additions

Mercury was measured by flameless atomic absorption using a Coleman

MAS-50 Mercury Analyzer System. Using this procedure, the minimum de-

tectable mercury concentration was 0.01 Vg/100 ml sample volume.

Gamma Radiation Counting

The radioisotopes used in this study were gamma emitters. Gamma

radiation counts were measured with an ORTEC solid scintillation gamma

counting system.
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Phosphorus

Phosphorus in the water-soluble and sodium acetate extracts was

determined colorimetrically by the ascorbic acid method. 2 4 This method

is based on reduction of the ammonium molybdiphosphate complex by as-

corbic acid in the presence of antimony.

Aumonium-Nitrogen

Ammonia in the water-soluble and sodium acetate extracts was de-

termined by the steam distillation method.25 Distilled ammonia was

collected in 0.1 N sulfuric acid. The samples were then nesslerized

and ammonia was determined colorimetrically.
2 1

Total and Volatile Sulfide

Sulfide was determined by the iodimetric procedure recommended for

sewage by the American Public Health Association.26 Total sulfide in-

cludes hydrogen sulfide as well as metallic sulfides present in the sedi-

ment material. Volatile sulfide evolved during sediment incubation was

trapped in a zinc acetate solution attached to the incubation vessel's

gas outlet. The zinc sulfide formed reacted with iodine solution, and

the excess iodine was titrated with sodium thiosulfate using starch as

an indicator. Total (metallic) sediment sulfide was transformed to hydro-

gen sulfide by treating the suspensions with sulfuric acid and collecting

the gaseous hydrogen sulfide evolved in zinc acetate. The sulfide in the

precipitate formed was determined as described above.
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RESULTS AND DISCUSSION

Characterization of Sediment Material

pH and Redox Potential

The pH and redox potential of the bulk sediment material upon re-

turning to the laboratory are given in Table 4. The pH ranged from

7.30 to 6.95 for the Barataria Bay and Mississippi River material, re-

spectively.

Table 4

pH and Redox Potential of Bulk Sediment Samples

Sediment Material pH Redox Potential, my

Barataria Bay 7.30 -60

Mobile Bay 7.25 -160

Mississippi River 6.95 +70

Calcasieu River 7.00 -100

Mineralogy

The predominant minerals identified by X-ray diffraction in the

silt, coarse clay, and fine clay fractions of the sediment materials

studied are presented in Table 5. The minerals within each size frac-

tion are listed in decreasing order of abundance based on the relative

peak areas of the X-ray diffractograms. The number in parentheses after
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each mineral refers to the percent of the indicated mineral of the total

crystalline minerals present within the designated sediment material

and size fraction. Though X-ray diffraction is an excellent qualitative

tool, quantitative mineralogical evaluations by this technique are sub-

ject to considerable error. Thus the percentages given in Table 5 should

be interpreted as approximations of the relative proportions of minerals

present for comparisons between sites and particle-size fractions for

these sediment materials.

Organic and Carbonate Carbon Content

The total carbon content of the sediment materials studied is pre-

sented in Table 6.

Table 6

Organic and Carbonate Carbon Content of Sediment Materials

Sediment Material Organic Carbon Carbonate Carbon
--% ... .% ---

Barataria Bay 2.99 0.07

Mobile Bay 1.82 0.08

Mississippi River 1.16 0.19

Calcasieu River 2.37 0.07

The carbonate carbon contents of the Barataria Bay, Mobile Bay, and

Calcasieu River sediment materials were similar (0.07 to 0.08 percent).

47



The carbonate carbon content of the Mississippi River sediment material

was over twice as great (0.19 percent) as found for the other materials

studied.

The Barataria Bay material contained the highest level of organic

carbon and the Mississippi River, the least. The low level of organic

carbon in the Mississippi River sediment material may limit microbial

activity in this material relative to the other sites studied. This

likely contributed to the greater degree of oxidation and the lighter

color of the Mississippi River sediment samples.

Oxygen-Consumption Rates

Oxygen-consumption rates of the four sediment materials should re-

flect the availability of an organic energy source to micro-organisms

as well as the demand for oxygen for the chemical oxidation of inorganic

materials such as ferrous iron and sulfide. Figure 7 shows oxygen-

consumption rates for the four sediment materials. In general, it is seen

that oxygen consumption increases with the total carbon content (Table

6). However, the relative oxygen-consuiLption rates for the Barataria

Bay and Calcasieu River sediment material are an exception to this gen-

eralization. The differences in the soluble and exchangeable iron

(Tables B and B4) and the sulfide content of these sediments do not

seem adequate to explain the greater oxygen-consumption rate of the

Calcasieu River sediment material. Some sediment characteristics may
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Figure 7. Oxygen-Consumption Rates for Sediment Materials Studied
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be limiting microbial activity, or the microbial availability of the

organic carbon from the two sources may differ.

Particle-Size Distribution

The particle-size distribution of the sediment materials is in-

dicated in Figure 8. The clay fraction is known to be the most im-

portant size fraction for sorption-desorption reactions of metals and

nutrients with mineral soil and sediment materials. The sediment ma-

terials from Mobile Bay and Calcasieu River were found to have a clay

content of around 45 percent. The Mississippi River sediment material

had 36 percent clay and the Barataria Bay material contained 28 percent

clay.

Cation Exchange Capacity

The cation exchange capacity of all the sediment materials group

around two levels (Table 7). The Barataria Bay and Mississippi River

sediment materials were found to have a cation exchange capacity of

around 19 meq/100 g of oven dry solids, while the measured cation ex-

change capacity of the Mobile Bay and Calcasieu River sediment materi-

als was around 35 meq/100 g.

The greater cation exchange capacity of the Mobile Bay and

Calcasieu River sediment materials corresponds well with their greater
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Table 7

Cation Excihange Capacity of Sediment Materials

Sediment Material Cation Exchange Capacity

--w.1liequivalents per 100 grams--

Barataria Bay 19.2

Mobile Bay 32.6

Calcasieu River 34.9

Mississippi River 19.2

proportion of clay-size particles. With the exception of Lhe Barataria

Bay material, there is also a trend for cation exchange capacity to in-

crease with the organic carbon content. Soil and sediment organic ma-

terial contributes a greater cation exchange capacity per unit weight

than do clay minerals, especially at neutral and alkaline pH levels.

The proportional contribution of organic matter to total cation exchange

capacity is genexally greater for sediments than for soils, as most sedi-

ments contain 'Lgher levels of organic material than cultivated soils.

There seems to be little and perhaps even a negative correlation

between the measured cation exzhange capacity and the expected contri-

bution to exchange capacity du- to the type and relative proportions of

specific clay mineralg identified in the sediment materials (Table 5).
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In the sediment materials studied, it is believed that the contribution

to cation exchange capacity from organic matter and the relative total

clay content generally overrides the significance of the sediment ma-

terial mineralogy in influencing cation exchange capacity.

Trace Metal and Nutrient Chemistry of Sediment Materials

as Influenced by p14 and Redox Potential

Quantitative data for the water-soluble metals discussed in this

report are expressed as g metal/g oven dry solids rather than pg/k,

as commonly done for dissolved metals. This is to facilitate compari-

sons between metal levels in this fraction with levels determined in

oth - chemical forms which are traditionally expressed on a weight-metal/

weight-solids basis. Though the actual solution:solids ratio in each

incubation flask may have varied slightly around the planned 8:1 ratio,

dividing the reported levels by eight (8) will closely approximate the

concentration of metals in the total water-soluble frartion on a solu-

tion basis.

However, one should keep in mind that the 'water-soluble phase in

this study is not representative of surface water, nor does it accurate-

ly represent interstitial water, as the surface water:sediment ratio used

in this study is typical of a dredged material slurry. Additionally, main-

taining this sediment-water mixture in suspension by continuous stirring

may enhance the release of metals from the solid to the solution phase.
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For these reasons, concentration of water-soluble metals given in this

report cannot be compared with the reported quantity of dissolved metals

in surface and interstitial waters found in the published literature.

However, the data given in this report should indicate qualitatively,

if not quantitatively, the influence of pH and redox potential on the

distribution of metals among various chemical forms and the chemical

transformations expected as the pH and redox potential environment of

a sediment-water system is altered.

Sulfide-Sulfur

In reduced soils and sediments containing sulfide, the precipitation

of trace and toxic metals such as iron, zinc, copper, lead, cadmium, and

mercury as a sulfide is thought to be an important regulatory mechanism

limiting the soluble levels of these metals.28,2 9 ,30 ,3 1 ,3 2 In this re-

port, the sulfide data are presented prior to the discussion of the ef-

fect of pH and redox potential on metal chemistry in order to consider

the role of sulfide regulation of metal solubility as the data for each

element are discussed (Table 8).

No sulfide was detected in any sediment suspension incubated at 50,

250, or 500 mv. This corresponds to literature reports that a redox

potential of -150 mv is approaching the upper limit for sulfide stabil-

ity.3 3 ,34 ,35 No sulfide was detected in the strongly reduced Barataria

Bay sediment material incubated at pH 8.0, and none was measured in the
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Table 8

Total Sulfide Content of Sediment Materials Incubated at a

Redox Potential of -150 my

Total Sulfide

Sediment Material

pH 5.0 pH 6.5 pH 8.0

-g S/g solids

Barataria Bay 510 631 n.d.*

Mobile Bay 1,230 607 434

Mississippi River n.d. n.d. n.d.

Calcasieu River ----** 675 195

*Not detectable. **Data not available.

Mississippi River sediment material at any pH level studied. Where sul-

fide was measured, a decrease in pH was generally found to increase the

total sulfide content.

No volatile sulfide (H2S) was detected in the outlet gas stream of

the incubated sediment materials at any pH-redox potential combination.

Presumably, all of the sulfide was complexed in a solid phase as a metal

sulfide. Due to the high levels of soluble ferrous iron measured in the

strongly reduced sediment suspensions, it is likely that most of the

sulfide was present as sparingly soluble ferrous sulfide.

In contrast to the known low solubility of many metal sulfides,

there are numerous reports in the literature where the soluble levels of
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metals in reduced sulfide-bearing waters and sediments has been found

to exceed the levels predicted from the solubility of their sulfides.

Several mechanisms have been summarized from the available literature,

reported, and proposed to account for these observations. These mechan-

isms include the formation of soluble metal sulfide complexes,
3 6 ,37

metal solubility regulation by equilibrium with unknown metastable sol-

ids,38 and metal complexing with organic ligands. In addition, it has

been proposed that some trace metal ions may be kept from precipitation

with sulfide where a sufficiently large concentration of soluble iron

is present to complex with and precipitate the sulfide.2

Iron

Iron in surface waters and sediments is not considered to have

deleterious effects on aquatic and benthic organisms. Although the U.S.

39 4Public Health Service and U. S. Environmental Protection Agency4 0

consider 0.3 mg/Z as the maximum permissible level of iron in drinking

waLer, these levels were selected primarily for esthetic rather than

health reasons. However, iron is known to be an important factor in reg-

ulating the concentration of trace and toxic metals. In sediment-water

systems, a considerable quantity of iron may be subject to transforma-

tions between the reduced ferrous (Fe2+) and the oxidized ferric (Fe3+)

form. These transformations of iron depend on changes in pH and redox

potential. Such changes could occur during dredging and dredged materi-

al disposal when typically reduced sediments are mixed with an oxygenated
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water column or transported to land for disposal.

Table 9 indicates the total iron content of the sediment materials

studied and the proportion of iron recovered by the sequential chemical

fractionation procedure applied to each.

Table 9

Total Sediment Iron Content and the Proportion Recovered
in Potentially Active Chemical Forms by the

Fractionation Procedure Applied to Each Sediment Material

Sediment Material Total Iron Potentially Reactive Iron*

-- pg Fe/g solids .. .. % of total --

Barataria Bay 23,800 27

Mobile Bay 37,400 51

Mississippi River 29,400 46

Calcasieu River 26,000 16

*Sum of iron extracted by the sequential chemical fractionation pro-
cedure from the pH-redox potential treatment yielding largest iron
recovery.

The total iron content ranged from 23,800 pg/g for the Barataria

Bay sediment material to 37,400 pg/g for the Mobile Bay material. The

potentially reactive iron given in Table 9 is the sum of iron recovered

by the sequential fractionation procedure in the pH-redox potential

treatment yielding the greatest iron recovery. These levels are not

intended to represent the absolute amount of iron potentially capable
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of chemical transformations in these sediment materials since elemental

recovery depends on the severity of the extractions included in a chem-

ical fractionation procedure. Nor should these levels be used for

strict comparisons between the sediment materials studied as the chemi-

cal fractionation procedures varied somewhat. However, these data are

useful in approximating the potentially reactive iron in the different

sediment materials over the range of pH and redox potentials studied.

About half of the iron in the Mobile Bay and Mississippi River sediment

materials was recovered in the chemical forms studied, primarily in the

reducible fraction. A much smaller proportion of the total iron was re-

covered by chemical extractions of Barataria Bay and Calcasieu River

materials, suggesting either less weathering of the clay minerals in

these sediments, or solubilization and subsequent mobilization of iron

released by mineral weathering under long-term exposure to reducing en-

vironments.

The influence of pH and redox potential on the quantity of total

water-soluble and exchangeable iron was similar for the four sediment

materials studied. As the results from all sampling sites were somewhat

similar, and because iron is not considered a potentially toxic or nui-

sance element, the data from representative sediment materials will be

presented to illustrate the chemistry of iron in sediment samples from

all four sites. Data for the remaining materials studied are available

in Appendix B.
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Figures 9 and 10 indicate the influence of pH and redox potential

on the total water-soluble iron in the Mississippi River and Mobile Bay

sediment suspensions, respectively. Relatively large quantities of iron

were maintained in solution under a low pH-redox potential environment.

The soluble iron in the Mississippi River sediment material was over 2,700

pg/g solids at -150 my, pH 5.0. As the redox potential increased from

-150 mv, at pH 5.0, there was a marked decline in the soluble iron to

around 1,900 Vg/g at 50 mv and to about 400 pg/g at 250 mv. Little to

no soluble iron was detected by flame atomic absorption at the two

higher redox potential levels studied in any of the other sediment ma-

terials. At pH 6.5. soluble iron decreased from 142 pg/g solids at

-150 mv to 30 pg/g at 50 my and was not detected at higher oxidation

levels. No soluble iron was detected at pH 8.0. Iron in the Mobile

Bay sediment suspensions responded to pH and redox potential in a simi-

lar manner (Figure 10). Though there were some quantitative differ-

ences, exchangeable iron extracted from these suspensions followed the

same trends with changes in pH and redox potential as were found for

total water-soluble iron (Figures 11 and 12).

Gotoh and Patrick 4 1 reported similar results for soluble and ex-

changeable iron in rice soils. In both of these chemical fractions,

the oxidation of soluble ferrous (Fe2+) iron to the sparingly soluble

ferric (Fe3+) form is responsible for the reduced availability of iron

as pH and redox potential are increased.
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The rapid oxidation of ferrous iron as pH and redox potential are

increased is possible only if the soluble ferrous iron is not complexed

with some ligand that prevents or retards its oxidation. Theis and

Singer4 2 have shown that considerable quantities of ferrous iron may be

maintained in solution in aqueous aerobic environments for periods up

to several days due to the complexation of ferrous iron with naturally

occurring soluble organic material. In the sediment materials included

in this study, data indicate that while some soluble ferrous iron is

complexed in reduced sediment environments, most of the soluble fer-

rous iron is either present as free ions or only weakly bound and thus

readily released from naturally occurring organic chelates (see Soluble

Organic Bound Fraction, Appendix B). The small proportion of iron pres-

ent in a complkxed form should not significantly affect the rapid oxi-

dation of ferrous iron and the potential trace metal adsorption activity

of freshly formed ferric oxides and hydroxides as the ferrous iron is

transported into an oxidized environment.

No sulfide was detected at any pH-redox potential combination in

the Mississippi River sediment suspension and in the Barataria Bay sedi-

ment material incubated at pH 8.0; however, several hundred .g sulfide-

sulfur/g solids were detected at all pH levels under the most reducing

(-150 mv) conditions for the remaining sediment materials (Table 8).

Considerable dissolved iron was measured at -150 mv in all sediment ma-

terials at pH 5.0 and 6.5. Due to the low solubility of ferrous sulfide,
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it is reasonable to assume that essentially all of the sulfide was pre-

cipitated as ferrous sulfide at pH 5.0 and 6.5 and that the soluble iron

measured under these conditions is that quantity of iron which exceeded

the capacity of sulfide precipitation. At pH 8.0, -150 my, it is likely

that the total sulfide content of the sulfide-containing sediments ex-

ceeded the available ferrous iron as no soluble iron was detected. How-

ever, it is also possible that the formation of less soluble iron com-

pounds, such as carbonates and phosphates, may also limit soluble ferrois

iron.

In this report, reducible iron refers to that iron extracted with

an ammonium oxalate-oxalic acid extractant. A number of reducing re-

agents and procedures are discussed in the literature, some of which are

reported to be more selective for one chemical form of a particular ele-

ment than another. It is doubtful that any chemical extractant is highly

selective for a particular elemental form, as it is unlikely that sharp

boundaries exist between metal and nutrient bonding strengths to differ-

ent adsorbents and their susceptibility to different chemical extractants.

Vnwever, the reducing reagent used in this study is reported to preferen-

tially attack poorly crystallized oxides and hydroxides o iron and man-

ganese while having little effect on crystalline materials.4 3 ,4 4 Thus

it is thought that reducible iron may correlate with that iron effective

in trace metal adsorption.

Figures 13 and 14 indicate the influence of pH and redox potential
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on the reducible iron in the Mobile Bay and Mississippi River sediment

material, respectively. Oxalate extractable iron was found to be great-

est under reducing conditions and decreased somewhat as redox potential

increased. This was also the general trend for the Calcasieu River sedi-

ment material but not for the Barataria Bay material. The Mobile Bay,

Mississippi River. and Calcasieu River sediment materials possibly con-

tained more poorly crystalline iron compounds under reducing conditions.

Though a quantitative comparison between the extracted iron from these

sediment materials cannot be made with the Barataria Bay material due to

a different oxalate reagent concentration used, it was noted that reduci-

ble iron recovery in this material increased with increasing redox potential.

Unlike the readily transformed water-soluble and exchangeable iron,

which decreased from a few thousand pg/g solids tinder reduced, acid con-

ditions to undetectable levels at higher pH-redox potential combinations,

the relatively large quantities c reducible iron are not influenced to

as great a degree. Reducible iron is not simply that quantity of ferrous

iron that was lost from the soluble and exchangeable fractions as the sus-

pension redox potential increased. Instead, reducible iron is thought to

include considerable levels of oxidized iron compounds which persist even

under moderate and strongly reducing conditions. Gotoh and Patrick,4 1

using citrate-dithionite-bicarbonate solution, extracted 6,000 to 11,000

pg/g of reducible iron under strongly reduced conditions. The iron com-

pounds dissolved consisted of iron oxides and hydroxides, which strongly

suggests the presence of ferric iron under reduced conditions. Thus, iron
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extracted with reducing agents includes a relatively large proportion of

the total iron present in sediment materials under both oxidizing and re-

ducing conditions. Apparently, much of this iron is only slowly capable

of chemical transformations, either to more crystalline forms or to the

more mobile water-soluble and exchangeable forms.

Discrete particles of hydrated ferric oxides as well as coat-ings of

this amorphous material on crystalline minerals in sediments are thought

to be effective scavengers for soluble trace metals. Literature reports

and data from this study presented above indicate that considerable amounts

of colloidal ferric oxides and hydroxides may be present in both oxidized

and reduced sediments. It is also known that both ferrous and ferric iron

are present in soils and sediments as a large number of compounds with con-

siderable structural and crystalline variability. Thus the chemistry of

iron in sediments and its capacity for trace metal adsorption is depen-

dent on the composite contributions from the many iron compounds present.

In general, poorly crystalline iron and manganese compounds are thought

to be more effective metal scavengers. Thus sediment environmental con-

ditions conducive to formation and/or maintenance of poorly crystalline

hydrous oxides should enhance the role of hydrous oxides as regulators of

trace metal solubility.

Freshly oxidized and precipitated ferric compounds, which are formed

from the considerable quantities of soluble and exchangeable iron when

reduced sediments are transported to an oxidized environment, are thought

to be much more effective in adsorbing trace metals from solution than

aged ferric oxides.1 0.1 1,1 2 There is evidence that the aging effect is
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due to a decrease in surface area or perhaps improved crystallinity under

oxidized conditions with time.11,
4 5

Data shown in Figures 9, 10, 11, and 12 indicate that in reduced acid

and near-neutral sediment materials, the level of ferrous iron potentially

capahle of transforming to an effective trace metal scavenger exceeds the

expected levels of trace metals by several orders of magnitude. In slight-

ly alkaline to alkaline sediment materials, there is far less soluble fer-

rous iron available for oxidation. Though little or no iron was detected

in some of the sediment suspensions by flame atomic absorption at pH 8.0,

it is likely that more soluble iron was present under reducing conditions

than under oxidizing conditions, but that the levels involved were below

the sensitivity of the analytical procedures used (1 Vg iron/g). Trace

levels (=0.5 to 5.0 mg/t) of soluble iron have been found in reduced in-

terstitial waters of Lake Ontario where the pH ranged between 7 and 8.46

In contrast to the rapid formation of poorly crystalline hydrous ox-

ides, which may act as effective metal adsorbents in recently oxidized

sediments, the maintenance of hydrous oxides in poorly crystalline forms

may be favored by prolonged reduced environments. As previously discussed,

the quantity of poorly crystalline (oxalate-extractable) iron compoun.

was greater in the strongly reduced Mobile Bay, Mississippi River, Vnj

Calcasieu River sediment suspensions than in the better oxidized tr~d'.

ments. Patrick and Khalid4 7 reported more oxalate-reducible iron was e.-

tracted from rice soils when incubated under anaerobic conditions than

when incubated under aerobic conditions. Thus the presence of poorly cr';-

talline hydrous oxides may be favored by two contrasting environments:
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one being a recently oxidized environment and the other, a long-term re-

duced environment.

Trace metal adsorption to oxides and hydroxides of iron is generally

thought to be favored in oxidized environments, but more reducible and

presumably poorly crystalline iron was generally extracted from the -150

mv treatment. Data to be presented later will show several trace metals

recovered in the reducible fraction do tend to increase with redox poten-

tial. However, there was some indication that other metals and nutrients

may be more strongly associated with iron in a strongly reducing environment.

This suggested that the oxalate-extractable iron includes much iron in a

form or forrns which are not well correlated with the form of iron effective

in adsorbing trace metals. The iron in an active adsorbing form may be a

proportionally small part of the total and is thus masked by the total iron

extracted.

Figure 15 summarizes the influence of redox potential on the distri-

bution of iron in the various chemical forms studied in the Mississippi

River sediment material incubated at pH 6.5. The results were similar

for the other sediment materials studied. Trends with redox potential

and quantities extracted were generally comparable to the other pH levels

studied with the notable exception that total water-soluble and exchange-

able iron levels were much greater under reduced conditions at pH 5.0

and were less at pH 8.0. An increase in redox potential resulted in

a reduction of both soluble and exchangeable iron. The reducible frac-

tion contained by far more iron than the other fractions studied, and

the level of this iron generally decreased with increasing redox
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potential. It is apparent from Figure 15 that if the iron removed from

the total water-soluble and exchangeable fractions became oxidized as the

redox potential increased, either (1) the oxalate extractant failed to

recover this iron or (2) the transformation of soluble and exchangeable

icon to the reducible form was small relative to the loss of total poorly

crystalline iron as the redox potential increased. It is also possible

that under reduced conditions, the oxalate-extractant is more effective

in dissolving oxides and hydroxides of iron.

Comparatively little iron was recovered in the DTPA-extractable and

insoluble organic bound fractions relative to that recovered in the re-

ducible form. Also apparent is that over half of the iron in this material

was not accounted for with the fractionation procedure used. Much of this

iron is likely an essential component of crystalline minerals. However,

residual iron probably includes much iron that is still subject to chemi-

cal transformations or to more severe extractions. For example, the large

quantity (>6000 pg/g) of iron removed from the reducible fraction as redox

potential increased was not detected in other more easily available frac-

tions measured in this study. This iron was likely transformed to what

was termed the residual iron fraction. Other sediment materials studied

showed comparable results.

Manganese

Manganese, like iron, is an essential element to flora and fauna.

Also, similar to iron, it is usually not detrimental to water quality

as a consequence of its nutritional or toxicological properties. Like
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iron, manganese is of interest because of its reported scavenging effect

for soluble trace and toxic metals in surface waters, soils, and sedi-

ments.1 1 ,12,
4 8

Table 10 indicates the total quantity of manganese present in the

research materials studied. Also included in this table is the sum of

Table 10

Total Manganese and Proportion Recovered in Potentially Active
Chemical Forms by Fractionation Procedure

Applied to Each Sediment Material

Sediment Material Total Manganese Potentially Reactive
Manganese*

-- pg Mn/g 0. D. solids .. .. % of total --

Barataria Bay 300 84

Mobile Bay 590 82

Mississippi River 950 97

Calcasieu River 320 86

*Sum of manganese extracted by sequential chemical fractionation pro-
cedure from the pH-redox potential treatment yielding largest man-
ganese recovery.

the manganese extracted by the sequential fractionation procedure used

at the pH-redox potential combination yielding the greatest manganese

recovery. Though most was recovered in the less mobile chemical forms,

the proportionally large recovery indicates that almost all of the total

manganese in these sediment materials is potentially capable of trans-

formations affecting the levels of chemically reactive manganese.
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Due to the similarity of the manganese data for the different sedi-

ment materials, selected data will be used to discuss the manganese chem-

istry of the four sediment materials studied. Additional data is given

in Appendix C.

Figures 16 and 17 indicate the total water-soluble

manganese present in the.Mobile Bay and Mississippi River sediment materi-

als, respectively. There is a marked tendency for the total water-soluble

manganese to decrease with increasing redox potential in the Mississiipi

River sediment material. At pH 5.0, under s rongly reducing to moder-

ately oxidizing conditions, over half of the total manganese was present

in solution. A smaller decrease in manganese levels with increasing redox

potential was noted at pH 5.0 and 8.0 in the Mobile Bay sediment material,

and no response to redox potential was apparent at pH 6.5. For reasons

not apparent, manganese in the various chemical fractions studied from

the Mobile Bay sediment material did not respond to changes in redox po-

tential as distinctly as did manganese in the other sediment materials

studied. For all of the sediment materials, there was a sharp decrease

in the water-soluble manganese as pH increased.

Essentially none of the total water-soluble manganese was found

associated with soluble organic matter (Appendix C). This agrees with

published data for soils where manganese has been reported to be not

complexed or only weakly complexed with organics in soil solution.
4 8

The response of exchangeable manganese to pH and redox potential

was similar to that found for the water-soluble fractions (Figures 18
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'Figure 16. The Effects of pH and Redox Potential on

Total Water-Soluble Manganese in Mobile Bay

Sediment Suspensions

Figure 17. The Effects of pH and Redox Potential on
Total Water-Soluble Manganese in Mississippi River
Sediment Suspensions

I73



and 19). Exchangeable manganese decreased as pH and redox potential in-

creased. Generally, there was less exchangeable manganese than water-

soluble manganese at pH 5.0, but the opposite was found at pH 8.0.

As indicated in Figures 16 through 19, considerable quantities of

manganese are present in readily available forms under acid reducing con-

ditions. This manganese is thought to be in the divalent dationic form

(Mn2+). Most of this manganese is transformed by oxidation to less mobile

manganese oxides as the pH or oxidation levels of a sediment-water system

is increased. 49 Over 150 oxides of manganese ranging from MnOl.2 to MnO2

have been identified.50 As with iron, manganese oxides and hydroxides

are known to be important adsorbents for trace metals. Morgan and Stumm5 1

found that freshly precipitated manganese dioxide has a significant sorp-

t!on capacity for heavy metals, and it was suggested that aging of these

oxides could likely reduce sorption capacity. During dredging and dredged

material disposal, the formation of hydrous oxides of manganese, as reduced

sediment material containing dissolved divalent manganese is dispersed in

an oxygenated water column,may result in adsorption of metals by these

freshly formed hydrous oxides. This could be a significant factor in reg-

ulating the bioavailability of toxic metals, especially where dredged ma-

terial is disposed by land application methods where gradual drainage and

subsequent oxidation may occur. Water-soluble and exchangeable manganese

levels were more dependent on pH than redox potential. However, decreases

in these readily mobile manganese forms were frequently noted as redox

potential increased above the 200 or 250 mv levels. Similar redox potentials
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Figure 18. The Effects of pH and Redox Potential on
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for manganese conversion from the water-soluble and exchangeable forms to

less available forms have been reported for flooded rice soils.52 Surface

waters which are mixed with dredged sediments generally contain some dis-

solved oxygen. Where dissolved oxygen is present, the minimum redox po-

tential expected at pH 7 is 300 to 400 mv.53 Thus for dredged sediments

mixed with large volumes of aerobic surface waters, it is likely that the

redox potential environment of interstitial waters and sediments contain-

ing manganese will be increased beyond the critical redox potential for

manganese oxidation, at least during mixing. However, the kinetic sta-

bility of reduced manganese may limit the quantity oxidized unless dis-

posal conditions result in extended exposure of the manganese to an oxi-

dized environment.

Unlike iron, the manganese that was removed from the water-soluble

and exchangeable forms as redox potential and pH were increased was gen-

erally recovered in the reducible fraction (Figures 20 and 21). A sharp

increase in reducible manganese as the redox potential increased from

mildly oxidizing (200 to 250 my) to strongly oxidizing (450 to 500 my)

was well correlated with the drop in water-soluble and exchangeable man-

ganese that occurred between these oxidation levels. A comparatively

small proportion of the manganese was recovered by the DTPA extraction

and the hydrogen peroxide digestion-sodium acetate extraction procedure.

This indicated the organic manganese pool was not as large as the pool

associated with poorly crystalline oxides.

Figure 22 summarizes the distribution of mangaiaese among the various
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chemical forms studied in the Mississippi River sediment material incubated

at pH 6.5. Much of the manganese was found in the water-soluble and ex-

changeable forms under reducing and moderately oxidizing conditions. How-

ever, as the redox potential increased from 250 to 500 my, there was a

sharp decline in these manganese forms accompanied by an increase in re-

ducible manganese. Upon oxidation, much of the easily mobilized manganese

in the reduced Mississippi River sediment material appeared to transform

to oxidized manganese compounds. These oxides of manganese may be impor-

tant in regulating the release of trace and toxic metals from disturbed

sediments. The reduction in the readily bioavailable forms as pH increased

was also accompanied by an increase in reducible manganese. At pH 8.0,

considerably less reduced manganese was available in the water-soluble and

exchangeable forms for oxidation as the redox potential increased above

250 my. Though quantitative differences in manganese recovery were appar-

ent between the sediment3 studied, the nature of the response of manganese

to changes in pH and redox potential were similar for all of the materials.

Zinc

The total zinc in the four sediment materials studied is indicated in

Table 11. Also presented in this table is the sum of the zinc extracted

by the chemical fractionation procedure applied to each sediment material

at the pH-redox potential combination giving the highest zinc recovery

(Appendix D). The total sediment zinc content ranged from around 200 Vg/g

solids for the Mobile Bay material to around 100 ug/g solids for the

79



Table 11

Total Zinc and Proportion Recovered in Potentially
Active Chemical Forms by the Fractionation Procedure

Applied to Each Sediment Material

Sediment Material Total Zinc Potentially Reactive
Zinc*

-- pg Zn/g 0. D. solids -- -- % of total --

Barataria Bay 78 85

Mobile Bay 205 64

Mississippi River 113 41

Calcasieu River 93 39

*Sum of zinc extracted by the sequential chemical fractionation pro-
cedure from the pH-redox potential treatment yielding largest zinc
recovery.

remaining three sediments. The proportion of the total zinc recovered

by the sequential chemical fractionation procedure was also variable,

ranging from around 40 to 85 percent. This wide recovery range indi-

cates a measure of total zinc may not correlate well with the chemically

active zinc in these sediment materials. Presumably, much of the re-

maining zinc is in other chemical combinations which are relatively un-

available or associated with minerals as a primary constituent. There

appeared to be no simple relationship between total zinc or potentially

reactive zinc and sediment physical and chemical characteristics.

The influence of pH and redox potential on total water-soluble zinL
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is indicated in Figures 23 and 24 for tle Mobile Bay and Mississippi

River sediment materials, respectively. The soluble zinc in the Barataria

Bay and Calcasieu River sediment suspensions responded similarly to

changes in pH and oxidation-reduction intensities. It is apparent from

these figures that pH has a large influence on soluble zinc. The high-

est levels were recovered at pH 5.0 with water-soluble zinc decreasing

as pH increased. At pH 8.0, traces of water-soluble zinc (<5.0 ig/g)

were detected by flame atomic absorption only in the Calcasieu River

sediment material (Appendix D). No soluble zinc was detected at pH 8.0

in any other sediment material.

The reduction in soluble zinc to undetectable levels at pH 8.0 is

likely a result of zinc carbonate formation. Where dissolved carbon

dioxide is present, zinc is reported to precipitate as the sparingly

soluble carbonate as pH is increased between 7 and 8.
54

Water-soluble zinc in the sediment materials studied was present

in a free cationic state rather than complexed with soluble organic ma-

terial (Appendix D). In three sediment materials, no zinc complexed

with soluble organic material was detected by flame atomic absorption at

any pH-redox potential combination studied. In the Calcasieu River ma-

terial incubated at pH 6.5, a small proportion (=10 percent) of the total

water-soluble zinc was present in a complexed form.

Exchangeable zinc levels exhibited the same response to controlled

pH and redox potential as did soluble zinc. In general, the levels
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Figure 24. The Effects of pH and Redox Potential
on Total Water-Soluble Zinc in Mississippi
River Sediment Suspensions
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recovered ranged from about the same to about twice that of the soluble

fraction (Figures 25 and 26).

In reduced sediment-water systems containing sulfide, the formation

of zinc sulfide is expected to limit the concentration of soluble zinc.

In the absence of sulfide, a low pH-redox potential environment is known

to favor increased zinc solubility. The results obtained with the in-

cubated suspensions are somewhat inconclusive regarding the sulfide reg-

ulation of soluble zinc in these sediment materials.

In the Mobile Bay sediment suspension, considerable sulfide was

measured at -150 mv at all pH levels, and no sulfide was detected at

higher redox potentials. Except for the pH-6o5, -150-mv treatment where

zinc contamination in one subsample was thought to elevate soluble zinc

levels, very little zinc was extracted in the soluble and exchangeable

fractions at -150 mv redox potential relative to the more oxidized treat-

ments. The formation of zinc sulfide in this strongly reducing environ-

ment was thought to be contributing to low levels of zinc in readily bio-

available forms in this sediment material. Though the soluble zinc at

pH 5.0, -150 mv is relatively low compared to more oxidized treatments,

the fact that any soluble zinc was measured in sulfide-containing sedi-

ments by flame atomic absorption suggests that the formation of zinc sul-

fide may not be the limiting factor for zinc solubility.

The levels of soluble and exchangeable zinc in the Mississippi River

sediment material at the -150-mv redox potential treatment were low rela-

tive to the more oxidized treatments; however, no sulfide was found in
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these reduced suspensions. This suggests two possibilities. First, a low

sulfide concentration of a few pg/g, which is betteath the sensitivity of

the total sulfide analysis technique used, may have gone undetected in

this sediment material and could have contributed to reduced soluble zinc

levels. Or, some other regulatory factor directly or indirectly dependent

on oxidation-reduction intensity could have reduced soluble zinc levels.

An explanation for the reduction in soluble zinc under a reduced environ-

ment in the absence of sulfide is not apparent from redox potential-pH

54
diagrams of zinc in simple aqueous systems.

Another possible mechanism of a decrease in soluble zinc under strongly

reduced conditions in the absence of sulfide would be chelation of zinc

by naturally occurring insoluble organics. It has been reported that or-

ganic matter degradation under anaerobic conditions differs both quali-

tatively and quantitatively from aerobic decomposition. 53'55 More large

molecular weight material of possible greater metal chelating capacity may

be present in a reduced soil or sediment. Where DTPA and hydrogen peroxide-

sodium acetate extractions were used, there was little or no difference

in zinc recovery at -150 my relative to the better oxidized treatments.

Zinc recovered in the Mobile Bay and Mississippi River reducible frac-

tion (oxalate extractable) was greatest at -150 my, particularly at pH

5.0 (Figures 27 and 28). This was also the case for the other sediment

materials incubated at pH 5.0. Considerable quantities of iron and man-

ganese oxides have been found in reduced soil materials. 4 1'5 2 Reducible

zinc may be associated with these hydrous oxides. Patrick and Khalid47
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have demonstrated that greater quantities of poorly crystalline hydrous

oxides of iron affecting phosphorus availability in flooded soils may exist

under reduced rather than oxidized conditions. As 9reviously discussed,

oxalate-extractable (poorly crystalline) iron from all but the Barataria

Bay material was also greatest under strongly reducing conditions. Thus

the adsorption of zinc to poorly crystalline hydrous iron oxides, which

may be particularly surface-active in these sediments at pH 5.0. may be

contributing to the low recovery of zinc at -150 mv in the soluble and ex-

changeable fractions where sulfide is present, as well as in the absence

of sulfide.

The soluble and exchangeable zinc in the Barataria Bay sediment sus-

pension, which did contain considerable sulfide at -150 my, showed some-

what similar trends to the Mississippi River material (Appendix D). How-

ever, zinc contamination may be responsible for some of the measured soluble

and exchangeable zinc from the Barataria Bay sediment material. The high

soluble and exchangeable zinc levels at -150 mv relative to the other sedi-

ment materials containing sulfide may have resulted from zinc adsorbed to

suspended particulate matter in the supernatants of the centrifuged sus-

pensions being decanted into storage bottles. These extractions were not

filtered through a 0.45- membrane filter as were the supernatants from

the other sediment materials studied.

The response of reducible zinc to redox potential was variable, de-

pending on pH. At pH 5.0, the reducible zinc in all sediment materials

decreased as redox potential increased above -150 my. The association of
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zinc with poorly crystalline oxides of iron under anaerobic conditions has

been suggested previously as a possible contributing factor to the higher

levels of zinc found in the reducible fraction and the relatively low solu-

ble zinc in the absence of sulfide in the pH-5.0, -150-mv treatment. At

pH 6.5. the pattern of reducible zinc distribution as a function of redox

potential varied with sediment material. An increase in reducible zinc

with oxidation was noted in the Mobile Bay material, and the opposite was

found in the Mississippi River sediment material. No trends with redox

potential were apparent in the other materials studied.

Figures 29 and 30 summarize the influence of redox potential on the

distribution of zinc among the chemical fractions studied in the Mobile

Bay and Mississippi River sediment materials incubated at pH 5.0 and 6.5,

respectively. These data are representative of these pH levels in all the

materials studied. Most of the zinc recovered in the chemical extraction

procedure used was associated with the reducible fraction, presumably ad-

sorbed with hydrous oxides of iron and perhaps manganese. A relatively

small proportion of the recovered zinc was associated with organic materi-

als as evidenced by the low recovery in the DTPA extractable and insoluble

organic-bound fractions.

These results are similar to published work indicating that zinc

correlates less well withmineralogy and organic matter than numerous other

trace metals,5 6 and that relative to iron, manganese, and copper in near-

surface, reducing sediments, a greater proportion of zinc was recovered in

the reducible phase rather than from a'hydrogen peroxide-treated (oxidizable)

fraction.38
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Copper

The total copper content in the sediment materials studied ranged

from about 14 to 21 1jg/g (Table 12). Also indicated in this table is the

proportion of the total copper which was recovered in the chemical frac-

tions studied in each sediment material (Appendix E).

Table 12

Total Copper and the Proportion Recovered in Potentially
Active Chemical Forms by the Fractionation
Procedure Applied to Each Sediment Material

Total Copper Potentially Reactive Copper*

Sediment Material pg/g %

Barataria Bay 14.6 60

Mobile Bay 14.7 64

Mississippi River 18.2 90

Calcasieu River 21.4 64

*Sum of copper extracted by the sequential chemical fractionation pro-
cedure from the pH-redox potential treatment yielding the largest
copper recovery.

The percentage recovery of copper by the fractionation procedures

used indicates that more than half of the sediment-bound copper is po-

tentially capable of transformations affecting its bioavailability.

Soluble copper was detected by flame atomic absorption only in the

Mobile Bay and Mississippi River sediment materials. Figure 31 indi-

cates the influence of pR and redox potential on soluble copper in the
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Figure 31. The Effects of pH and Redox Potential on
Total Water-Soluble Cooper in Mobile Bay Sediment
Suspensions

Mobile Bay sediment material. Low levels of soluble copper were detected

at pH 5.0 in strongly and moderately reducing sediment suspensions. Some

copper was measured at -150 my in the presence of considerable sulfide.

Copper sulfide is reported to form one'of the least soluble sulfides of

trace and toxic metals. 36 The data suggest that even in the presence of

sulfide, some copper may remain uncomplexed with sulfide. At pH 5.0

there was no evidence that the measured water-soluble copper was complexed

with soluble organics and thus possibly less susceptible to sulfide pre-

cipitation. At pH 8.0, under oxidizing conditions for Mobile Bay and at

all levels of oxidation for the Mississippi River sediment material, a

low level of soluble copper was again detected by flame atomic absorp-

~tion. There was some indication that at this pH, soluble organic complexes

may have contributed to the total soluble copper levels. However, at pH
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8.0, the experimental error was relatively large on these measurements

and the quantitative relationship between the total soluble copper and

that which was not retained within a cation exchange resin column was poor.

No exchangeable copper was detected at any pH-redox potential com-

bination in any of the sediment materials studied.

Reducible copper was little affected by sediment pH, but was much

influenced by redox potential (Figures 32 and 33). Most of the copper

extracted by the total sequential fractionation procedure was recovered

in the reducible fraction. Unlike reducible zinc, which was greatest at

-150 my, pH 5.0 and responded little to redox potential at higher pH

1 ~0

Figure 32. The Effects of pH and Redox Potential
on Reducible Copper in Mobile Bay Sediment
Suspensions
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Figure 33. the Effects of pH and Redox Potential
on Reducible Copper in Mississippi River
Sediment Suspensions

levels, reducible copper increased with increasing redox potential at

all pH levels studied. This suggested that copper may be associated
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wit-h the poorly crystalline hydrous oxides of iron and manganese under

oxidizing conditions. If the copper and zinc extracted by the oxalate

reagent are indeed desorbed from colloidal hydrous oxides of iron and

manganese, these two elements may be associated with different forms of

the hydrous oxides, which vary depending on pH and redox potential.

As previously discussed, the relative levels of reducible zinc ex-

tracted responded to changes in pH and redox potential similar to re-

ducible iron, especially at pH 5.0. In these sediment materials, re-

ducible copper may be more closely associated with manganese than iron.

A better correlation of copper with manganese than iron has been reported

for other soils and sediments.56 p5 7 ,5 8 Though the response of oxalate-

extractable manganese to increasing redox potential up to 250 mv was not

as apparent as for copper, reducible manganese did generally increase

with redox potential, especially as redox potential was increased from

250 to 500 mv.

Figure 34 summarizes the distribution of copper in the chemical

forms studied in the Calcasieu River sediment material incubated at pH

8.0. The marked increase in reducible copper and the smaller increase

in DTPA-extractable copper as redox potential increased was accompanied

by a decrease in the insoluble organic-bound copper. These results sug-

gest that under strongly and moderately reduced conditions, copper may

be predominately associated with sediment organics. However, in an ox-

idized environment, the stability of the copper-organic complex may be
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Figure 34. The Effects of Redox Potential on the Distribution of
Copper Among Selected Chemical Forms in Calcasieu River Sedi-
ment Suspensions Incubated at pH 8.0 (total copper, 21.4 Ig/g)
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reduced, and adsorption to colloidal hydrous oxides of iron and manganese

may be the primary regulatory factor for copper. Total copper recovery

was not equal at all redox potentials; this suggests that either some

copper was present in forms not susceptible to the fractionation pro-

cedures used or that during the course of a sequential fractionation,

some copper mobilized by one extractant was immobilized again, perhaps

in a form previously extracted. It is likely that some of the insoluble

organic-bound copper mobilized during digestion with hydrogen peroxide

may have been readsorbed by colloidal hydrous oxides of iron and man-

ganese likely formed during this intense oxidation procedure.

Mercury

The total mercury content of the sediment materials studied is in-

dicated in Table 13.

Table 13

Total Sediment Mercury Content

Sediment Material Total Mercury

--pg Hg/kg solids--

Barataria Bay 18

Mobile Bay 95

Mississippi River 2

Calcasieu River 285
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The comparatively low mercury level of the Barataria Bay sediment

material likely reflects a small input of mercury into this waterway

from cultural activities. The other three waterways are thought to

have received considerably more mercury input from industrial and muni-

cipal waste discharges. The greater mercury levels of the Mobile Bay

and Calcasieu River sediment material relative to the Mississippi River

sediment sample may be attributed to a greater mercury retention capaci-

ty for these sediments. Both the Mobile Bay and Calcasieu River sedi-

ments exhibited a greater cation exchange capacity and clay and organic

carbon content than did the Mississippi River sediment. A higher organic

content could contribute to increased retention of mercury entering

these waterways. Also, the strongly reduced Mobile Bay and Calcasieu

River sediments contained considerable sulfide whereas sulfide was not

detected in the Mississippi River sediment material. As a consequence

of the extremely low solubility of mercuric sulfide, it is likely that

the sulfide-bearing sediments served as a much more effective sink for

mercury discharged into surface waters than the Mississippi River sedi-

ment sampled.

The influence of pH and redox potential on the chemical form and

distribution of mercury in all sediment materials was studied using radio-

tracer techniques (Appendix F). In addition, measurements of indigenous

mercury levels were attempted (Appendix G). However, in spite of the sen-

sitivity of the cold vapor atomic absorption procedure for mercury analysis,
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the quantities of mercury in the approximately 50 ml of solution avail-

able for analysis were generally too low for satisfactory analysis in the

chemical extracts studied.

No mercury analysis was attempted on the Barataria Bay sediment

suspension extracts due to the low mercury content of this sediment.

Because of the very low total mercury content of the Mississippi River

sediment, an addition of 2.4 Ug Hg/g solids was made, hopefully to in-

crease the mercury content of the various chemical extractions to meas-

urable levels.

Most of the mercury added to the Mississippi River sediment materi-

al, as well as the indigenous mercury in the Mobile Bay and Calcasieu

River materials, was partitioned in forms not susceptible to the chemi-

cal extractants used. Where low mercury levels approaching the minimum

detectable limits were recovered by the chemical fractionation procedure,

there was generally a poor correaton between the effect of pH and redox

potential on the distribution of the added mercury radioisotope and mer-

cury levels determined by atomic absorption.

More mercury was generally extracted in the DTPA fraction than was

found in the other chemical formsand the distribution of mercury in

this form was very similar to the distribution of the mercury isotope.

The improved similarity in distribution of the two forms of mercury where

greater quantities were extracted is likely due to less experimental

error associated with analysis of the higher mercury levels.
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Due to the inability of the atomic absorption technique to accu-

rately measure the low levels extracted, the following discussion on

the influence cf pH and redox potential on the chemical distribution

of mercury in these sediment materials will be based primarily on the

radiotracer techniques used.

Chemical and microbial transformations of mercury in the range of

pH-redox potential levels typically encountered in sediment-water sys-

tems may result in the formation of some elemental mercury (Hg°). Ele-

mental mercury is relatively volatile. However, significant quantities

of mercury were not volatilized during incubation of these sediment

suspensions. Quantitative recovery of the mercury initially added to

the Mississippi River sediment suspensions at the time of chemical

fractionation indicated little volatile losses of mercury. In addition,

no significant 2 0 3Hg activity was found in potassium permanganate-

sulfuric acid mercury traps connected to the incubation vessel's gas

outlet tube.

Figures 35 and 36 indicate the influence of pH and redox potential

on the recovery of added 20 3Hg in the total water-soluble and the solu-

ble organic-bound fractions, respectively,, from the Mobile Bay sediment

suspension. Figures 37 and 38 represent these same fractions from the

Mississippi River suspension, and Figures 39 and 40 indicate these re-

sults for the Calcasieu River sediment material. There is evidence

that the enhanced activity of mercury in the total water-soluble fraction
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Figure 35. The Effects of pH and Redox Potential on
Total Water-Soluble 2 03Hg in Mobile Bay Sediment
Suspensions

00

Figure 36. The Effects of pH and Redox Potential on
Soluble Organic-Bound 2 03Hg in Mobile Bay Sedi-

ment Suspensions
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Figure 38. The Effects of pH and Redox Potential on
SotlbleOra-ounde2 3Hg in Mississippi River

SedimentSupnis
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Figure 39. The Effects of 2H and Redox Potential
on Total Water-Soluble 2D3Hg in Calcasieu

River Sediment Suspensions

Figure 40. The Effects of pH and Redox Potential
on Soluble Organc-Bound 2031g in Calcaseu

River Sediment Suspensions
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under reduced acid and oxidized alkaline environments was due to the

formation of inorganic nonionic or negatively charged mercury complexes,

as indicated by Hem,5 9 or by complexation with soluble organic materials

as suggested by Lindberg and Harriss.37

In no case for any of the sediment materials was 203Hg recovery in

the total water-soluble fraction greater than 0.5 percent. Under most

pH-redox potential combinations, recovery was less than 0.1 percent.

There was little evidence for a general pH effect in any sediment ma-

terial except that slightly more mercury may have been solubilized at

pH 8.0 than at other pH levels studied in the Mississippi River and

Calcasieu River materials. However, at certain pH-redox potential com-

binations, there was an apparent enhancement of 203Hg activity in the

total water-soluble fractions relative to levels in adjacent pH-redox

potential treatments in all but the Barataria Bay material. Cenerally,

this occurred under strongly reducing conditions (-150 my) at pH 5.0

and 6.5 and in the well-oxidized treatment at pH 8.0 (as indicated for

Mobile Bay in Figure 35).

The Mississippi River results indicated slightly increased soluble mer-

curv concentrations at pH 5.0, -150 mv and considerable enhancement of 203Hg

recovery at pH 6.5, -150 mv. The activity of 203Hg was notably greater

in the pH 8.0, 500 mv water-soluble Calcasieu River material. The

greater mercury solubility under strongly reducing conditions for the

Mobile Bay material, which contains considerable total sulfide, indicates
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sulfide precipitation of mercury is not regulating mercury solubility

as would be predicted from the very low solubility of mercury sulfide.

Where dissolved mercury has been reported to exceed the solubility of

its sulfide in interstitial waters of reduced sediments, the presence

of mercury as a relatively soluble polysulfide or as a soluble mercury-

organic complex has been suggested. 37 Hem 59 suggested that under mildly

reducing conditions, mercury solubility can be reduced to extremely low

levels due to the precipitation of mercury as a sulfide. However, it

was suggested that further reduction may increase the solubility of mer-

cury somewhat by reducing the precipitated mercury to the free metal.

A noticeable increase in 20 3Hg recovery under well-oxidizing con-

ditions at pH 8.0 occurred in both the Mobile Bay and Calcasieu River

sediment materials. Hem presented a pH-redox potential diagram indicat-

ing the stability of aqueous mercury species in a simple inorganic sys-

tem containing chloride and sulfur. A redox potential of 500 mv at pH

8.0 is shown to be more within the indicated stability field for the

uncharged mercuric hydroxide [Hg(OH)O] species than any other pH-redox

potential included in this study. This compound was reported to be a

relatively soluble form of mercury.

However, Hem acknowledges the limitations of theoretical evaluations

for describing the important factors regulating mercury solubility in

natural systems, especially regarding the exclusion of organic complexes

in such models. Thus the apparent increased solubility of mercury in a

105



strongly reduced environment and in a well-oxidized sediment suspension

at pH 8.0 is poorly understood, but may be due to the formation of rela-

tively soluble complexes with sulfur or organics oras a hydroxide under

alkaline conditions.

The influence of p11 and redox potential on exchangeable mercury was

very similar to that found for the total water-soluble fraction (Figures

41, 42, and 43). There was an apparent pH-related increase in exchange-

able mercury only in the Mississippi River sediment material at pH 8.0,

,,"o ,.,

Figure 41. The Effects uf pH and Redox Potential on
Exchangeable 2 03Hg in Mobile Bay Sediment

I Suspensions
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Figure 42. The Effects of pH and Redox Potential on
Exchangeable 203Hg in Mississippi River Sediment
Suspensions
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Figure 43. The Effects of pH and Redox Potential on
Exchangeable 203Hg in Calcasieu River Sediment
Suspensions
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which may be due to an interaction between certain sediment chemical

properties regulating mercury availability. An increase in pH tends

to increase the pH-dependent cation exchange capacity of organic matter

and clay minerals, particularly the 2:1 type clay minerals, which pre-

dominated in this sediment material. Also, the smaller quantity of or-

ganic matter in the Mississippi River sediment material may have complexed

less mercury in a chelated form, resulting in more mercury being found

in this more mobile form. The increased level of mercury in the ex-

changeable form at the same pH-redox potential combinations found to

enhance soluble mercury results in approximately twice as much mercury

being present in readily bioavailable forms as would be found from a

measure of soluble mercury alone.

Oxalate-extractable (reducible) mercury recovered from these sedi-

ment materials is indicated in Figures 44, 45, and 46. There were no

important influences of pH noted in this rraction. At pH 5.0 and 6.5,

recovery of mercury in this fraction at -150 mv was greater than at 50

mv in all sediment materials studied. Though the magnitude of this dif-

ference was small, this greater recovery at -150 mv than at 50 mv may be

related to the generally larger recovery of poorly crystalline (oxalate-

extractable) iron under strongly reduced conditions.

At each pH level, reducible mercury recovered was usually greatest

at the highest redox potential. This suggests a relationship between

mercury and the hydrous manganese oxides extracted in this fraction.
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Figure 44. The Effects of pH and Redox Potential on

Reducible 20 3Hg in Mobile Bay Sediment Suspensions

Figure 45. The Effects of pH and Redox Potential on
Reducible 203Hg in Mississippi River Sediment

Suspens ions
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Figure 46. The Effects of pH and Redox Potential on
Reducible 20 3Hg in Calcasieu River Sediment
Suspensions

A sodium dithionite-sodium citrate extraction of the Barataria Bay

sediment material resulted in approximately a 10-fold increase (1 to 5

percent recovery of added 20 3Hg) in mercury extracted over the oxalate

extraction. This reagent is believed to solubilize elements associated

with better crystalline hydrous oxides. As found with the oxalate ex-

traction in the Barataria Bay sediment suspension, there was little in-

fluence of pH and redox potential on this form of mercury.

Figures 47, 48, and 49 indicate the influence of pH and redox po-

tential on the recovery of added 20 3Hg by a DTPA extraction of the Mobile

Bay, Mississippi River, and Calcasieu River sediment suspensions re-

spectively. The mercury recovery by this reagent was generally greater
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Figure 48. The Effects of pH and Redox Potential on
DTPA-Extractable 203Hg in MibisissippieRiet
SeitSuspensions
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Figure 49. The Effects of pH and Redox Potential
on DTPA-Extractable 20 3Hg in Calcasieu River
Sediment Suspensions

than for all other chemical forms studied and was within the range of

accurate determination by the cold vapor atomic absorption technique.

As a consequence, there was generally good agreement between the influ-

ence of pH and redox potential on the distribution of DTPA-extractable

mercury using atomic absorption and radiotracer methods.

The greater recovery of mercury in this fraction indicates that

complexation of mercury with organics is an important regulatory factor

for mercury in sediments.

There was no apparent effect of pH on DTPA-extractable mercury, and

no consistent influence of redox potential found on this form of mer-

cury in the Mississippi River sediment material. However, in the Mobile

Bay and Calcasieu River sediment suspensions, which contained considerably
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more organic matter, DTPA-extractable mercury increased with an in-

crease in redox potential. This may reflect a weakening of the bond

between naturally occurring organics and mercury as the organic material

is subjected to an oxidizing environment. A decrease in mercury-organic

complex stability as a reduced sediment is oxidized has been suggested

elsewhere.
60

Figures 50 and 51 indicate the influence of redox potential on the

distribution of 2 0 3Hg within the chemical forms studied for the Mississippi

River and Mobile Bay sediment suspensions incubated at pH 6.5 and 8.0,

respectively. The influence of pH and redox potential on mercury in

these fractions has been discussed above; however, this figure indicates

the relative quantities of 20 3Hg associated with each fraction and the

proportion unrecovered by the sequential chemical fractionation proce-

dure employed. Unlike iron and manganese, of which a considerable pro-

portion of the total levels were recovered in the readily bioavailable

forms (soluble and exchangeable) under acid reduced conditions, less

than 0.5 to 1 percent of the added 2 0 3Hg was retained in readily bio-

available forms. Under aerobic conditions, reducible 2 0 3Hg generally

accounted for less than 5 percent of the total recovery, whereas well

over half of the iron, manganese, copper, and zinc was associated with

the reducible fraction at a high redox potential. The greatest recovery

of added 2 03Hg occurred in the DTPA-extractable fraction, which indicates

the strong association of mercury with organics. The total 203Hg
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Figure 50. The Effects of Redox Potential on the Distribution of
203Hg Among Selected Chemical Forms in Mississippi River
Sediment Suspensions Incubated at pH 6.5
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recovered by the sequential chemical fractionation procedure accounts for

only 10 to 20 percent of the 20 3Hg added. The data indicate that most

of the mercury associated with reduced as well as oxidized sediments is

associated in forms which are relatively immune to moderate chemical

attack.

Though slight increases of soluble and exchangeable mercury may

occur in strongly reduced, acid, and well-oxidized alkaline environ-

rents, the proportion of the total mercury transformed to these readily

bioavailable forms by pH-redox potential changes is a very small part of

the total mercury pool.

Lead

The total lead content of the sediment materials studied ranged

from 36 to 53 g/g (Table 14).

Table 14

Total Sediment Lead Content

Sediment Material Total Lead

pg Pb/g solids

Barataria Bay 37

Mobile Bay 36

Mississippi River 44

Calcasieu River 53
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In this study, the influence of pH and redox potential on the lev-

els of lead in selected chemical forms was studied using radiotracer

and atomic absorption techniques. The Mobile Bay and Calcasieu River

sediment suspensions were incubated with 210pb. Indigenous levels of

soluble and exchangeable lead were measured in all sediment materials

using the heated graphite atomic absorption technique. Sufficient lead

was generally found in the remaining chemical forms studied to measure

by conventional flame atomic absorption.

The added isotope of 2 10Pb was so strongly complexed with the solid

phase that it was difficult to assess the influence of pH and redox po-

tential on soluble lead in these sediment materials. No clear trends

with either parameter were apparent from the radiotracer or atomic ab-

sorption data. In strongly reduced sediments containing sulfide, the

activity of 2 10Pb and the analytically determined soluble lead levels

were usually, but not always, lower than at the next higher oxidation

level. Lead sulfide complex formation may be contributing to the de-

pressed solubility of lead in strongly reduced sediments. However, the

soluble lead measured from the strongly reduced suspensions was greater

than expected, based on the low solubility of lead sulfide.

That lead solubility is enhanced by the formation of soluble lead-

organic complexes has been reported by a number of investigators.16,61,62

In this study there was some indication that the soluble 210pb was

in a noncationic form in the Mobile Bay material incubated at pH 8.0
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and in the Calcasieu River material incubated at pH 6.5. However, solu-

ble 21 0Pb recovery in all samples was too low to make definitive con-

clusiens regarding the ionic nature of this lead.

Considerably more 210Pb was found in the exchangeable form than in

the soluble form, and both pH and redox potential influenced exchange-

able 2 1oPb activity (Figures 52 and 53). The activity of 21 0Pb decreased

with increasing pH, ranging from a few percent of that added in the

210b
Mobile Bay suspension incubated at pH 5.0 to essentially no Pb re-

covery at pH 8.0. The Calcasieu River material, though similar in cation

exchange capacity, released two or more times the 21 0Pb activity in the

exchangeable form as did the Mobile Bay material at similar pH levels.

Though several factors could contribute to reduced levels of exchange-

able lead as pH is increased above 5.0, thermodynamic equilibrium data

of simple aqueous systems suggest that the formation of the sparingly

soluble lead carbonate may occur as pH is increased. At all pH levels

studied, where appreciable 2 10Pb was recovered, maximum recovery gener-

ally occurred in the moderately reduced treatment (50 my) with less ac-

tivity found in the more reduced and more oxidizing treatments. This

was generally the case with lead measured by flameless atomic absorp-

tion. The often low levels determined at -150 mv may be associated with

the formation of insoluble lead sulfide. The decrease in lead usually

found in the two oxidized treatments may be attributed to the well-known

scavenging effect of colloidal ferromanganese oxides for lead in an

oxidized environment.
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A large proportion of the added 2 10Pb was recovered in the reduci-

ble fraction, indicating that much of the chemically active lead in

sediment-water systems is associated with hydrous oxides (Figures 54

and 55). There was little effect of pH on reducible lead, but the quan-

tity of lead in this form was strongly influenced by redox potential

as indicated by isotope activity and flame atomic absorption data (Ap-

pendix I). The recovery of 210pb at all pH levels in the Mobile Bay

material ranged from around 25 to 30 percent under a strongly reducing

environment to around 50 percent from the well-oxidized suspensions. In-

digenous lead in this chemical form ranged from levels undetectable by flame

atomic absorption (2 ug/g) in strongly reduced suspensions to just over

i og Pb/g solids at 500 mv (Appendix I). Where reducible lead was de-

tected, redox potential was found to exert a similar influence in the

remaining sediment suspensions studied.

Several reports indicate that lead may associate with the hydrous

oxide phase.1 0'6 3  A reduction in soluble lead in dredged suspensions

in Mobile Bay has also been attributed to the scavenging property of

freshly precipitated ferric compounds as a reduced sediment was dis-

persed in oxygenated water.64 A slight reduction in soluble lead in a

dredge discharge supernatant in the Calcasieu River, Louisiana, relative

to nearby surface waters may also be due to the adsorption of leaJ by

freshly formed colloidal hydrous oxides.

Lead is reported to form very stable complexes with both synthetic
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organic chelates and with natural soil-derived organics.2 9.6 5 and the

stability of the lead-soil-organic complex is pH dependent. 6 6 This study

also indicated that complex formation with organics is an important mech-

anism regulating the availability of lead. The influence of pH and redox

potential on the 2 10Pb activity recovered in the DTPA-extractable fraction

of the Mobile Bay and Calcasieu River sediment suspensions is indicated

in Figures 56 and 57, respectively. Indigenous lead measured by flame

atomic abosrption followed very similar patterns (Appendix I). Little

influence of pH was apparent on this form of lead. Strongly reduced (-150

my) sediment suspensions released less 2 10Pb and indigenous lead to the

DTPA extractant than better oxidized suspensions. This indicates that

the lead-organic complex may be more stable under a strongly reduced en-

vironment. This was supported by the finding that where a hydrogen per-

oxide digestion was included (insoluble organic bound), the quantity of

indigenous lead released was always greatest from the strongly reduced

treatments and decreased with increasing redox potential (Appendix I).

Figure 58 indicates the effect of redox potential on the distribu-

tion of 210Pb in the Mobile Bay sediment material incubated at pH 6.5.

Essentially none was recovered in the total water-soluble fraction. The

exchangeable 21Pb activity accounted for only a few tenths of one per-

cent of that added at pH 6.5 (recall that at pH 5.0, the recovery of 210pb

in the exchangeable form was 3 to 5 percent). More lead was associated

with the reducible phase than with any other fraction in this sediment
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material. The increase in reducible lead with redox potential was found

in the Mobile Bay and Calcasipu River sediment suspensions at all pH

levels.

As pre.riously suggested, an increase in redox potential may reduce

the stability of lead-organic complexes. The increase in DTPA-extract-

able lead as redox potential is increased from -150 to 50 mv may result

from a reduced lead-natural chelate stability as redox potential in-

creases. Further increases in DTPA-extractable 210pb with stepwise in-

creases in redox potential were not apparent and likely reflect both a

weakening of the lead-organic bonds and the competition of hydrous oxides

for lead in an oxidized environment.

Figure 59 shows the effect of redox potential on the distribution

of indigenous lead among the chemical fractions containing substantial

portions of the total lead in the Calcasieu River sediment material in-

cubated at pH 6.5. As indicated from 210pb data, reducible lead was

found to increase with each stepwise increase in redox potential. There

was an apparent inverse relationship between DTPA extractable and hydro-

gen peroxide-digestible (insoluble organic bound curve) lead. This sug-

gested that digestion with hydrogen peroxide dissolved the fraction of lead

more strongly incorporated into insoluble organic material which the

DTPA extractant was unable to extract.

Though some of the lead released from one form by a chemical ex-

tractant may be retained by another regulatory process prior to extraction,
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it is apparent from the sum of the lead found associated with hydrous

oxides and insoluble organics under oxidizing conditions that up to 75

percent of the total lead in this sediment may be subject to chemical

transformations affecting its availability.

Cadmium

The total cadmium content of the sediment materials studied is in-

dicated in Table 15. The sediment materials studied contained approxi-

mately the same total cadmium content.

Table 15

Total Sediment Cadmium Content

Sediment Material Total Cadmium

ug Cd/g solids

Barataria Bay 4.1

Mobile Bay 3.4

Mississippi River 4.7

Calcasieu River 3.2

The influence of pH and redox potential on the distribution of

cadmium among selected chemical forms was studied by determining the

gamma activity of added 10 9Cd in the various chemical extracts as well

as by quantitative measurements of indigenous cadmium by flame and

flameless atomic absorption. The Barataria Bay and Mississippi River
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sediment suspensions were incubated with 109Cd. Soluble and exchange-

able cadmium were determined for all four sediment materials by flame-

less atomic absorption using the heated graphite furnace technique.

Conventional flame atomic absorption, which is a relatively sensitive

analytical tool for cadmium, was used for the remaining chemical frac-

tions since more cadmium was removed by the harsher chemical extractants

used to determine cadmium in the less readily bioavailable forms.

The chemistry of pH and redox potential regulation of soluble cad-

mium levels in natural surface waters and sediments is not found in the

literature. This is due to the variability in types and quantities of

components comprising natural systems and the unknown interactions of

these components in complexing with trace metals. However, pH-redox

potential diagrams from thermodynamic calculations have been developed

for cadmium in simple aqueous systems. Such models include typical lev-

els of a few predominant inorganic ligands known to complex with metals

and are useful in understanding the nature of control of metal solubili-

ty. In many cases these stability diagrams may be applicable to natural

systems. Hem 54 has constructed a pH-redox potential diagram for pre-

dominant solid and dissolved cadmium species for an inorganic aqueous

system containing sulfur and carbon dioxide. Cadmium carbonate forma-

tion is thought to be important in regulating cadmium solubility. Sta-

bility fields for cadmium species in pH-redox potential diagrams indicate

that cadmium carbonate precipitation may be limiting cadmium solubility
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as pH increases from near-neutral levels to around pH 8.0.54967 Where

considerable chloride is present, a soluble chloride or chloride-

hydroxide complex may form, which competes with the formation of an

insoluble cadmium-ligand complex. These soluble compounds may, in some

cases, enhance cadmium solubility in the presence of carbon dioxide.

With the exception of sulfide precipitation, little is known about

the possible mechanisms regulating cadmium solubility as the oxidation

status of a sediment-water system is changed. Where a change in redox

potential crosses the stability boundary for sulfide, cadmium solubility

may be associated with the resultant formation or destruction of the

cadmium sulfide complex. However, there is little information available

on the solid phases influencing cadmium solubility as redox potential is

increased outside the stability field for cadmium sulfide.

Figures 60 and 61 indicate the influence of pH and redox potential

on the 109Cd recovered in the water-soluble fraction for the Barataria

Bay and Mississippi River sediment suspensions, respectively. Figures

62 and 63 indicate the cadmium measured by flameless atomic absorptiol

in these suspension extracts. There was generally less experimental

error associated with the radiotracer technique as indicated by a smell-

er standard deviation about the mean of duplicate determinations (Ap-

pendixes J and K). However, the responses of both forms of cadmium to

changes in pH and redox potential were found to be similar. There is

a general pH effect on water-soluble cadmium resulting in less dissolved
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Figure 60. The Effects of pH and Redox Potential

on Total Water-Soluble 109Cd in Barataria Bay
Sediment Suspensions.
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Figure 61. The Effects of pH- and Redox Foteritial

on Total Water-Soluble 10 Cd in Mississippi
River Sediment Suspensions.
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Figure 62. The Effects of pH and Redox Poten-
tial on Total Water-Soluble Cadmium in
Barataria Bay Sediment Suspensions Measured
by Flameless Atomic Absorption
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Figure 63. The Effects of pH and Redox Poten-
tial on Total Water-Soluble Cadmium in
Mississippi River Sediment Suspensions
Measured by Flameless Atomic Absorption
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cadmium as pH is increased from 5.0 to 8.0. This pH effect is espe-

cially apparent in the oxidized treatment and is likely due to cadmium

carbonate formation. The formation of uncharged soluble organic or in-

organic cadmium complexes apparently had little influence on cadmium

solubility. Essentially all of the total water-soluble 109Cd was re-

tained by a cation exchange resin in these twn sediment materials.

There was a marked increase in soluble cadmium concentrations from re-

duced to oxidized treatments over the entire redox potential range studied

at pH 5.0 for both of these sediments. There was no apparent influence

of redox potential on the low cadmium levels found at pH 8.0 in either

sediment material.

The low recovery of soluble 1 09 Cd from the -150-mv treatment fits

the expected pattern of sulfide precipitation in reduced sediments.

This may be the case for the Barataria Bay suspensions incubated at pH

5.0 and 6.5. However, no total sulfide was detected in the reduced

Mississippi River suspension at any pH level. Either undetectable lev-

els of sulfide were present in this system, or another mechanism limit-

ing cadmium solubility was active under strongly reduced conditions.

The data seem to suggest that cadmium adsorption to a solid phase other

than sulfide is involved. While there was generally a reduction in

water-soluble 1 0 9Cd and indigenous cadmium associated with a decrease

in redox potential, the levels began to decrease before the redox poten-

tial stability boundary for sulfide was encountered. Also, where sulfide
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was detected, soluble cadmium levels measured by atomic absorption did

not decrease appreciably as the redox potential was lowered across the

sulfide stability boundary. Considerably more water-soluble cadmium was

found in the Mobile Bay and Calcasieu River suspensions incubated at pH

6.5 and 8.0 (Figures 64 and 65). Though no influence of redox potential

was found for soluble cadmium in the Calcasieu River suspension, possi-

bly due to the large experimental variation between duplicate samples,

a general increase in soluble cadmium was associated with an increase

in the degree of oxidation in the Mobile Bay suspensions at all pH levels.

The greater quantity of soluble cadmium from the Mobile Bay and

Calcasieu River sediment materials may be due, in part, to an equilibri-

um with a larger exchangeable cadmium pool. These two sediment materials

were found to have both a greater cation exchange capacity and a greater

quantity of exchangeable cadmium at pH 6.5 and 8.0 than the Barataria

Bay and Mississippi River sediment materials. There are numerous studies

indicating that cation exchange in soils and sediments is an important

factor in retaining cadmium and possibly regulating its solubility. 62,67,68

Price 67 has shown a definite correlation betwe,,i the soluble and exchange-

able forms of cadmium.

Figures 66 and 67 indicate the influence of pH and redox poteuLtial

on the 10 9Cd activity in the exchangeable form in the Barataria Bay and

Mississippi River sediment suspensions. Comparison of these figures with

the exchangeable cadmium determined by atomic absorption (Appendix K)
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Figure 64. The Effects of nH and Redox Poten-
tial on Total Water-Soluble Cadmium in
Mobile Bay Sediment Suspensions
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Figure 65. The Effe,-s of pH and Redox Poten-
tial on Total Water-Soluble Cadmium in
Calcasieu River Sediment Suspensions
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Figure 66. The Effects of pH and Redox Poten-tial on Exchangeable 109 Cd in Barataria Bay

Sediment Suspensions
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Figure 67. The Effects of pH and Redox Poten-
tial on Exchangeable 

109Cd in Mississippi

River Sediment Suspensions
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indicates that the response trends obtained by both techniques are

somewhat similar. The relatively low recovery of 10 9Cd (=14 percent)

from the Barataria Bay suspension incubated at pH 5.0. 450 my, was due

to the large proportion of added 10 9Cd (73 percent) recovered in the

preceding water-soluble extraction. The reason for the large discrep-

ancy between soluble and exchangeable 1 0 9Cd activity and measured in-

digenous cadmium as the redox potential increased from 200 to 450 mv in

this pH treatment was not apparent.

The greatest recovery of exchangeable 10 9Cd from the Barataria Bay

and Mississippi River suspensions was 39 and 57 percent, respectively,

at pH 5.0 and about 10 and 20 percent, respectively, at pH 6.5. When

this is included with that cadmium recovered in the soluble fraction,

it is apparent that, relative to other trace metals such as mercury, a

considerable portion of the total sediment cadmium may be present in

the most readily bioavailable forms, depending on pH and the degree of

oxidation. This rather striking effect of both pH and redox potential

suggests considerable cadmium release to relatively mobile forms may

occur as a cadmium-contaminated sediment is transported from a near-

neutral pH, reducing environment to a moderately acid, oxidizing environ-

ment. Most open-water disposal methods probably result in minimal oxi-

dation of the bulk dredged solids during the relatively short transit

times in an oxidized water column. However, substantial reductions in

the pH of noncalcareous materials and increases in oxidation intensity

may occur in some cases where upland disposal results in gradual drainage

and subsequent oxidation of dredged materials. Under these conditions,
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cadmium levels of subsurface drainage water may be increased, and cadmium

availability to plants growing on the material may be enhanced.

The adsorption of trace metals such as cadmium by hydrous oxides

of iron and manganese is reported to be an important factor in regulat-

ing the dissolved levels of metals in sediment-water systems. However,

in the sediment materials studied, relatively large quantities of rela-

tively mobile soluble and exchangeable cadmium were often found at pH-

redox potential combinations which favored the formation of hydrous oxides.

Reducible 10 9Cd showed little response to pH or redox potential in the

Barataria Bay and Mississippi River sediment suspensions. Cadmium meas-

ured by flame atomic absorption was somewhat erratic, but also showed no

response to pH and redox potential. There was also little relation be-

tween the indigenous ca:mium and the iron and manganese extracted with

the oxalate reagent. Indeed, the isotope data indicated a negative cor-

relation between oxalate-extractable cadmium and the poorly crystalline

hydrous oxides reported to be solubilized by this chemical reducing

agent. Thus, in this study, there was little evidence indicating cad-

mium adsorption to hydrous oxides as an important factor in limiting its

chemical availability.

The influence of pH and redox potential on the DTPA- and hydrogen

peroxide-extractable 1 0 9Cd from the Mississippi River sediment suspen-

sion is shown in Figures 68 and 69. Where DTPA extractions were made in

the remaining sediment materials and cadmium was determined by atomic

absorption, the response to changes in redox potential was generally

similar.
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Figure 68. The Effects of pH and Redox Poten-
tial on DTPA-Extractable 109Cd in Mississippi

River Sediment Suspensions

Figure 69. The Effects of pH and Redox Poten-

tial on Insoluble Organic-Bound 109Cd in
Mississippi River Sediment Suspensions
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Assuming the DTPA-extractable cadmium represents a portion of that

cadmium complexed with organics in the solid phase, the increase in ex-

tractable 10 9 Cd with increasing redox potential indicates a weakening

of the cadmium-organic complex as a sediment-water system becomes better

oxidized. This may contribute to the increased levels of readily bio-

available cadmium found as redox potential increased, which was discussed

above. Also apparent is that the cadmium present in the residual solid

organic phase decreases with an increase in redox potential, again sug-

gesting that the cadmium-organo complex is more stable in reducing en-

viroments (Figure 69). This process may be responsible for the low

solubility of cadmium in a strongly reduced environment, particularly

where no sulfide was detected. The slower and less complete degradation

of organic matter under reducing conditions may be contributing to these

observations.

Figure 70 indicates the influence of redox potential on the dis-

tribution of 10 9 Cd in the Mississippi River sediment suspension incubated

at pH 6.5. Relative to other metals discussed, a large proportion of the

potentially chemically active cadmium may be recovered in the readily

bioavailable water-soluble and exchangeable forms$ particularly as pH is

lowered (recall previous discussion). The comparatively easy release of

sediment-bound cadmium may be due, in part, to a weaker bonding of this

element with the solid phase than for other metals studied. There was

little relationship between redox potential and that cadmium supposedly

extracted from hydrous oxides. Also, it has been reported that cadmium
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Figure 70. The Effects of Redox Potential on the Distribution
of 109Cd Among Selected Chemical Forms in Mississippi River
Sediment Suspensions Incubated at pH 6.5
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forms less stable complexes with organics than many other metals.
54

Nitrogen

Both pH and redox potential were found to influence the levels of

soluble and exchangeable ammonium-nitrogen in all sediment materials

studied. However, the means of duplicate samples and the general response

trends of ammonium-nitrogen levels to incremental changes in pH and redox

potential were considerably more variable than for other metals and nu-

trients studied. Possible contributing factors to the variable response

to pH and redox potential include the continuous production of ammonium

during incubation by mineralization of organic nitrogen, and the possible

irreversible loss of ammonium from reduced sediments by nitrification

during the air pumping cycle used to control suspension redox potential.

The results for the incubated Barataria Bay and Calcasieu River ma-

terials best summarized the overall influence of pH and redox potential

on ammonium-nitrogen for these incubated suspensions. Ammonium data for

the remaining sediment materials is given in Appendix L. Total water-

soluble ammonium generally decreased with an increase in pH, especially

as the pH increased from 6.5 to 8.0 (Figures 71 and 72). Volatilization

of ammonia from the suspensions incubated at pH 8.0 and 300C may have

contributed to the observed pH effects.

There was also a general reduction in soluble and exchangeable

ammonium-nitrogen as redox potential increased. Oxidation of the ammo-

nium to nitrite and subsequently to nitrate by aerobic chemoautotrophic

bacteria was thought to be the primary process accounting for the redox

potential effect.
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Figure 71. The Effects of pH and Redox Potential on
Total Water-Soluble Ammonium-Nitrogen in Barataria
Bay Sediment Suspensions
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Figure 72. The Effects of pH and Redox Potential on

Total Water-Soluble Armmonium-Nitrogen in Calcasieu

River Sediment Suspensions
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The exchangeable ammonium content of these sediment suspensions

responded similarly to changes in pH and redox potential (Figures 73

and 74). Approximately the same quantities of ammonium-nitrogen were

recovered in this form.

From these figures, it is apparent that a substantial decrease in

readily bioavailable ammonium-nitrogen may occur as a strongly reduced

sediment becomes well oxidized. However, it is likely that much of the

ammonium-nitrogen lost as a result of oxidation was transformed to the

equally bioavailable nitrate form. The ultimate fate of the sediment-

derived inorganic nitrogen is complicated. Some ammonium-nitrogen as-

sociated with a reduced sediment may be released to surface waters as a

sediment is disturbed. This released ammonium-nitrogen may be utilized

by aquatic organisms, readsorbed by cation exchange mechanisms, or trans-

formed to nitrate. Nitrate may also enhance the trophic status of re-

ceiving surface waters or may, under certain conditions, move into reduced

sediments and be removed from the sediment-water system by denitrification.

Phosphorus

The data for water-soluble and exchangeable phosphorus is given in

Appendix M for the four sediment materials studied. The following general

observations may be made from these data:

a. An increase in redox potential from -150 mv to +50 my significant-

ly reduced the concentration of phosphorus in both the water-soluble and

exchangeable fractions at pH 6.5 and 8.0. Further increases in redox

potential from 50 to 500 mv had no noticeable effect on water-soluble

or exchangeable phosphorus in these two pH treatments. At pH 5.0, a
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Figure 73. The Effects of pH and Redox Potential
on Exchangeable Anmonium-Nitrogen in Barataria
Bay Sediment Suspensions
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Figure 74. The Effects of pH and Redox Potential
on Exchangeable Ammonium-Nitrogen in Calcasieu
River Sediment Suspensions
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reduction in soluble and exchangeable phosphorus was not apparent until

the redox potential increased beyond the 50-mv level.

b. The effect of pH on the solubility of phosphorus was variable

depending on the oxidation-reduction conditions. For example, under very

reduced conditions (-150 my), the concentration of water-soluble phos-

phorus increased greatly as pH increased from 5.0 to 6.5. An increase

in pH from 6.5 to 8.0 did not change phosphorus concentrations to any

significant level except in the Mississippi River sediment suspensions.

where an increase in suspension pH from 6.5 to 8.0 resulted in a 40-

percent increase in phosphorus levels. The effect of pH at 50-mv redox

potential was very small or nonexistent. In the more oxidized suspen-

sions (250 mv and 500 my), an increase in pH from 5.0 to 8.0 was accom-

panied by a substantial increase in water-soluble phosphorus.

c. The effect of pH on the exchangeable phosphorus was very simi-

lar to that of the water-soluble fraction discussed above.

d. Generally more phosphorus was present in the exchangeable frac-

tion than in the water-soluble fraction, especially under low pH and more

reduced conditions.

The influence of pH and redox potential was similar for the dif-

ferent sediment materials; thus the results from the Mobile Bay sediment

suspension will be used to represent the response of water-soluble and

exchangeable phosphorus to pH and redox potential (Table 16).

The solubility of phosphorus in acid sediments is known to be In-

fluenced largely by the reduction of ferric iron to ferrous iron, which

combines with phosphate to form ferrous phosphate. This results In more
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Table 16

Water-Soluble Plus Exchangeable Phosphorus (ig/g)
in Mobile Bay Sediment Suspensions

Redox Potential pH
mv 5.0 6.5 8.F

-150 27.1 95.5 91.1

+50 28.2 15.9 35.4

+250 18.1 17.0 29.8

+500 7.1 16.5 32.2

phosphorus on the exchange complex and in solution. Oxidation of ferrous

iron to ferric iron will reduce soluble phosphorus concentraclons. In

this study, the water-soluble and exchangeable phosphorus levels are

strongly influenced by iron concentrations in these fractions (See Appen-

dix B for iron data). A decrease in water-soluble and exchangeable iron

is accompanied by a reduction in phosphorus levels as the redox potential

is increased from -150 mv to 500 my.

Higher concentrations of water-soluble plus exchangeable phosphorus

were measured in suspensions incubated at 50-, 250-, and 500-mv redox

potentials at pH 8.0, compared to pH 5.0 and 6.5 (Table 16). At pH 8.0,

the solubility of phosphorus is governed by the solubility of calcium

phosphate compounds. It is very likely that under moderately reduced

and oxidized conditions, calcium phosphate is more available than iron

phosphates. This may explain greater phosphorus concentrations at pH
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8.0 than at pH 5.0 under these conditions. However, this study was not

designed to compare relative solubility of various phosphorus compounds.

and the discussion will be limited to simple comparisons.

To summarize, more phosphorus was present in solution and in the

exchangeable form under reduced conditions than under oxidized conditions.

This effect was observed at pH 5.0, 6.5, and 8.0. A strong positive re-

lationship between iron and phosphorus was observed in the present study,

confirming the literature reports that phosphorus solubility is strongly

influenced by iron compounds. The concentration of phosphorus in the

easily available water-soluble and exchangeable fractions was strongly

influenced by suspension pH. In moderately reduced and oxidized environ-

ments at pH 8.0, the phosphorus levels in the various sediment materials

seemed to be controlled by calcium phosphate solubility.

Influence of pH and Redox Potential on the

Adsorption/Desorption Behavior of Zinc, Mercury,

Cadmium, and Lead in Sediment Suspensions

After the initial fractionation, incremental additions of soluble

mercury, zinc, cadmium, and lead were made to the remaining suspensions

incubated at different pH and redox potential levels. Twenty-four hours

after each addition, the amount of these metals remaining in the equilib-

rium solution (water-soluble) was determined. The residual solid material

remaining from the water-soluble extraction was extracted with 1 N sodium

acetate adjusted to the pH of the incubated suspensions to determine ex-

changeable levels of the added metals. Zinc and mercury sorption studies
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were carried out on Barataria Bay, Mississippi River, and Mobile Bay

sediment suspensiors. Sorption behavior o cadmium was investigated

in the Barataria Bay and Mississippi River sediment suspensions. Ad-

sorption behavior of incremental additions of lead was investigated in

Mobile Bay sediment suspensions incubated at different pH and redox po-

tential levels. The results of this study are discussed in the order of

zinc, mercury, cadmium, end lea6.

Zinc

In the Barataria Bay sediment suspensions, the amount of zinc re-

main.Lng in the equilibriam solution was strongly affected by both redox

potential and pH (Table Ni). In the most reduced treatment (-150 mv),

a negligible amount of zinc was recovered in the water-soluble fraction.

This means that essentially all of zinc added at pH 5.0, 6.5. and 8.0

was retdined by the solid material when the suspensions were strongly

reduced. At pH 5.0 and 6.5, the recovary of soluble zinc increased with

an increase in the intensity of oxidation. Generally, it.ore zinc was Le-

covered at pH 5.0 compared to pH 6.5. Although detectable levels of

zinc werr recovered only at the highest levels of zinc added at pH 8.0,

the effect of redox potential on the concentration of zinc in solution

was different than found at pH 5.0 and 6.5. More zinc was present in

solution at -150- and 0-mv redox potentials than at ,-200- and +450-mv

redox potentials. The absence of sulfide in the strongly reduced sedi-

ment at pl. 8.0 may have contributed to the increased soluble Zikc at

-150 mv in t1'c uH tre~tvnt.
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These results indicate that the maximum adsorption or precipitation

of added zinc occurred at pH 8.0 at all levels of redox potentials

studied. The amount of zinc retained by the sediments decreased with

decreasing pH. At lower pH values, strongly reduced treatments (-150 mv)

retained more zinc than weakly reduced and well-oxidized treatments, pos-

sibly due to zinc sulfide precipitation.

Exchangeable zi-. Increased with larger incremental additions at

pH 5.0 and 6.5. Recovery of exchangeable zinc increased with increased

redox potential, which means that a greater proportion of the adsorbed

zinc was more loosely bound under oxidized conditions at pH 5.0 and 6.5.

No detectable zinc was recovered at pH 8.0 under reduced or oxidized con-

ditions, except at the highest incremental addition (400 iig zinc/g) where

a maximum of 1.75 percent of the adsorbed zinc was recovered at -150 mv.

Although a decrease in exchangeable zinc with increasing redox potential

was noticed at pH 8.0, lower pH values combined with oxidized conditions

generally favored greater recovery of the freshly adsorbed zinc.

In Mobile Bay sediment suspensions, zinc retention was favored by

increasing pH and decreasing redox potential (Figure 75), as was found

for Barataria Bay sediment suspensions. However, differences in the

amount of zinc adsorbed at +50, +250, and +500 mv incubated at pH 5.0

and 6.5 were not as apparent 'or the Mobile Bay suspensions, especially

at high levels of zinc added. Recovery of the zinc initially retained

by sediment solids in the exchangeable form decreased significantly with

an increase in sediment pH (Table N2). This effect was noticed at all

redox potential levels studied. Considerably less exchangeable zinc was
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found at -150 mv, as compared to +50, +250, and +500 my in suspensions

incubated at pH 5.0 and 6.5. The differences between the +50-, +250-,

and +500-mv treatments were more pronounced at lower levels of zinc added

at pH 5.0 and 6.5. At levels greater than 105 ug/g zinc added, compara-

tive amounts of exchangeable zinc were recovered in these treatments°

At pH 8.0 exchangeable zinc levels were negligible.

The effect of pH on the amount of zinc remaining in solution in the

Mississippi River sediment suspensions follows the same general trend

of pH 5.0 > pH 6.5 > pH 8.0 (Figure 76). At the highest level of zinc

added (500 ug zinc/g), about 45 percent of the total zinc was recovered

in the equilibrium solution at pH 5.0 at all oxidation levels. At pH

6.5, recovery of the added zinc ranged from 2.36 to 11.27 percent. The

concentration of zinc in solution at pH 8.0 was around 0.1 percent.

Generally, a strongly reduced suspension did not decrease soluble zinc

as much as found in the other sediment materials. The lack of measur-

able sulfide in these strongly reduced suspensions may account for in-

creased zinc solubility.

Recovery of the freshly adsorbed zinc in the exchangeable form in-

creased greatly as pH dropped from 8.0 to 6.5 and 5.0 (Figure 76). The

effect of various redox potential treatments on exchangeable zinc was

not similar at different pH levels maintained. For example, at higher

levels of zinc added at pH 8.0, more zinc was recovered under reduced

conditions than under oxidized conditions. At lower concentrations, es-

sentially no exchangeable zinc was found. In contrast, at pH 5.0 and
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6.5. the effect of a strongly reduced environment (-150 mv) in decreasing

exchangeable zinc levels was noticeable up to 260 pg/g zinc added. Again.

it should be recalled that no sulfide was detected in the sLrongly re-

duced Mississippi River sediment suspensions.

Some of the important results presented above may be summarized as

follows:

a. The adsorption-precipitation pattern of increasingly larger ad-

ditions of zinc to Barataria Bay, Mobile Bay, and Mississippi River sedi-

ment suspensions followed a general trend of pH 5.0 < p11 6.5 << pH 8.0.

Essentially all of the zinc added at pH 8.0 was adsorbed by sediment solids

as little to no water-soluble zinc was detected.

b. The effect of redox potential on zinc adsorption by Barataria

Bay and Mobile Bay sediment suspensions incubated.at pH 5.0 and 6.5 was

generally in the order of -150 my >> +50 my > +250 mv > +500 my. There

was little difference in the magnitude of zinc adsorbed between various

redox potential treatments by Mississippi River sediment suspensions.

although slightly more zinc was retained under strongly reduced conditions.

c. The sediment materials used in this study differ in their capacity

to retain added zinc.

d. The freshly adsorbed zinc recovered in the exchangeable form in-

creased with decreasing sediment pH, indicating that under acid conditions,

zinc was less tightly bound to sediment solids than under alkaline condi-

tions. Exchangeable zinc at pH 8.0 was negligible.
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e. The effect of redox potential treatments on exchangeable zinc

levels was more pronounced in Barataria Bay and Mobile Bay sediment

suspensions, and this effect was more noticeable at lower levels of zinc

added.

Several factors affecting the adsorption behavior of zinc may be in-

fluenced by pH. Literature reports indicate that cation exchange capac-

ity of soils and sediments decreases as pH decreases,6 9 and this may in-

fluence zinc adsorption capacity. Shuman7 0 reported that low pH reduced

zinc adsorption more for sandy soils than for those high in colloidal-

size materials. Sediment pH also influences the solubility of various

zinc compounds present in sediments. For example, acid conditions favor

the soluble divalent, cationic form of zinc. As pH increases from 5.0

to 8.0, zinc carbonate formation is reported to reduce zinc solubility.

Zinc hydroxide may also form around pH 8.0. Carbonates and hydroxides

form precipitates of zinc which are characterized by low solubility and

greater stability. These effects of pH on zinc speciation are discussed

in detail by Hem.54 Reduced cation exchange capacity of the organic com-

ponent of sediments at lower pH may partially explain lower zinc adsorp-

tion at pH 5.0 compared to that at pH 6.5 and 8.0.

It is well known that in reduced sediments rich in sulfides, the

precipitation of heavy metals as insoluble sulfides is important in con-

trolling the solubility of trace metals.2 9 ,3 1 ,3 2 ,5 4 In this study,

Barataria Bay and Mobile Bay sediments contained several hundred ppm of
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total sulfide under strongly reduced conditions (Table 8). and the re-

moval from solution of the high zinc levels added at -150 my is believed

to be due to the precipitation of zinc sulfide. In the Mississippi River

sediments where no sulfide was detected under strongly reduced condi-

tions, the concentration of zinc remaining in solution increased with

increasing levels of zinc added at pH 5.0 and 6.5. In the Mobile Bay

sediment suspension, the precipitation of zinc sulfide at pH 8.0, in

addition to carbonate or hydroxide formation, may be contributing to

the reduced solubility of zinc.

The results indicate that under oxidized conditions at low pH, most

of the zinc added was present in the readily bioavailable form (water-

soluble + exchangeable). However, under reduced conditions, at pH 5.0

and at all redox potential treatments at pH 6.5 and 8.0, most of the

zinc adsorbed was not recovered in the sodium acetate fraction. This

indicates the chemically precipitated or strongly adsorbed zinc under

these conditions is not in a readily available form.

A sequential chemical fractionation of the Mississippi River sedi-

ment suspension after the addition of 260 ug zinc/g solids indicated that

the zinc not recovered in the readily bioavailable water-soluble and ex-

changeable forms was present in the reducible fraction (Table N4). This

fraction is thought to :onsist of heavy metals strongly adsorbed to, or

coprecipitated with oxides and hydroxides of iron and manganese and is

considered potentially bioavailable. A change in pH or dissolved oxygen

concentration, as may occur during dredging and dredged material disposal,
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may transform metals in the reducible form to more bioavailable forms.

Mercury

Soluble and Exchangeable Levels Following Incremental Mercury Additions.

It is well established that most of the mercury discharged into sediment-

water systems is associated with the solid phase and is not readily

bioavailable.37'7 1 ,7 2 Mercury forms strong stable bonds with carbon-

ate, hydroxide, sulfide, and organic matter present in the natural water

systems.29 However, some of this mercury may be converted to more

readily available forms if the physical and chemical environment is

changed.

The effects of pH and redox potential on the capacity of Barataria

Bay, Mobile Bay, and Mississippi River sediment material to retain in-

creasing amounts of mercury added as mercuric chloride dissolved in hy-

drochloric acid was investigated. Subsequent removal of the freshly

adsorbed or precipitated mercury by 1 N sodium acetate was also studied.

The sediment materials selected for study differ in their physical, min-

eralogical, and chemical characteristics (Tables 4 and 8). One of the

regulatory processes that controls soluble mercury concentrations under

reduced conditions is the formation of insoluble mercuric sulfide. Mobile

Bay sediment suspensions c¢ntained several hundred ppm of total sulfide

under reduced conditions (-150 my) incubated at pH 5.0, 6.5, and 8.0.

In the Barataria Bay sediment material, sulfide was present at p11 5.0

and 6.5. No sulfide was detected at any pH in the Mississippi River
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sediment material. An attempt was made in this study to relate the sorp-

tion of mercury to various sediment parameters which are known to affect

mercury transformations in sediment-water systems.

The influence of redox potential on the amount of mercury remain-

ing in the equilibrium solution (water-soluble) in the Mobile Bay sedi-

ment suspensions 24 hours after each addition is plotted against the

accumulative mercury additions in Figures 77a,b, and c for pH 5.0. 6.5,

and 8.0, respectively. The data indicate that pH and redox potential

greatly influence the recovery of soluble mercury in the equilibrium

solution. The concentration of mercury in the water-soluble fraction

increased with increasing redox potential, and this trend was observed

at all pH values studied. However, it is very important to note that

under very reduced conditions at low levels of mercury added (=25 lg/g),

the mercury concentration in the equilibrium solution was greater than

or equal to that in the more oxidized treatments. At higher levels of

mercury added, the recovery of soluble mercury under more oxidized con-

ditions increased sharply. This effect was more pronounced at pH 5.0

and 6.5, compared to pH 8.0. Although the effect of increasing oxidation

levels on the relative amounts of soluble mercury present at pH 8.0 was

evident, thequantities of mercury in the equilibrium solution were very

small relative to that added. The concentration of mercury in the water-

soluble fraction in the -150-mv redox potential treatment did not show

any significant increase with incremental mercury additions, and this

trend was observed at all pH levels studied.
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It is evident from these results that under strongly reduced con-

ditions (-150 my), essentially all of the soluble mercury added was re-

tained by the sediment material in an insoluble form at all pH levels

studied. Appreciable amounts of sulfide were detected in the -150-mv

redox potential treatment incubated at pH 5.0, 6.5, and 8.0. Precipi-

tation of mercury as a sulfide under the above conditions may very likely

be a principal mechanism in retaining mercury in an insoluble form under

reduced conditions. Several research reports indicated that sulfide has

a very strong mercury-binding capacity and thus may be important in keep-

ing mercury in an insoluble form.2 9,3 2,3 6,7 2 Other important factors

which may be responsible for the adsorption of freshly added mercury to

sediment material include organic matter, the amount and type of clay

minerals, oxides and hydroxides of iron and manganese, and carbonate and

phosphate compounds. However, it is difficult at this point to differ-

entiate between various mechanisms involved in complexing added mercury.

The results also show that the adsorption of added mercury by the

more oxidized suspensions (250 my and 500 my) tremendously decreased

with a decrease in suspension pH from 8.0 to 5.0. There are two impor-

tant observations that need to be pointed out here: (1) mercury adsorp-

tion decreased with an increase in oxidation levels and (2) the magni-

tude of adsorption decreased sharply with a decrease in pH. It is likely

that under more oxidized conditions where no sulfide was detected, the

decrease in mercury-binding capacity of the sediments was due to greater

decomposition of organic material under oxidized conditions. The effect
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oxidized treatments (250 my and 500 mv) at pH 5.0, 14 to 21 percent of

the freshly adsorbed mercury was recovered at the highest level added.

The adsorption study of mercury in the Mobile Bay sediment suspensions

indicated that changes in oxidation-reduction status or pH of sediments

may strongly influence the easily bioavailable water-soluble and exchange-

able mercury levels. Also, alkaline pH and anaerobic environments were

found to increase the mercury-binding capacity of sediments. Acid pH and

oxidized conditions favor the transformation of mercury to more easily

extractable forms, especially at higher concentrations of added mercury.

In Barataria Bay sediment suspensions, the adsorption behavior of

increasing concentrations of added soluble mercury was investigated at

pH 6.5 and 8.0 only. The data presented in Table 01 show that a very

small fraction of the total mercury was recovered in the equilibrium so-

lution, which means that essentially all of the mercury added was adsorbed

by the sediment material. A slightly higher concentration of mercury was

found in the oxidized treatments (200 mv and 450 mv) as compared to re-

duced treatments (0 my and -150 my). No significant effect of pH on the

concentrations of mercury measured in the water-soluble fraction was

observed. Exchangeable mercury levels were negligible, indicating that

the freshly adsorbed mercury was strongly bound. Redox potential and

pH did not influence recovery of freshly adsorbed mercury in the exchange-

able form to any appreciable degree. These results indicate that greater

than 99 percent of the added mercury was not present in the easily bio-

available water-soluble and exchangeable fraction at the pH levels studied.
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in the very reduced treatment (-150 mv) at pH 6.5, the presence of con-

siderable suJfide may explain in part the removal of soluble mercury

as a mercuric sulfide precipitate. Some of the mechanisms that may be

responsible for mercury adsorption in the Barataria Bay sediments have

been discussed above.

Mississippi River sediment suspensions are characterized by the ab-

sence of sulfide. Sulfide precipitation has been considered one of the

main regulatory processes complexing mercury under reduced conditions.

Comparison of mercury adsorption data obtained from Mobile Bay sediment

quspensions with that from Mississippi River sediment suspensions will

enable comparison of the effects of sulfide with other adsorbents respon-

sible for mercury retention in sediments.

The influence of redox potential on the amount of mercury remaining

in the equilibrium solution in the Mississippi River sediment suspensions

24 hours after each addition is plotted against the cumulative mercury

additions in Figures 78a, b, and c for pH 5.0, 6.5, and 8.0, respectively.

An examination of these figures indicates that both redox potential End

pH had tremendous effects on the levels of soluble mercury. The re-

covery of soluble mercury generally increased with increasing redox po-

tential. However, under strongly reducing conditions at low levels of

mercury added (up to =15 pg/g), the recovery of soluble mercury was found

to equal or exceed that for all but the most oxidized treatment. This

trend did not continue at greater levels of mercury additions. At low

mercury levels, it is likely that some mercury-complexing ligand whose
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solubility is favored by reducing conditions is contributing to the ini-

tial upward slope of tne -150-mv curve. Soluble organics in a reducing

environment may be involved. As additional mercury is added, the regu-

latory factors increasing mercury solubility under reducing co.-ditions

may be overwhelmed and other regulatory factors become dominant. At the

higher levels of mercury added, the concentration of mercury recovered in

the equilibrium solution generally increa.sed with the intensity of oxida-

tion, and this effect was more pronounced at the lower pH values studied.

For example, at 500 my, 50 to 75 percent of the added mercury was recovered

in the equilibrium solution at pH 5.0. At pH 6.5, the recovery was in

the range of 1 to 13 percent Less than 0.5 percent of the total mercury

added was present in solution at pH 8.0.

Under very reduced and moderately reduced conditions, essentially

all of the mercury added was adsorbed by the sediment material. Greater

decomposition of organic matter under oxidized conditions may partially

explain a reduction in the capacity of oxidized sediments to sorb mer-

cury. Under oxidized conditions, a decrease in pH from 8 to 5 tremen-

dously decreased the capacity of sediments to retain added mercury at

concentrations greater than 6 pg/g sediment. The chloride content of

the sediment suspensiors increased with decreasing pH because hydrochloric

acid was used to maintain pH at 6.5 and 5.0. Sodium hydroxide was used

to maintain pl 8. Significant reductions in %.he capacity of illite,

montmorillonite, kaolinite, and hydrous manganese oxides to adsorb mer-

cury due to high chloride contents have been reported in the literature.7 3 '7 4
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Thus the chloride added as a result of pH control may be contributing to

the pH response under the conditions of thZ3 experiment.

Recovery of the freshly adsorbed mercury in the exchangeable form was

determined by extracting the residual solid material remaining from the

water-soluble extraction with 1 N sodium acetate adjusted to the pH of

the incubated suspensions. The amount of exchangeable mercury is pre-

sented in Figures 79a, b, and c for pH 5.0, 6.5, and 8.0, respectively.

Recovery of the adsorbed mercury in the exchangeable form was also greatly

influenced by both pH and redox potential. Exchangeable mercury increased

with an increase in the intensity of oxidation, especially at pH 5.0 and

6.5. The recovery of exchangeable mercury in the strongly reduced and

moderately reduced treatments was negligible at all pH levels studied.

Maximum recovery occurred at 500 mv at pH 5.0 where more than 75 percent

of the freshly adsorbed mercury was recovered in the exchangeable frac-

tion. Mercury was more strongly retained in a reduced, alkaline environ-

ment.

The results of this study suggest that reduced sediments have a large

capacity for removing mercury from solution in relatively immobile forms.

However, oxidized sediment-water systems support considerably higher con-

centrations of mercury in the relatively mobile soluble and exchangeable

forms. Also, a decrease in sediment pH may reduce sediment sorption ca-

pacity, adding mercury to the overlying surface water.

It is evident from these studies that under very reduced conditions

(-150 my), essentially all of the mercury added to Mobile Bay, Barataria
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Bay, and Mississippi River sediments was adsorbed by the sediment mr-erial.

Also, that a negligible amount of this adsorbed mercury was removed by a

weak exchanger indicates that mercury was very tightly held in some form

in the sediments.

Precipitat.on of mercury as a sulfide in the Mobile Bay material at

pH 5.0, 6.5, and 8.0 and at pH 6.5 in the Barataria Bay material may be

responsible for this mercury retention. Absence of measurable sulfide

in the Mississippi River sediment suspensions incubated at pH 5.0. 6.5,

..nd 8.0 and in Barataria Bay suspensions incubated at pH 8.0 strongly sug-

gests that mercury adsorption in reduced sediments may not be explained

fully by sulfide precipitation. Other regulatory factors such as organic

matter complexation, adsorption by oxides and hydroxides of iron and man-

ganese, and fixation by clay may play an important role in scavenging

mercury from solution. Results discussed elsewhere in this report sug-

gest that most of the mercury adsorbed under reduced conditions was strong-

ly complexed to the insoluble organic material. A significant fraction

of adsorbed mercury was also recovered in the reducible fraction which

includes metals bound by oxides and hydroxides of iron and manganese.

Influence of pH and Redox Potential on the Distribution of a High-

Level Mercury Addition among Selected Chemical Forms in Mississippi River

Sediment Material. The distribution of added soluble mercury (260 Vg/g)

in selected chemical fractions of the Mississippi River sediment material

was strongly influenced by changes in pH and redox potential (Table 04).

In the well-oxidized treatment at pH 5.0, about 90 percent of the added
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mercury was recovered in the readily bioavailable water-soluble and ex-

changeable forms. Recovery in water-soluble and exchangeable forms was

reduced to 6 percent at pH 6.5 and to less than 1 percent at pH 8.0.

Very little readily bioavailable mercury was recovered in the strongly

reduced and moderately reduced treatments at all pH levels studied. Re-

ducible mercury increased with increasing redox potential, indicating

some mercury adsorption to poorly crystalline hydrous oxides of iron

and manganese. The greatest recovery of mercury at pH 6.5 and 8.0 was

in the strongly chelated or complexed form (DTPA extractable).

At low-level mercury additions to the Mississippi River sediment

material, recovery in the readily bioavailable soluble and exchangeable

forms was favored by a strongly reducing and alkaline (pH 8.0) sediment

environment (Table F3). However, at high concentrations of added mer-

cury, an oxidized, acid environment enhanced the readily available forms

(Table 04). These contrasting results clearly demonstrate that the

availability of mercury will depend on the level of mercury present in

sediments and the mercury-binding capacity of the various regulatory

mechanisms and factors.

In su nary, it was found that redox potential and pH influence the

chemical forms and distribution of mercury in Mississippi River sediment

material over a large range of mercury content and that mercury mobili-

zation or retention in a specified sediment environment may depend on

the amount of mercury present relative to the capacity of the mercury-

binding capacity. Where large levels of mercury were added, pH and
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redox potential were shown to greatly affect the quantity of water-

soluble and easily exchangeable mercury. Among the regulatory factors

influenced by pH and redox potential are the rate and intermediate

products of organic matter decomposition, the cation exchange proper-

ties of organics and clay, the nature and quantity of potential adsor-

bents, such as colloidal hydrous oxides of iron and manganese, and the

speciation of mercury in sediment-water systems. These regulatory fac-

tors in turn influence the exchange of mercury between sediments and

dredged material and the overlying water. Thus pH and the degree of

oxidation or reduction are important considerations in determining the

chemistry and bioavailability of mercury in sediment-water systems.

Cadmium

Soluble and Exchangeable Levels Following Incremental Cadmium Additions.

Adsorption/desorption behavior of incremental additions of soluble

cadmium was studied in Barataria Bay and Mississippi River sediments

incubated at various pH-redox potential combinations. Earlier data on

the distribution of 10 9Cd in various chemical fractions in these sedi-

ment materials indicated that most of the 10 9Cd added to low-pH, oxi-

dized treatments was recovered in the easily bioavailable water-soluble

and exchangeable fractions (see Tables JI and J2 for Barataria Bay

and Mississippi River sediments, respectively). Under reduced condi-

tions, a greater proportion of 1 0 9Cd added to Barataria Bay suspensions

was present in the reducible fraction, presumably adsorbed by oxides

and hydroxides of iron and manganese. In reduced Mississippi River
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sediments, however, a small proportion of the 109Cd was found in the re-

ducible fraction. More 10 9 Cd was recovered in the DTPA-extractable

(strongly chelated or adsorbed to organic matter) and hydrogen peroxide

digested-sodium acetate extractable fractions. As the levels of 109Cd

in the water-soluble and exchangeable form decreased with changes in pH

and redox potential, this bioavailable cadmium was transformed to the

more strongly adsorbed reducible and organic fractions. These data and

the available literature indicate that the speciation of cadmium and

its distribution in sediment-water systems is strongly affected by sedi-

ment properties such as cation exchange capacity, mineral colloids, or-

ganic matter, carbonates, sulfides, and chlorides present. The purpose

of this study was to investigate the influence of pH and redox potential

on the adsorption of increasing concentrations of added cadmium and re-

late this to sediment parameters. Recovery of the freshly adsorbed

cadmium in the exchangeable form was also determined under these con-

ditions.

The concentration of cadmium determined in the equilibrium solution

24 hours after each addition to Barataria Bay sediment suspensions is

given in Table Pl. These data show that in reduced sediment suspen-

sions (-150-mv, 0-mv redox potential) incibated at pH 5.0 and 6.5, at

all but the highest level of cadmium added, no appreciable increases in

soluble cadmium with increasing concentrations added were observed.

However, in the O-mv treatment at the highest cadmium level studied, 6
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and 15 percent of the 400 pg cadmium/g added was recovered in the equi-

librium solution at pH 5.0 and 6.5. respectively. In the more oxidized

treatments (200 and 450 my) at pH 5.0 and 6.5, a substantial amount of

cadmium was present in the water-soluble fraction, and the proportion of

cadmium remaining in the equilibrium solution increased with increasing

concentration of cadmium added. At pH 8.0, the recovery of cadmium in

the water-soluble fraction in the more reduced treatments was greater

than that at pH 5.0 and 6.5, and the concentrations in the equilibrium

solution increased with incremental additions. This ray be related to

the absence of sulfide at pH 8.0. In more oxidized suspensions, the

concentration of soluble cadmium followed a general pattern of pH 5.0 >

pH 6.5 > pH 8.0. No significant effect of redox potential on cadmium

levels in the water-soluble fraction was observed at pH 8.0.

Recovery of the freshly adsorbed cadmium in the exchangeable form

was negligible in the -150-mv redox potential treatment incubated at pH

5.0 and 6.5 (Table P1). In the moderately reduced treatment (0 mv), the

pattern was similar to that at -150 mv, except at the highest cadmium

level added where 6 and 10 percent of the freshly adsorbed cadmium was

recovered in the exchangeable fraction at pH 5.0 and 6.5, respectively.

Levels of exchangeable cadmium were much greater at 200 mv and 450 my,

particularly at higher incremental additions at pH 5.0 and 6.5. At

pH 8.0, the amount of exchangeable cadmium increased with increasing

redox potential up to 40 jg cadmium/g added. Beyond that point, no
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effect was noticed. The effect of pH on recovery of freshly adsorbed

cadmium in the exchangeable form was variable depending on the oxidation-

reduction condition of the sediment suspensions. For example, in the

very reduced and moderately reduced treatments, the cadmium recovered

increased from undetectable levels at pH 5.0 and 6.5 to appreciable con-

centrations at pH 8.0. On the other hand, in the moderately oxidized and

well-oxidized treatments, exchangeable cadmium decreased with increasing

pH.

In reduced sediments containing sulfide, the formation of insoluble

metal sulfides is thought to limit the concentration of heavy metals in

solution. Several hundred Vg total sulfide/g solids was detected in the

very reduced treatments (-150 mv) incubated at pH 5.0 and 6.5 (Table 8).

No sulfide was present in any other pH-redox potential combination in this

sediment material. Very low cadmium concentrations were found in the

equilibrium solution in the -150-mv, pH 5.0- and 6.5-treatments after in-

cremental additions. The low soluble cadmium levels and the subsequent

low recovery of adsorbed cadmium in the exchangeable fraction may be ex-

plained by cadmium sulfide precipitation. However, essentially complete

adsorption of 185 Ug cadmiwm/g in the moderately reduced treatment (0 mv)

at pH 5.0 and 6.5 and subsequent negligible recovery of adsorbed cadmium

in the exchangeable form suggest that sulfide precipitation alone cannot

explain cadmium adsorption under reduced conditions. Adsorption of solu-

ble cadmium by oxides and hydroxides of iron and manganese, complexation

with organic material, and adsorption by crystalline minerals may, in

172



part, account for the cadmium not recovered in the easily bioavailable

water-soluble and exchangeable fractions.

In the more oxidized treatments (200 and 450 mv), an increase in

sediment pH resulted in reduced levels of dissolved cadmium and may be

related to the formation of comparatively less soluble compounds, At

pH 5.0, higher concentrations of cadmium present in the equilibrium so-

lution may be due to the formation of relatively soluble cadmium chloride

complexes, due to excess chloride present at pH 5.0 sirce hydrochloric

acid was used to lower suspension pH. The precipitation of cadmium as

a hydroxide and carbonate with an increase in pH may, in part, explain

lower levels of water-soluble cadmium at pH 6.5 and 8.0.
5 4

In Mississippi River sediment suspensions, the amount of cadmium

remaining in equilibrium solution after incremental cadmium additions

decreased with increasing suspension pH (Figures 80a, b, and c). This

effect was noticed at all levels of redox potential studied. The effect

of redox potential on water-soluble cadmium was evident only at pH 5.0.

Except at the highest levels added, the soluble cadmium concentration

in the -150-mv treatment was considerably lower than in the 50-, 250-,

and 500-mv treatments. No significant effect of redox potential was

observed at pH 6.5 and 8.0.

Exchangeable cadmium generally decreased with an increase in sus-

pension pH at levels of cadmium additions greater than 31 Vg/g (Figures

81a, b, and c). Like water-soluble cadmium the effect of redox potential
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on exchangeable cadmium was apparent only at pH 5.0 where less cadmium

was desorbed in the -150-mv treatment.

When the results obtained from Barataria Bay and Mississippi River

sediment suspensions were compared, it was apparent that these two sedi-

ment materials differ markedly in their behavior to adsorb soluble cad-

mium. The following paragraphs are a discussion of some of these dif-

ferences.

a. Comparatively more cadmium was p:esent in the equilibrium so-

lution in the most reduced treatment (-150 my) at pH 5.0 and 6.5 in the

Mississippi River suspensions than in the Barataria Bay suspensions.

It should be recalled from earlier discussions that appreciable amounts

of sulfide were measured at pH 5.0 and 6.5 in the Barataria Bay suspen-

sions, whereas no sulfide was detected in the Mississippi River material

at any pH level. Precipitation of cadmium as cadmium sulfide in the

Barataria Bay suspensions may contribute to lower cadmium concentrations

in the equilibrium solution. A similar trend was observed in levels of

exchangeable cadmium. Another possible mechanism responsible for greater

cadmium adsorption in the more reduced treatments in Barataria Bay sedi-

ments may be the higher content of organic material capable of strongly

chelating cadmium in an insoluble form. An absence of sulfide and a

lower organic matter content may, in part, explain the comparatively

greater water-soluble cadmium recovered in Mississippi River suspensions

in this treatment.
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b. In the Barataria Bay sediment suspensions incubated at pH 8.0.

more cadmium was determined in the equilibrium solution as compared to

Mississippi River sediment suspensions. This difference was noted at

all redox potential levels.

It should be pointed out that the redox potential levels maintained

and the incremental levels of cadmium added varied slightly between these

sediment materials. As discussed in earlier paragraphs, cadmium solu-

bility at higher pH values is strongly influenced by the formation of

sparingly soluble hydroxide and carbonate compounds. In addition to the

greater initial carbonate content of the Mississippi River sediment, cer-

tain experimental conditions may have enhanced carbonate activity in the

Mississippi River suspension relative to the Barataria Bay suspensions.

During the suspension incubation period prior to chemical fractionation,

a constant stream of nitrogen or nitrogen plus air was passed through

Barataria Bay suspensions. This may have purged most of the carbon di-

oxide, resulting in lower concentration of carbonate. In Mississippi

River suspensions, nitrogen or air only was used when necessary to regu-

late redox potential. The possible difference in carbon dioxide and

thus carbonate content of the two suspensions may partially explain the

greater cadmium concentration in the Barataria Bay equilibrium solution.

The effect of pH was similar in both sediment materials incubated

at the two highest oxidation levels. The water-soluble cadmium levels
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decreased with increasing pR. Some of the factors influencing this

change were discussed earlier in this section.

In conclusion, the levels of mobile water-soluble and exchangeable

cadmium are thought to be strongly influenced by precipitation with sul-

fide, complexation with organic matter, and by cadmium carbonate forma-

tion in natural sediments. Although cadmium availability is generally

reduced by an increase in sediment pH, the effect of pH is greatly modi-

fied by the presence or absence of sulfide and the organic matter content.

In general, a decrease in pH and in increase in redox potential will

transform more strongly adsorbed cadmium to an easily exchangeable and/or

water-soluble form.

Influence of pH and Redox Potential on the Distribution of a High-

Level Cadmium Addition among Selected Chemical Forms in Mississippi River

Sediment Material. The data presented in Table P3 show that cadmium

concentration in the water-soluble fraction decreased sharply with an in-

crease in suspension pH. This influence of pH was observed at all levels

of redox potential maintained. The effect of redox potential on water-

soluble cadmium was noticeable only at pH 5.0 where the concentration of

cadmium at -150 mv was lower than at higher redox potential treatments.

The exchangeable cadmium was also low in this treatment, suggesting that

under reduced conditions at pH 5.0, cadmium was more strongly adsorbed

than under oxidized conditions. Most of the adsorbed cadmium was recovered

in the insoluble organic-bound fraction. Oxidation of organic matter may
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reduce the chelating capacity of organic complexes, resulting in additional

cadmium present in the easily ' available water-soluble and exchangeable

fractions.

The relative distribution of added cadmium in the various chemical

fractions was dependent on pH. The quantity of cadmium in the fractions

studied followed the general order of:

pH 5.0 = Water-soluble > Exchangeable >> DTPA Extractable

= Reducible z Insoluble Organic Bound

pH 6.5 = Exchangeable > DTPA Extractable > Insoluble Organic Bound

> Water-soluble > Reducible

pH 8.0 = Exchangeable > DTPA Extractable > Insoluble Organic Bound

> Reducible > Water-soluble

These trends strongly indicate that at high concentrations of solu-

ble cadmium added in near-neutral or slightly alkaline sediments, a sub-

stantial part will be present either in the exchangeable form or strongly

chelated and complexed with insoluble organic matter. A decrease in sedi-

ment pH from 8.0 to 6.5 resulted in an increase in the exchangeable frac-

tion at the expense of organic-bound fractions (DTPA extractable and in-

soluble organic bound). Apparently, the cadmium-binding capacity of

organic material is reduced at lower sediment p1l. Also at pH 6.5, the

reduction in cadmium carbonate stability may result in more cadmium on

the exchange complex. A decrease in suspension pH to 6.5 also resulted

in an 8- to 20-fold increase in water-soluble cadmium as compared to pH

8.0. A further decrease in sediment pH to 5.0 was accompanied by a large
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increase in water-soluble cadmium, accounting for 40 to 58 percent of the

total cadmium added. Exchangeable cadmium accounted for 30 to 40 percent

of the total cadmium added. Other fractions accounted for only a small

proportion of cadmium adsorbed. The water-soluble cadmium was present

in a free ionic form, as essentially all of the total water-soluble cad-

mium was retained when passed through a cation exchange resin column.

The fraction of cadmium adsorbed by or coprecipitated with amorphous

and poorly crystalline oxides and hydroxides of iron and manganese as in-

dicated by oxalate extraction (reducible fraction) ranged from 1.6 to 9

percent of total cadmium added. Levels of reducible cadmium were slight-

ly higher at pH 8.0 compared to pH 5.0 and 6.5. These low levels of cad-

mium associated with iron and manganese oxides and hydroxides at various

pH-redox potential combinations suggest that adsorption by colloidal hy-

drous oxides is not a major control mechanism influencing cadmium avail-

ability. Under the conditions of this experiment, adsorption of cadmium

on the exchange complex and complexation with insoluble organic matter

constitute the major pools of reactive cadmium, influencing its avail-

ability in sediment-water systems in the absence of sulfide.

Lead

Adsorption of increasing concentrations of soluble lead added to

Mobile Bay sediment suspensions was studied under controlled conditions

of pH and redox potential. Subsequent recovery of the freshly adsorbed

lead in the exchangeable form was also investigated by extracting the
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residual solid material remaining from the water-soluble fraction with

1 N sodium acetate adjusted to the pH of the suspensions.

The data presented in Appendix Q show that essentially all of the

soluble lead added was adsorbed by the solid complex at all pH levels

studied. The concentration of lead remaining in the equilibrium solu-

tion after the addition of 500 jig lead/g ranged from levels undetectable

by flame atomic absorption (=2 ig/g solids or 0.25 ug/ml) to less than

2.4 percent of total added. In the very reduced treatment (-150 my) in-

cubated at pH 5.0, the level of lead in the water-soluble fraction was

below the detection limits even at the highest incremental addition. Meas-

urable amounts of lead were found in the more oxidized treatments. A

similar trend was observed at pH 6.5 where water-soluble lead in the -150-mv

treatment was lower than found in the higher redox potential treatments.

Mobile Bay sedJment suspensions are characterized by the presence of ap-

preciable amounts of sulfide under strongly reduced conditions. The un-

detectable or low levels of soluble lead measured at -150 mv in samples

incubated at pH 5.0 and 6.5 may be explained in part by the formation of

insoluble lead sulfide. No soluble lead was detected at pH 8.0 in any

redox potential treatment.

The results discussed above indicate that 98 to 100 percent of lead

added was retained by the solid material at all pH-redox potential com-

binations. Several mechanisms are known to complex lead in an insoluble

form. These include adsorption on the exchange complex, adsorption to
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colloidal hydrous oxides, formation of lead carbonate and lead oxide,

and complexation with insoluble organic matter. Under reduced condi-

tions, the presence of sulfide may exert a considerable influence on

lead solubility. Data on the distribution of 210pb (see Appendix H)

show that 25 to 50 percent of the added 210Pb in the initial fraction-

ation was recovered in the reducible fraction, indicating that much of

the active lead was associated with hydrous oxides such as those of iron

and manganese.

Recovery of the freshly adsorbed lead in the exchangeable form was

strongly influenced by redox potential and pH (Appendix Q). In the very

reduced treatment (-150 my) at pH 5.0 and 6.5, only 1 to 2 percent of the

freshly adsorbed lead was recovered. Exchangeable lead was found only

aL the highest lead increment. The formation of lead sulfide likely con-

tributed to the unavailability of lead in the strongly reduced suspensions.

At higher redox potential levels incubated at pH 5.0, exchangeable lead

increased with incremental additions. A maximum of 39 to 52 percent of

the freshly adsorbed lead was extracted by sodium acetate at 500 vg lead/g

added. Exchangeable lead ranged from 6 to 10 percent at pH 6.5 and de-

creased below detection limits at pH 8.0.

These results indicate that the presence of lead in readily bioavail-

able forms is strongly pH dependent. At pH 5.0 in the absence of sulfide,

50 to 80 percent of the added lead was not released in soluble or ex-

changeable forms. Ninety to 100 percent of that added was not recovered
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II
in readily available forms at higher pH levels. Essentially complete

adsorption of soluble lead and negligible levels of exchangeable lead

under strongly reduced conditions may be largely due to sulfide precipi-

tation. Under more oxidized conditions, a decrease in exchangeable lead

with increasing suspension pH may be due to greater adsorption by colloidal

hydrous oxides, complexation with insoluble organic matter, and formation

of insoluble compounds of lead oxide and lead carbonate. The relative

contribution of these control mechanisms in regulating lead solubility

is discussed in an earlier section unkcr lead chemistry.

Effect of Dissolved Oxygen on the Chemical Form

and Distribution of Metal Ions and

Nutrient Elements in Barataria Bay Sediment Suspensions

This experiment was planned to study the effect of various concen-

trations of oxygen on chemical transformations of selected elements as

a function of redox potential and pH changes with time in Barataria Bay

sediment suspensions. The results are discussed in the order of redox

potential, pH, iron, manganese, zinc, copper, nitrogen, and phosphorus.

Redox Potential

The data plotted in Figure 82 indicate that aeration of a sediment-

water system, in an otherwise closed system with a nitrogen-oxygen gas

mixture containing 21 percent oxygen and 2.11 percent oxygen completely

oxidized reduced sediment suspensions in 2.5 and 9 days, respectively.
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In these suspensions, the redox potential increased to around 600 mv.

No further increase in redox potential was observed upon subsequent

purging at these oxygen levels. The redox potential of the suspension

treated with 0.11 percent oxygen increased slowly with time. After 5

days, the redox potential of this suspension increased by only 30 my.

After 56 days, the redox potential increased to -65 my, a moderately

reduced condition.

These data demonstrate that both concentration of oxygen and time

of exposure have a strong effect on the oxidation-reduction status of

sediment suspensions which may influence the bioavailability of toxic

metals and nutrients.
75

pH

The influence of varying oxygen levels on suspension pH is also

indicated in Figure 82. In the 21-percent oxygen treatment, the pH of

the sediment suspension decreased from an initial value of 7.7 to 5.7

after 5.5 days of constant purging. Where sediment suspensions were

purged with 2.11 percent oxygen, the pH dropped from 7.7 to 6.5 after

12 days. The 0.11-percent oxygen treatment reduced suspension pH from

an initial pH of 7.8 to 7.5 after 56 days of constant purging. This

small change in suspension pH corresponded to the relatively small change

in redox potential found at the 0.11-percent oxygen level. This sug-

gests that changes in pH and redox potential are interrelated. How-

ever, data show that the two higher oxygen levels induced a greater
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differential in pH than in redox potential.

Iron

The concentration of dissolved oxygen may influence several sedi-

ment parameters. Some of the sediment properties affected include pH,

redox potential, organic matter decomposition, and cation exchange prop-

erties. The time of equilibration with different oxygen levels may

strongly modify equilibrium conditions, making it difficult to single

out specific effects of certain sediment components. For example, purg-

ing with 21 percent oxygen for extended periods of time will not only

oxidize ferrous iron to ferric iron, a form active in adsorbing trace

metals, but will also oxidize sulfide to sulfate, possibly releasing

metals in a soluble form. Also, reducing sediment pH as a result of

oxidation may favor solubilization of certain metals. Each affected

process may increase or decrease elemental mobility, and only net ef-

fects can be observed in terms of concentrations of the various elements

involved.

The concentration of water-soluble iron in various oxygen treatments

was below the detectable limit of flame atomic absorption analysis (=0.4 lig

iron/ml in solution, Table Rl). Purging with 0.11 percent oxygen did

not appreciably reduce exchangeable iron concentration with time. When

sediment suspensions were purged with 2.1 percent oxygen for 288 hours,

exchangeable iron decreased to nondetectable levels (Table Rl). This

decrease may be due to oxidation during this period, resulting in ferric
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compounds not extracted with 0.5 N sodium acetate. In the 2]-percent

oxygen treatment, however, the exchangeable iron at the end of 132 hours

purging was greater than initial levels. Apparently a decrease in pH

from the initial value of 7.7 to 5.7 at the end of the incubation peri-

od may have resulted in the transformation of potentially reactive fer-

ric hydroxides to a more available exchangeable fraction due to acidic

pH.

The residual solid material from the sodium acetate extraction was

shaken with 0.1 M hydroxylamine hydrochloride solution prepared in 0.01

M nitric acid.2 2 This extraction procedure is reported to selectively

dissolve manganese oxides from soils and sediments while having little

effect on iron oxides. Elements recovered by this procedure are termed

easily reducible. Iron in this fraction ranged from 780 to 1600 wg/g,

which comprised 15 to 67 percent of the total reducible fraction (easily

reducible + reducible). The implications of the greater proportion of

iron extracted by this reagent than reported elsewhere2 2 will be discussed

in the manganese section following iron. The effect of the 0.11-percent

oxygen treatment during 120 hours of constant purging on easily reducible

iron was negligible. In the 2.11-percent and 21-percent oxygen treat-

ments, easily reducible iron decreased with increasing redox potential.

Purging with 21 percent oxygen was more effective in reducing extract-

able iron levels than the 2.11-percent oxygen treatment.

The oxalate-extractable iron (reducible) increased with incubation

time at all levels of dissolved oxygen. At the end of the experiment,
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the quantity of reducible iron extracted decreased with a decrease in

oxygen levels in the order of 21 percent > 2.11 percent > 0.11 percent.

The increased oxalate-extract-ble (reducible) iron with time may be due

to lower sediment pH values at the end of the incubation. The measured pH

at the final sampling times was 5.7, 6.5. and 7.5 for the 21-, 2.11-.

and 0.11-percent oxygen treatments, respectively. Also, intense oxida-

tion conditions due to greater dissolved oxygen levels may affect the

oxidation of organic matter and release more iron from insoluble organics

to be transformed to the reducible fraction.

This study indicates that dissolved oxygen levels strongly influ-

enced the quantity of reducible iron, a form which may act as a scaven-

ger for heavy metals. In this study, pH was not controlled, and there

was relatively little change in soluble and exchangeable iron.

Manganese

The effect of dissolved oxygen concentration on water-soluble man-

ganese as a function of time was variable (Table R2). In the 0.11-

percent oxygen treatment, little trend in soluble manganese with time

was observed. Since there was only a slight increase in redox potential

after 5 days, the system was still very reduced. Purging with 2.11-

percent and 21-percent oxygen levels resulted in a gradual decrease in

the water-soluble manganese with increasing redox potential. Ten to 63

percent of the water-soluble manganese was associated with the soluble

organic complex. The high proportion of uncharged soluble manganese
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under oxidized conditions resulted from relatively little changes in

this fraction with time, while a substantial decrease in total water-

soluble manganese occurred in some treatments.

Sodium acetate-extractable manganese (exchangeable) generally in-

creased only slightly with increasing redox potential in the 2.11-percent

and 21-percent oxygen treatments. No change in manganese concentrations

was noticed with the 0.11-percent oxygen treatment.

There was little trend in easily reducible manganese with time.

This extraction is reported to selectively extract oxides and hydroxides

of manganese, and these data show that 55 to 77 percent of total reduci-

ble manganese was present in the easily reducible form. The purpose of

this selective extraction was to differentiate metal ions associated

with manganese oxides from those associated with iron oxides. Though

this fraction dissolved a greater proportion of the reactive manganese,

the dissolution of iron from iron oxides was eight to ten orders of mag-

nitude greater. This substantial proportion of reactive iron extracted

with manganese makes it difficult to relate associated metals to hydrous

oxides of mangane-e only.

The oxalate-extractable manganese (reducible) increased with in-

cubation time in the 0.11-percent and 21-percent oxygen treatments.

The effect of incubation time (or increasing redox potential) was not

consistent in the 2.11-percent oxygen treatment. Total reducible man-

ganese (easily reducible + reducible) may act as an absorbent for heavy

metals and regulate their exchange between sediments and overlying water
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as discussed earlier in this report.

Zinc

Water-soluble zinc ranged from nondetectable levels to over 4 Pg/g,

depending on oxygen treatments and time of incubation (Table R3). The

highest concentrations were observed at redox potential levels of 150

and 610 mv in the 21-percent oxygen treatment. This may be due to a

decrease in suspension pH, which solubilized more zinc. At higher pH

values, most of the zinc will be in the sparingly soluble zinc carbonate

form.

Exchangeable zinc exceeded 1 pg/g only in the 21- and 2.11-percent

oxygen treatments which became well oxidized. Again, the corresponding

decrease in pH may have contributed to this observation. Zinc associ-

ated with the easily reducible fraction decreased with incubation time

in the 0.11-percent treatment. In the 2.11-percent oxygen treatment,

easily reducible zinc decreased initially up to -160 my, but a further

increase in redox potential to -50, +100, and +640 mv was accompanied by

an increase in easily reducible zinc. In the 21-percent oxygen treat-

ment, easily reducible zinc increased consistently with an increase

in redox potential. No consistent relationship was found between eas-

ily reducible manganese and zinc or between easily reducible iron and

zinc.

Reducible zinc decreased with increasing redox potential in the

2.11-percent oxygen treatment. In the 0.11-percent oxygen treatment,
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reducible zinc increased slightly with incubation time. Little trend

was noted in the 21-percent oxygen treatment.

Soluble and adsorbed zinc in the sediment-water system is strongly

influenced by several factors including sulfide precipitation, adsorp-

tion by oxides and hydroxides of iron and manganese, formation of zinc

carbonate and hydroxides, and decomposition of organics bonded to zinc.

The extraction of zinc from sediment material will be simultaneously

influenced by these and other processes which may result in variable

mobilization trends as the oxidation status of a sediment changes.

Copper

Water-soluble, exchangeable, and easily reducible copper could not

be detected by flame atomic absorption. Reducible copper was detected

only at redox potentials of 100 mv and higher. Reducible copper in the

2.11-percent oxygen treatment increased from 1.98 to 5.26 pg/g with an

increase in redox potential from 100 mv to 640 my. A similar trend was

observed in the 21-percent oxygen treatment where an increase in redox

potential from 150 mv to 610 mv was accompanied by an increase in re-

ducible copper from 1.76 to 10.46 vg/g. These trends in reducible cop-

per were strongly related with reducible iron, indicating that copper

was adsorbed by oxides and hydroxides of iron under the conditions of

this experiment.

Ammonium-Nitrog

The levels of sodium acetate-extractable ammonium-nitrogen were
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found to be influenced by the concentration of oxygen and the equilibra-

tion time (Table R4). This effect was largely a function of redox po-

tential. In both the 21-percent and 2.11-percent oxygen treatments, the

concentration of ammonium-nitrogen decreased as redox potential increased.

In the 2.11-percent oxygen treatment, nitrification of ammonium-nitrogen

comenced sometime between 48 and 168 hours after the treatments began.

It is possible that where the purging gas contained only 2.11 percent

oxygen, most of the initially added oxygen was consumed in the oxidation

of iron and manganese, and little oxygen was available for nitrification.

In the 21-percent oxygen treatment, sufficient oxygen was available for

several oxidation processes to proceed simultaneously. No change in the

level of anmnonium-nitrogen was observed in the 0.11-percent oxygen treat-

ment. In this treatment the sediment suspensions remained very reduced

during the 56-day incubation.

Phosphorus

Water-soluble phosphorus decreased with increasing redox potential

in the 21-percent and 2.11-percent oxygen treatments (Table R4). Oxida-

tion of ferrous iron to ferric oxyhydroxides to which phosphate can absorb

is important in regulating the concentration of soluble phosphorus. The

comparison of iron (Table Rl) and phosphorus data (Table R4) show that

water-soluble phosphorus was strongly related with easily reducible and

water-soluble iron. The concentration of soluble phosphorus in the 0.11-

percent oxygen treatment increased slightly with time, which means that
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under reduced conditions more phosphorus was solubilized with time.

Some of the effects of redox potential on phosphorus transformations

have been discussed earlier in this report.

Metal Complexation with Soluble Organics

in Barataria Bay Sediment Material

Efficiency of Chelex-lO0 Resin for Separating Water-Soluble Free and

Complexed Ions

In this study, five solutions containing varying proportions of free

copper and an EDTA-copper complex were prepared to determine the ef-

ficiency of Chelex-100 cation exchange resin for separating free and

complexed ions. A comparison of the theoretical and experimentally

measured amounts of complexed ions in the five prepared solutions are

presented in Table 17.

This ion exchange technique was effective for the separation of

EDTA-complexed and free copper ions. The stoichiometry of trace metal

complexation with naturally occurring ligands in sediment-water systems

is unknown due to the diverse nature of the natural organic ligands pres-

ent. However, it is reasonable to assume that this type of complexation

is an important regulatory mechanism for soluble trace metals in surface

waters and sediments.
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Table 17

Efficiency of Chelex-lO0 Resin for Separating Soluble Free

Cationic and Complexed Copper

Total Copper Complexed, Complexed,
Concentration Theoretical Experimental Deviation

- g Cu/ml .% . % .... % I

100 100 99.70 -0.10

100 75 76,32 +1.32

100 50 47.28 -2.72

100 25 25.56 +0.56

100 0 0.03 +0.03

The Effect of Zinc, Lead, and Copper Additions on the Chelation of Soluble

Iron and Manganese

Total soluble and soluble-complexed iron, anganese, and zinc were

determined in a reduced Barataria Bay sediment-water mixture. Additions

of 100 Pg zinc, copper, and lead/g solids were thn made to determine

the influence of these added cations on the distribution of iron, man-

ganese, and zinc between the free cationic and soluble-complexed state.

Table 18 gives the concentrations of total water-soluble iron, man-

ganese, and zinc in the filtered solutions before and after passing through

the Chelex-100 resin column.
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Table 18

Water-Soluble Iron, Manganese, and Zinc before and

after Passing Through a Chelex-100 Resin Column

Iron Manganese Zinc

Sample After After After

Total Resin Total Resin Total Resin

freatment Treatment Treatment

- ---------------------- mg/i------ - ------

Sediment
Solution 1.08 0.68 0.80 0.00 0.11 0.10

Solution + 100

4g/g Zn+ +  0.93 0.53 0.70 0.00 0.10 0.10

Solution + 100

;g/g Cu+ +  0.73 0.33 0.75 0.00 0.11 0.10

Solution + 100
jig/g Pb4+  1.10 0.30 0.88 0.00 0.10 0.10

At the time of sampling, the average redox potential and pH of the

incubated sediments were -259 mv and 7.55, respectively.

The addition of zinc, copper, and lead to the sediment had an effect

on the soluble levels of iron and manganese. Differences in the zinc

concentration seem too low to be significant. The addition of zinc and

copper lowered the concentration of water-soluble iron and manganese in

the sediment, while a lead addition increased their soluble concentrations.
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Different proportions of iron, manganese, and zinc were found to be in

a free cationic state as determined by passing the solution phase through

the cation exchange resin. Soluble iron was partially retained by the

resin, manganese was completely bound, and no zinc was retained by the

exchange resin.

Assuming that the quantity of these elements not retained by the

resin was chelated, a distribution of the total water-soluble elements

between the chelated and free cationic fractions may be calculated

(Table 19).

Table 19

The Distribution of Soluble Iron, Manganese, and Zinc Between
Free and Chelated Forms and the Effect of

Added Zinc, Copper, and Lead on this Distribution

Iron Manganese Zinc

Sample
Free Chelated Free Chelated Free Chelated

Sediment Solution 37.2 62.8 100 0.0 9.0 91.0

Solution + 100
pg/g Zn++  43.2 56.8 100 0.0 0.0 100.0

Solution + 100
!ig/g Cu++  55.2 44,8 100 0.0 4.7 95.3

Solution + 100
vg/g Pb+ +  72.7 27.3 100 0.0 0.0 100.0
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In the original sediment, 62.8 percent of the water-soluble iron

was chelated, and the addition of zinc, copper, or lead to the sediment

resulted in a decrease in chelated iron. These data indicate that the

stability of iron chelated under reduced conditions is rather low and

that other heavy metals may displace iron from these complexes. Given

the same concentrations of added ions, lead was more effective in dis-

placing iron from chelates than copper and zinc.

Soluble manganese was not chelated and appeared to be completely

cationic in nature. This manganese was probably present in the divalent

cationic form (Mn2+ ).

Zinc was found to be completely complexed and was not affected by

the addition of other heavy metals to the system. It should be noted

that although 100 jig zinc/g was added to the sediment suspension, no in-

crease in soluble zinc was noted (Table 18). An identical observation

was made for copper and lead. The total water-soluble copper was less

than 10 og/l while lead was less than 100 lig/l.

Possible explanations fo. this behavior include the formation of

insoluble sulfides in the reduced sediment and the binding of metals by

insoluble organic compounds.

Additional information on the behavior of these elements was ob-

tained by filtering the water-soluble fraction (<0.45 1i) through a "pel-

licon membrane Millipore filter" with a nominal molecular weight limit

of 25,000. Only particles having molecular weights less than 25,000 can

pass this membrane filter.
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Table 20 indicates that all soluble iron and zinc was associated

with particles of an apparent molecular weight greater than 25,000. All

soluble manganese was apparently associated with particles of molecular

weight less than 25,000.

Table 20

Percentage of Water-Soluble Iron, Manganese, and Zinc

Having a Molecular Weight Greater than 25,000

Percentage of Elements

Sample Having a Molecular Weight of > 25,000

Iron Manganese Zinc

Sediment Solution 100 0 100

Solution + 100 Vg/g Zn+ +  100 0 100

Solution + 100 1g/g Cu+ +  100 0 100

Solution + 100 vg/g Pb -+  100 0 100

These results for manganese and zinc confirm what was obtained by

passing the water-soluble fraction through a Chelex-100 resin column

(Tables 18 and 19). All water-soluble manganese was bound by the resin

and had a molecular weight smaller than 25,000. As stated earlier, the

most probable form of manganese under these conditions is Mn2+.

Zinc was not bound by the resin, and these data indicate that all

water-soluble zinc was bound to particles having a molecular weight

198



greater than 25,000. These soluble "particles" (operationally defined

as <0.45 P) may be colloidal organic matter, although 25,000 is a rela-

tively high average molecular weight for soluble organic compounds.

All zinc and iron were associated with particles with an apparent

molecular weight greater than 25,000. These data only partially confirm

the conclusions drawn from Table 19, which showed that some free cationic

iron was in solution, the proportion of which increased by adding other

metal ions to the sediment. On the other hand, these results may sug-

gest that a considerable amount of the iron is very loosely bound and

can be easily released.

Additional information is given by noting the color of the water-

soluble fraction. After passing through the 0.45 V-filter, the solution

had a yellow color. Color was not altered by passing this solution

through a Chelex-lO0 resin column. However, the solution passing the

pellicon membrane filter lost all color and was completely clear. This

indicated that all colored material, presumably organic material with

fulvic acid properties, had a molecular weight greater than 25,000, and

that all iron was bound to this material. A portion of this iron seems

to be very loosely bound and can be released either by the competitive

action of other metal ions or by a weak acid ion exchange resin such as

Chelex-lO0.

In the water-soluble fraction of a reduced Barataria Bay sediment,

zinc was firmly bound by soluble organic material in a molecular weight
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fraction greater than 25,000. The water-soluble manganese was present

in a free cationic form, probably as Mn2 + .

Iron was completely bound in a fraction with a molecular weight

greater than 25,000, but may be easily displaced by other materials, in-

dicating that under these experimental conditions, the stability of iron

chelates is rather weak.

Influence of pH and Redox Potential on the Particle-Size Distribution

of Water-Soluble Iron, Manganese, Mercury, and Lead

In this study, a series of filters of varying pore size and nominal

molecular weight limits were used to determine the influence of pH and

redox potential on the particle-size distribution of soluble iron, man-

ganese, mercury, and lead in solution extracted from Barataria Bay sedi-

ment.

The pH and redox potential at sampling time in the oxidizing and re-

ducing solutions are given in Figure 83. The average slope of the curves

was found to be -59 mv/pH in both cases.

Iron. The concentration of iron in the different fractions under

reducing conditions is given in Table 21.

Total iron refers to the iron measured prior to filtration through

membrane filters. All other values refer to the iron concentration in

the solution passed through a filter with a designated pore size or mo-

lecular weight limit.
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Barataria Bay Sediment Suspensions at Time of Sampling
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Table 21

Concentration of Iron in Different Size Fractions

Under Reducing Conditions

Fraction pl1 4 pH 5 pH 6 pH 7 pH 8

mg Fe/Z-

Total 1.74 1.75 1.74 1.71 1.71

0.45 i 1.57 1.50 1.45 1.25 1.30

100,000 MW* 1.52 1.38 1.23 0.32 0.05

25,000 MW* 1.52 1.38 1.20 0.09 0.05

1,000 MW* 1.46 1.38 1.20 0.00 0.00

Not Exch.** 0.11 0.00 0.00 0.09 0.37

*Moiccular Weight.

**Not Exchangeable by Chelex-100 resin.

Although the color of the freshly filtered sediment solution was

yellow, the color changed from a dark brownish-green to blue at pH 8

after 2 days. At lower pH levels, the color after 2 days was greenish-

yellow to yellow. Once filtered through the 0.45-P filter, all solutions

were yellow. However, this color was completely lost after filtering

through a 100,000 molecular weight pellicon filter. Table 22 shows the

change in optical density of the different solutions with pH. Measure-

ments were made at 425 nm.

It was apparent that the intensity of color in the water-soluble

(<0.45 11) fraction decreased with decreasing pH and that no colored
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Table 22

Optical Density of Sample Solution vs. pH at 425 nm

Fraction pH 4 pH 5 pH 6 pH 7 pH 8

Optical Density

Total 0.125 0.125 0.125 0.110 0.115

0.45 u 0.046 0.058 0.059 0.062 0.099

100,000 MW 0,010 0.010 0.010 0.010 0.010

25,000 MW 0.010 0.010 0.010 0.010 0.010

1,000 MW 0.010 0.010 0.010 0.010 0.010

Not exch. 0.046 0.058 0.059 0.062 0.099

material was adsorbed by the resin. The nature of this colored material

with an apparent molecular weight greater than 100,000 will be discussed

after considering additional data. From the data in Table 21, the quan-

tity of iron in the different size fractions was calculated, and the re-

sults are shown in Figure 84. The fraction greater than 100,000 molecu-

lar weight contains in fact particles smaller than 0.45 p, but having a

molecular weight greater than 100,000. It was found that under reducing

conditions, the predominant fraction at lower pH values (4 to 6) was in

the low molecular weight range. The ion exchange data (Figure 85) showed

that under these conditions, almost 100 percent of the water-soluble
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(<0.45 p) iron was taken up by the Chelex resin, indicating that this

iron was cationic and ,robably Fe2+. At pH 7 and 8, no iron remained

in the low molecular weight fraction, and most was shifted to the greater

than 100,000 molecular weight fraction. However, the ion exchange data

showed that more than 70 percent (pH 8.0) can be taken up by ne resin,

which indicated that the stability of iron compounds i-. these larger

molecular weight fractions is relatively low.

The concentration of iron in the diffeient size fractions under ox-

idizing conditions is given in Table 23.

Table 23

Concentration of Iron in Different Size Fractions

Under Oxidizing Conditions

Fraction pH 4 pH 5 pH 6 pH 7 pH 8

mg Fe/ -

Total 1.78 1.60 1.67 1.64 1.66

<0.45 P 1.18 0.86 0.87 0.93 1.05

<0.10 P 1.11 0.51 0.31 0.36 0.43

<100,000 MW 0.93 0.18 0.00 0.00 0.00

<25,000 MW 0.93 0.17 0.00 0.00 0.00

<1,000 MW 0.93 0.16 0.00 0.00 0.00

Not Exch. 0.00 0.26 0.52 0.68 0.77
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Oxidizing the previously reduced solution resulted in a color change

from yellow to a red-yellow, but, as for the reduced solution, all col-

ored material was retained by the 100,000 molecular weight filter.

Figure 86 shows that under oxidizing conditions, most iron was as-

sociated with larger particle sizes (>0.45 j and >100.000 MW). Only at

pH 4 and 5 did some of the water-soluble iron appear in the lowest mo-

lecular weight fraction. The >0.45-p fraction retained the red-yellow

hematite-like material, while the yellow soluble compounds together with

the soluble iron were retained by the 100,000 molecular weight filter.

The ion exchange data in Figure 85 indicated that under oxidizing

conditions at all pH values above pH 4, less iron was retained by the

resin than under reducing conditions. This suggested the iron-yellow

material complex was more stable at higher redox potentials. The total

soluble iron at pH 4 was found to be completely cationic. However,

thermodynamic data given in the literature indicate that free ferric

ions cannot exist at pH 4; thus these ions must consist of Fe2+ stabi-

lized at lower pH or perhaps stable oxides such as FeOH + .

Considering the nature of the yellow-colored soluble material re-

ferred to previously, it is obvious that it is organic and is not caused

by colloidal iron or manganese oxides. Manganese cannot be involved in

the color formation as the color still exists when all manganese from

the solution has been removed by the exchange resin. A similar reason-

ing is valid for iron. In the reduced solution at lower p1l, all soluble
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iron was taken up by the resin but the color persisted. It may be con-

cluded that the yellow-colored soluble material is organic, with an ap-

parent molecular weight greater than 100,000. It is obvious that the

intensity of the yellow color may be affected by iron and manganese in

solution, and it is generally known that the optical density of a soluble

chelate increases with increasing stability of the complex. Table 22

shows an increase in optical density in the soluble fraction (<0.45 P)

with increasing pH, indicating that more stable complexes were formed at

higher pH. This is also suggested by the ion exchange data in Figure 85.

Manganese. The concentration of manganese in the different fractions

under reducing and oxidizing conditions are given in Tables 24 and 25,

respectively.
Table 24

Concentration of Manganese in Different Size
Fractions Under Reducing Conditions

Fraction p1 4 pH 5 pH 6 pH 7 pH 8

----------------- mg Mn/ --

Total 1.17 1.15 1.19 1.16 1.16

<0.45 p 1.17 1.15 1.16 1.16 1.13

<100,000 MW 1.17 1.15 1.15 1.16 1.05

<25,000 MW 1.17 1.15 1.15 1.16 1.05

<1,000 MW 1.16 1.13 1.15 1.16 1.05

Not Exch. 0.00 0.00 0.00 0.00 0.00

209



Table 25

Concentration of Manganese in Different Size

Fractions Under Oxidizing Conditions

Fraction pH 4 pH 5 pH 6 pH 7 pH 8

----------------------------------------mgMn/-

Total 1.30 1.23 1.23 1.26 1.27

<0.45 U 1.17 1.16 1.20 1.18 1.00

<0.10 P 1.17 1.16 1.20 1.06 0.84

<100,000 MW 1.17 1.16 1.10 1.06 0.63

<25,000 MW 1.17 1.16 i.10 1.02 0.63

<1,000 MW 1.17 1.16 1.10 1.02 0.63

Not Exch. 0.00 0.00 0.00 0.00 0.20

From Figures 87 and 88 it is seen that in both reducing and oxi-

dizing conditions, all soluble manganese was in the lowest molecular

weight fraction. Ion exchange data (Figure 85) show that manganese was

completely removed from solution by the cation exchange resin. It was

concluded that the primary soluble form of manganese was Mn2+ and that

only a minor fraction became colloidal upon oxidation. It is obvious

that there is a great difference between the behavior of iron and man-

ganese in these systems and that the often assumed similarity between
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of Soluble Manganese in Reduced Barataria Bay Interstitial
Water
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their chemistry may be invalid.

Mercury. Mercury was added as the 203Hg isotope. The quantities of

203Hg referred to in Tables 26 and 27 are relative to the total quantity

added (assumed to be 100 units).

Table 26

Relative Activity of 203Hg in Different Size
Fractions Under Reducing Conditions

Fraction Relative Activity

pH 4 pH 5 pH 6 pH 7 pH 8

Total 100 100 100 100 100

<0.45 p 6.0 7.2 12.3 14.9 22.3

<0.10 P 2.2 2.0 2.5 ......

<100,000 MW 0.1 0.1 0.2 0.1 0.1

<25,000 MW 0.1 0.1 0.1 0.1 0.1

<1,000 MW 0.0 0.1 0.0 0.1 0.1

Not Exch. 5.0 5.1 10.3 12.2 16.6

From Figures 89 and 90, it is apparent that mercury was associ-

ated with the larger particle-size fractions. Under oxidized conditions,

more mercury was shifted to the soluble 100,000 and lower molecular
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Table 27

Relative Activity of 20311g in Different Size

Fractions Under Oxidizing Conditions

Fraction Relative Activity

p1t 4 pH 5 pH 6 pH 7 pH 8

Total 100 100 i0O 100 100

<0.45 vi 7.8 26.1 35.5 36.7 45.3

<0.10 v 4.2 4.0 5.4 6.8 11.9

<100,000 mW 0.2 0.5 0.8 0.6 0.7

<25,000 MW 0.2 0.3 0.4 0.3 0.1

<1,000 MW 0.2 0.2 0.3 0.2 0.0

Not Exch. 4.9 6.8 10.2 18.3 35.1

weight fractions, but the amounts were too small to be presented in the

figure.

Ion exchange data (Figure 85) show that a relatively small percent-

age of the water-soluble mercury was removed from solution by the Chelex-

100 resin under reducing conditions, indicating that these fractions form

a stable compound with the yellow-colored material. It was also found

that under oxidizing conditions, more mercury was taken up by the resin

as mercury was shifted to a soluble form.
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The larger particle-size fraction (>0.45 mm) associated with mer-

cury was thought to be the very insoluble mercuric sulfide in the re-

duced solution, while oxidation rusulted in a partial release of mercury.

which may then be coprecipitated with iron oxides (exchangeable by the

resin) or form stable compounds with soluble organics.

Lead. Lead was added as the 210 Pb isotope. The relative amounts

of 210 Pb refer to a total added quantity of 100 in the different fil-

trates of reduced and oxidized solutions indicated in Tables 28 and 29,

respectively. Table 2R

Relative Activity of 21 0Pb in Different Size

Fractions Under Reducing Conditions

Relative Activity
pH 4 pH 5 pH 6 p11 7 pH 8

Total 100 100 100 100 100

<0.45 p 22.6 1.3 1.5 1.7 2.1

<0.10 11 19.2 1.0 0.2 0.1 0.3

<100,000 MW 13.6 0.1 n. 0.1 0.0

<25,000 MW 11.1 0.1 0.1 0.1 0.0

<1,000 MW 9.5 0.1 0.1 0.1 0.0

Not Exch. 3.3 0.4 0.8 1.1 1.6
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Table 29

Relative Activity of 21OPb in Different Size

Fractions Under Oxidizing Conditions

Relative Activity
p11 4 pH 5 pH 6 pH 7 pH 8

Total 100 100 100 100 100

<0.45 p 13.1 1.3 1.6 1.3 1.6

<0.10 p 12.9 0.3 0.1 0.5 0.3

<100,000 MW 11.0 0.1 0.1 0.1 0.0

<25,000 MW 10.5 0.1 0.1 0.1 0.0

<1,000 MW 9.3 0.1 0.1 0.1 0.0

Not Exch. 1.5 1.2 1.0 0.9 1.6

As for mercury, it is seen from Figures 91 and 92 that almost all

lead was immobilized in the >0.45-p fraction under reducing and oxidiz-

ing conditions. Onlyat pH 4 was an appreciable portion of the total

lead added recovered in thp lowest molecular weight fraction (L9 percent).

Ion exchange data (Figure 85) indicated that lead in the soluble

fractions (less than 2 percent of the total) is in a stable complex form

at higher pH levels and shows a decrease in stability with decreasing pH.
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CONCLUSIONS

Sulfide-Sulfur

Several hundred pg sulfide-sulfur/g solids were generally found

under strongly reduced (-150 my) environments at all pH levels studied

in the Barataria Bay, Mobile Bay, and Calcasieu River sediment sus-

pensions. Barataria Bay material incubated at pH 8.0 was an exception.

No sulfide was detected in the strongly reduced Mississippi River ma-

terial at any ph. This observation corresponded with the comparatively

small organic carbon content and greater natural redox potential of this

material. No sulfide was detected at 50, 250, or 500 mv in any sediment

suspension. No volatile sulfide (H2S) was detected in any treatment,

presumably due to the moderate pH levels and the excess ferrous iron in

these sediments, which forms a stable complex with sulfide.

Where sediments are dredged, transported, then redeposited in open

water for disposal, it is likely that most metal-sulfide complexes will

remain stable during a brief exposure to an oxygenated aqueous environ-

ment before again becoming part of the reduced sediments at the disposal

site. However, release of sulfide-bound metals may be important in sur-

face layers of land-applied dredged material where gradual drainage and

subsequent oxidation may occur over extended periods of tire.

Though metal sulfide formation is reported to be an important reg-

ulatory factor limiting the soluble levels of toxic and trace metals in

strongly reduced sediment-water systems containing sulfide, there was
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generally no great release of any metal when the redox potential was

raised beyond the stability boundary for sulfide. If considerable quan-

tities of metals were precipitated as sulfide, it was apparent that other

processes regulating the solubility of metals became active as a sediment-

water environment changed to favor the oxidation of sulfide and the sub-

sequent release of sulfide-bound metals. There was a moderate increase

in the soluble and exchangeable forms of some metals such as zinc and cad-

mium as the redox potential increased from strongly reducing levels favor-

ing sulfide stability to redox potentials just above the sulfide stability

boundary. However, the quantities of these metals released, possibly by

sulfide oxidation, were modest compared to the quantities of potentially

reactive metals present in the sediments. There was some evidence that

processes affected by redox potential other than sulfide precipitation were

equally as important as, or perhaps more important than, sulfide in com-

plexing with metals under strongly reduced conditions. Metal complex for-

mation with insoluble organics was thought to be an effective scavenger

for metals, especially at low redox potentials.

Iron

Relatively large quantities of iron subject to chemical transforma-

tions induced by changes in pH and redox potential were found in all sedi-

ment materials studied. Both pH and redox potential strongly affected

the readily available soluble and exchangeable iron. In strongly reduced

sediments incubated at pH 5.0 and 6.5, soluble and exchangeable iron
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levels of several hundred to a few thousand pg/g oven dry solids were

generally found. As the suspensions were oxidized to 250 and 500 my

and/or increased in pH to mildly alkaline levels, these readily avail-

able forms of iron decreased to very low levels. The soluble ferrous

iron was likely oxidized to ferric iron that precipitated as insoluble

ferric oxides and hydroxides included in the reducible form. The greatest

quantity of iron was recovered in the reducible form in all sediment ma-

terials studied. Though levels of reducible iron were not influenced by

changes in pH1 and redox potential to as great a degree as were levels of

soluble and exchangeable iron, these data indicate that several thousand

ig iron/g solids in a form potentially effective as a trace metal adsorbent

was present over the entire range of pH and redox potential studied. In

addition to the poorly crystalline ferric oxides likely formed from sol-

uble and exchangeable iron as the pH and redox potential were increased,

large levels of reductant extractable iron were also recovered from strong-

ly reduced sediment materials.

Studies conducted to determine the ionic nature of soluble iron

indicate that much of this iron may be present as soluble organic com-

plexes. However, the stability of the iron-organic complex was shown

to be very low such that most iron was released in a cationic form by

brief contact with a weak cation exchange resin, particularly at con-

centrations greater than a few jig iron/ml. Due to the low stability of

the iron-soluble organic complex, essentially all soluble iron was be-

lieved to behave essentially as free cationic iron. Thus during dredging
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and dredged material disposal, the initial presence of iron as a solu-

ble organic complex is not believed to significantly affect the chemical

transformation of soluble ferrous iron to ferric compounds potentially

active as trace metal adsorbents.

The quantity of soluble and exchangeable ferrous iron potentially

available for oxidation to surface-active forms exceeded the quantities

of soluble toxic metals by several orders of magnitude. Thus the quan-

tities of freshly formed hydrous ferric oxides produced as a reduced

sediment is oxidized as well as the levels of colloidal iron oxides and

hydroxides extracted from strongly reduced sediments suggested the pres-

ence of a reletively large amount of iron potentially active as a metal

adsorbent. As indicated in subsequent paragraphs, some of the poten-

tially toxic metals studied were strongly associated with the reducible

phase thought to consist of colloidal hydrous oxides such as those of

iron and manganese.

nganese

As with iron, the levels of potentially reactive manganese capable

of forming compounds active in the adsorption of other metals was far

greater than the quantities of toxic metals found. Both pH and redox

potential were found to regulate levels of soluble and exchangeable

manganese. Generally, these forms of manganese decreased with an in-

crease in both pH and redox potential, particularly as the redox po-

tential increased above 250 my. The decrease in soluble and exchangeable
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manganese as pH and redox potential increased was accompanied by an

increase in reducible manganese. As recently formed hydrous oxides of

manganese are thought to be effective adsorbents for trace and toxic

metals, the transformation of soluble and exchangeable manganese to an

oxidized form as reduced sediments are mixed with oxygenated surface

waters may be an important regulatory mechanism reducing soluble levels

of toxic metal during dredging and dredged material disposal.

Experiments designed to study the nature of soluble manganese in-

dicate that essentially all soluble manganese was present as a free di-

valent cation.

Zinc

Total zinc in the sediment materials studied ranged from around 100

to 200 vg/g. From 40 to 85 percent of this was recovered in potentially

reactive forms by the chemical fractionation procedure applied.

Both pH and redox potential strongly influenced soluble and ex-

changeable zinc. Exchangeable zinc levels were generally greater than

soluble levels. The levels of both forms decreased with an increase

in pH. Zinc hydroxide and carbonate formation likely contributed to

the reduced solubility of zinc with increasing pH.

Studies conducted at pH 7.5 suggested that low levels of soluble

zinc at this pH are rather strongly complexed with soluble ligands.

However, at lower pH levels, which favor increased soluble zinc levels,

zinc was either not complexed or only weakly complexed, as most was
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retained by brief contact with a cation exchange resin.

This study indicated that zinc sulfide formation is an important

regulatory process affecting soluble apd exchangeable zinc. In strong-

ly reduced sediments containing sulfide, soluble zinc increased as the

redox potential increased above the stability field for sulfide. In

strongly reduced sediments in which no sulfide was detected, there was

considerably less influence of increasing redox potential above the

strongly reduced levels. The importance of sulfide regulation of sol-

uble zinc was most apparent in the zinc addition study where the pres-

ence of measurable sulfide generally reduced soluble zinc at the highest

levels added by a factor of 5 to 100, compared to strongly reduced

sediments containing no sulfide. The presence of any measurable in-

digenous soluble zinc by flame atomic absorption in strongly reduced

sediments containing sulfide suggested that some zinc may be solubilized

by complex formation with soluble organics or perhaps because of the

unavailability of the sulfide ligand, which may be tied up predominant-

ly as ferrous sulfide.

Most of the indigenous zinc recovered in potentially chemically

reactive forms by the fractionation procedure used was recovered in

the reducible form. Reducible zinc was consistently higher in the pH-

5.0, -150-mv treatment, which corresponded with the greatest reducible

iron levels. This suggested an association between zinc and colloidal

hydrous iron oxides in reduced, moderately acid environments. There

was a slight trend for levels of DTPA-extractable and hydrogen
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peroxide-digestible zinc to decrease with increasing redox potential.

Based on the results of this study, it is anticipated that most

of the total sediment-bound zinc would not be affected by changes in

either pH or redox potential encountered during dredging and dredged

material disposal. However, some changes in tie readily bioavailable

soluble and exchangeable forms could be expected by a change in the pH

or oxidation environment of a sediment. In strongly reduced sediments

containing sulfide, an increase in readily available zinc may be ex-

pected if the redox potential increases beyond the sulfide stability

boundary for sufficiently long periods for sulfide oxidation to occur.

This might occur in finely divided dredged material which ren1ains in

suspension for considerable periods and particularly in the surface

horizon of dredged material deposited on land where slow drainage and

subsequent oxidation of the surface horizon may occur. Only a small

release by insoluble organics would be expected as a result of a change

in che pH or oxidation environment of a dredged material, and, as for

sulfide release, this would be expected only if the more oxidized en-

vironment persisted for sufficient time for quantitative and qualitative

changes in the sediment organic matter to occur.

Copper

Total copper in the sediment materials studied ranged from around

15 to 21 jg/g solids. Maximum recovery by the chemical fractionation

procedure used ranged from 60 to 90 percent. This indicated much of
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the total copper was in chemical combinations potentially capable of

being transformed to readily available forms. However. measurable

soluble copper was found by flame atomic absorption only under strong-

ly and moderately reduced conditions at pH 5.0 in Mobile Bay sediment

material and at pH 8.0 in Mobile Bay and Mississippi River material.

At pH 8.0, there was a slight trend for soluble copper to increase with

redox potential.

In the Mobile Bay sediment suspension Incubated at pH 5.0. -150

my, the small amounts of soluble copper detected were present in a sed-

iment material containing around 1000 og sulfide/g solids. As copper

sulfide is reported to form one of the least soluble sulfides of trace

and toxic metals, these data again suggested that there may be some

competition for the available sulfide such that all of the copper does

not form a stable sulfide complex. There was no evidence that a soluble

copper-organic complex contributed significantly to the soluble copper

found In the acid, sulfide-bearing sediment material, as all soluble

copper was retained by brief contact with a cation exchange resin.

In all sediment materials studied, reducible copper levels were

strongly correlated with redox potential. Reducible copper was gener-

ally undetectable in strongly reduced suspensions by flame atomic ab-

sorption. However, recovery in this fraction increased with increasing

redox potential to approximately 50 percent of the total sediment copper

content under well-oxidized conditions. These data and the literature
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available suggest that reducible copper may be predominately associated

with hydrous oxides of manganese.

Copper levels associated with insoluble organics decreased with

increasing redoxaavailable, suggesting that the copper-organic complex

is more stable under reducing conditions and decreases in stability as

a sediment becomes better oxidized. Also to be considered is the pos-

sible increased competition for available copper by adsorption to hy-

drous oxides as a reduced sediment-water system becomes oxidized.

This study indicated that changes in the pH or redox potential en-

vironment of sediments induced by dredging and dredged material dis-

posal will result in little or no increase in readily bioavailable

copper. Precipitation or adsorption to colloidal hydrous oxides in ox-

idized environments and copper complex formation with insoluble organics

and perhaps sulfide in reduced sediment materials contributed to the

strong affinity of sediment solids for copper over the range of pH and

redox potential studied.

Mercury

In the sites studied, there seemed to be some relation between the

expected influence of cultural activitie-, and the total sediment mercury

content. Also, there was some tendency for the total sediment mercury

content to correlate with reduced conditions favoring sulfide stability

and particularly with the total organic carbon content.

Indigenous soluble mercury levels were generally too low for ac-

curate analysis. Thus the influence of pH and redox potential on the
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distribution of a radioisotope of mercury equilibrated with the sediment

suspensions was studied. The recovery of the added radioisotope in the

soluble form die not exceed 0.5 percent at any pH-redox potential com-

bination, and in most cases the recovery in this form was less than 0.1

percent. These data indicate that the proportion of potentially availa-

ble mercury in the soluble phase is very small over the entire pH-redox

potential range studied.

There was no general trend in mercury solubility with changing pH

or redox potential. However, certain pH-redox potential combinations

did enhance mercury solubility relative to adjacent pH-redox potential

treatments. In two of the materials studied, strongly reducing environ-

ments at pH 5.0 and 6.5 resulted in considerably greater recovery of

Lhe labelled mercury in a soluble form. Also in two materials, a well-

oxidized environment at pH 8.0 enhanced mercury solubility.

Again, greater dissolved mercury in some reduced suspensions con-

taining sulfide relative to more oxidized treatments suggested that the

mercury sulfide complex is not the predominant factor regulating dis-

solved levels of mercury. The increased solubility of mercury was an-

parently due to the formation of soluble, uncharged mercury complexes,

as most of the soluble mercury was not retained by a cation exchange

resin. These soluble complexes may be either orgaric or inorganic.

Oxidation of reduced sediment solution extracts resulted in more of

the soluble mercury becoming associated with a smaller molecular weight

material. These oxidized comp'oxes were less stable as measured by
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comparative mercury release to a cation exchange resin.

In suspensions treated to represent highly contaminated sediments,

mercury solubility was strongly influenced by both pH and redox poten-

tial. For example, in Mississippi River sediment suspensions to which

several hundred jig mercury/g solids had been added, recoveries in solu-

ble and easily exchangeable forms in well-oxidized treatments were

about 90, 6, and less than 1 percent at pH 5.0, 6.5, and 8.0, respec-

tively. Other sediment materials gave comparable results. The in-

fluence of redox potential on readily bioavailable mercury was also

accentuated in highly contaminated sedii..ents. In strongly reduced

Mobile Bay sediments receiving 5CI og mercury/g solids, soluble mercury

did not exceed 0.6 Pg/g at any pH level. In contrast, soluble mercury

levels recovered from well-oxidized treatments were 217, 31, and 0.8

pg/g at pH 5.0, 6.5, and 8.0, respectively. It was found that in high-

ly contaminated sediments, changes in either pH1 or redox potential

over the range studied may change levels of soluble mercury by a fac-

tor of 100 to 1000 and more.

There was evidence that colloidal hydrous oxides may play a role

in regulating the availability of mercury. Reducible mercury was as-

sociated with reducible iron under strongly reduced, moderately acid

environments, and with reducible manganese in oxidized, nonacid sedi-

ments. However, sediment organics were indicated to be the predominant

factor regulating mercury availability in the overall study in reduced

as well as oxidized environments. Where up to 500 pg/g of mercury was
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added, only trace recoveries (<0.6 ig/g) of soluble and exchangeable

mercury in reduced sediments were measured from any sediment material.

As no sulfide was detected in the strongly reduced Mississippi River

material, another important and effective regulatory mechanism for mer-

cury in strongly reduced sediments was suggested. With each incremental

increase in redox potential, there was a corresponding increase in the

bioavailable forms of mercury, possibly resulting from a reduced sta-

bility of the mercury-organic complex with increasing oxidation levels.

In the well-oxidized treatments receiving high-level mercury additions,

the release of mercury to readily bioavailable forms was strongly as-

sociated with organic carbon levels. The recovery of soluble plus ex-

changeable mercury in the well-oxidized suspensions receiving the highest

mercury addition from three sediment materials incubated at pH 6.5 and

the corresponding organic carbon contents were: Barataria Bay (400 pg/g

added) 3 pg, 3.0 percent organic carbon; Mobile Bay (500 pg/g added)

34.6 pg, 1.8 percent organic carbon, and Mississippi River (500 1g/g

added) 83.1 pg, 1.2 percent organic carbon. Comparable recovery rela-

tionships were found at other pH levels in moderately oxidized and well-

oxidized sediment suspensions.

In studies of indigenous mercury levels as well as where increas-

ingly larger increments of mercury were added, it was apparent that

mercury solubility under strongly reduced conditions may be enhanced

over mercury solubility in better oxidized treatments at relatively low

sediment mercury contents. However, as additional mercury was added

232



over approximately the 25-pg/g level, soluble mercury in strongly re-

duced treatments did not increase appreciably, whereas soluble mercury

in the better oxidized treatments increased sharply, particularly at

the higher levels added. Thus the predominant factors controlling the

solubility cf mercury apparently depend on the mercury levels present.

As the mercury content exceeds the capacity of one regulatory process,

the influence of pH and redox potential on the distribution of poten-

tially bloavailable mercury may change depending on the interaction of

controlling factors at the greater mercury levels.

Data indicate that a change in the sediment chemical environment

resulting in a lower redox potential in moderately and weakly acid

sediments and an increase in redox potential under mildly alkaline

conditions may result in a small increase in soluble mercury in some

sediment materials. In highly contaminated sediments, a reduction in

pH or an increase in sediment oxidation may result in large releases

of mercury.

Lead

Very little radiotracer lead was recovered in a soluble form at any

pH-redox potential combination studied, and consequently there were no

clear trends of the influence of these parameters on lead solubility.

In a separate study where 500 Pg/g solids of lead, zinc, and mercury had

been added to Mobile Bay sediment suspensions, the lowest release occurred

with lead. However, flameless atomic absorption data generally indicated

a small increase in soluble lead with decreasing pH and with decreasing
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redox potential at pH 5.0 and 6.5.

There was some indication that soluble organic complexes contributed

to total soluble lead in Mobile Bay suspensions incubated at pH 8.0 and

Calcasieu River suspensions incubated at pH 6.5. Studies done on solu-

tion extracts of Barataria Bay sediment samples indicated that the pro-

portion of lead complexed with organics increased with increasing pH.

Considerably more lead was found in the exchangeable form, and this

lead was affected by both pH and redox potential. In the oxidized

treatments, the recovery of the added lead isotope in the exchangeable

form decreased from several percent of that added at pH 5.0 to almost

undetectable levels at pH 8.0. Lead sulfide formation apparently had

an important influence on exchangeable lead. In moderately and weakly

acid Mobile Bay sediment suspensions receiving up to 500 og lead/g

solids, there was a sharp increase in soluble and exchangeable lead as

the redox potential was increased from -150 to 50 mv where sulfide dis-

appeared. Subsequent increases in redox potential did not result in

further increases in these two forms of lead. This indicated that lead

sulfide formation may play an important role in regulating exchangeable

lead in strongly reduced sediments.

Where a carrier-free isotope was added, the maximum recovery of

exchangeable lead generally occurred at 50 my. Smaller recoveries at

the lower redox potential may have been due to lead sulfide formation.

Smaller recoveries in better oxidized treatments may have resulted from

the scavenging effect of hydrous oxides. Recovery of the added lead
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isotope as well a5 indigenous lead in the reducible form incre" ed with

increasing redox putc:itial. Approximately half of the lead isotope was

recovered in this form in well-oxidized treatments at all pH levels.

Much of the remaining added lead isotope was recovered in an or-

ganic chelate-extractable form. The recovery of this form of lead and

of hydrogen peroxide-digestable lead indicated that the stability of

lead-inorganic complexes may be reduced by an increase in redox poten-

tial, though this did not appear to be the case for sediments receiving

high level lead additions.

Unlike mercury, for which most of the added radioisotope was not

recovered by the sequential chemical fractionation procedure used, most

of the added lead isotope was recovered in the reducible and DTPA-

extractable forms. Thus there was some indication that more lead may,

in chemical combinations, be potentially capable of being transformed to

readily bioavailable forms than mercury in all but highly contaminated

sediments.

In highly contaminated sediments (represented by materials receiv-

ing 500 pg metal/g solids), more mercury was released under acid, oxi-

dizing conditions than lead. In these sediments, there was little lead

release in the readily bioavailable soluble and exchangeable forms and

relatively little effect of redox potential on these forms up to lead

contents of several hundred vig/g solids.

The data indicate that changes in sediment pH and redox potential,

possibly induced by dredging and dredged material disposal, will result
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in relatively small changes in soluble lead unless the sediments contain

high levels of lead. An increase in acidity may increase soluble lead

somewhat. A change in redox potential will likely have minimal effects

cn soluble lead. However, exchangeable lead may be increased consider-

ably by an increase in sediment acidity.

Cadmium

There was generally good agreement between flameless atomic abs, rp-

tion and radiotracer techniques in determining the influence of pH and

redox potential on soluble and exchangeable cadmium in the sediment ma-

terials studied. A much greater proportion of potentially available

indigenous cadmium was found in the soluble and exchangeable chemical

forms than was the case for mercury and lead. Most of the soluble cad-

mium was apparently present in a free cationic state. The relative

levels of exchangeable cadmium corresponded to the cation exchange ca-

pacity of the sediments studied.

Both pH and redox potential were shown to strongly influence the

readily bioavailable cadmium. As pH was increased from 5.0 to 8.0, cad-

mium availability decreased. Soluble and exchangeable cadmium generally

increased with increasing redox potential at pH 5.0 and 6.5 such that

much of the equilibrated isotope was recovered in these forms in moder-

ately and weakly acid suspensions. Only the Mobile Bay soluble cadmium

responded to increasing redox potential at pH 8.0.

Recovery of the added cadmium radioisotope in a soluble form from

the Mississippi River material under well-oxidized conditions was around
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34 and 2 percent at pH 5.0 and 6.5, respectively. Corresponding re-

covery in the exchangeable fraction was 57 and 21 percent. Labelled

cadmium recovery in the Barataria Bay material studied showed similar

trends.

Where high levels of cadmium were added to Mississippi River sedi-

ment suspensions, there was comparatively little effect of redox poten-

tial on soluble and exchangeable cadmium. Where high levels of cadmium

were added to Barataria Bay sediment material, there was a marked in-

crease in levels of soluble and exchangeable cadmium with an increase

in redox potential, especially as redox potential increased above the

stability field for sulfide. Since the Mississippi River material did

not contain measurable sulfide, there was some indication that cadmium

sulfide formation may have resulted in much reduced levels of soluble

and exchangeable cadmium relative to better oxidized treatments.

However, the role of sulfide in regulating cadmium availability

was not as apparent at low cadmium levels based on tracer and flameless

atomic absorption data. The somewhat progressive increases in soluble

cadmium levels with increasing redox potential in sulfide and nonsulfide-

bearing sediments suggested that some other process was limiting cadmium

availability in strongly and moderately reduced sediments, possibly

cadmium retention by insoluble organics.

There was little effect of pH and redox potential on reducible

cadmium. However, organic chelate-extractable cadmium generally in-

creased with increasing redox potential while total insoluble organic-bound
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(hydrogen peroxide-digestable) cadmium decreased. This suggested that

cadmium-organic complex stability decreases with increasing redox po-

tential. This would support the finding where high levels of cadmium

were added that redox potential had a greater influence on cadmium

availability in the sediment material containing the greatest quantity

of organic matter.

This study indicates that a dredged sediment encountering a more

acid environment may release cadmium to the soluble and easily exchange-

able forms as was noted for other elements such as iron, manganese, and

zinc. However, radiotracer and atomic absorption data indicate that,

unlike other metals studied, there was a comparatively large increase

in soluble and exchangeable indigenous cadmium with increasing redox

potential over the entire redox potential range studied in both moder-

ately acid (pH 5.0) and near-neutral (pH 6.5) sediment materials. Thus,

a typically reduced dredged sediment material subjected to an oxidizing

environment for a sufficiently long time could be expected to release

much of its potential bioavailable cadmium in readily available forms.

Relative Bioavailability of Mercury, Lead, and Cadmium

There is little research data to substantiate exactly which chemi-

cal pools of metals and nutrients are readily available to benthic or-

ganisms and plants grown on dredged materials. It is generally accepted

that elements in the soluble form are most readily incorporated Into

living tissue and that the easily exchangeable pool also represents

readily available sources as this pool may be in equilibrium with and
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replenish the soluble pool. However, other chemical pools also con-

tribute to the uptake of metals and nutrients. It is also likely that

the relative contribution of the various chemical combinations to total

elemental uptake varies with biological species and that uptake by an

organism is influenced by the chemical and physical environment. Never-

theless, it is useful to determine the influence of the chemical and

physical environment on the response of nutrients and potentially toxic

metals to selected chemical extracts in sediment-water systems. In

this study, soluble and 1 N sodium acetate-extractable (easily exchange-

able) were termed readily available. Reducible, DTPA-extractable, and

hydrogen peroxide-digestable elements were considered potentially avail-

able, either directly, or as a result of chemical transformations mo-

bilizing these forms.

The recovery of added isotopes indicated that of the potentially

reactive indigenous quantities of mercury, lead, and cadmium in the

sediment-water systems studied, mercury was least associated with the

readily bioavailable forms. Lead ranked next, depending on pH and redox

potential. A relatively large proportion of the added cadmium isotope

was recovered in soluble and exchangeable forms. The remaining cadmium

was recovered in potentially available forms. Though little of the

added lead isotope was recovered in readily available forms, most was

recovered in the reducible and DTPA-extractable forms (potentially avail-

able). Mercury was tightly bound to sediment solids, and most of the

mercury was not recovered by the fractionation procedure applied (mercury
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was quantitatively recovered in the extraction for total elemental con-

tent).

The heavy metal addition study indicated the relative bioavaila-

bility of these metals may be altered in highly contaminated sediments

where pH and redox potential strongly influence the quantities recovered

in soluble and easily exchangeable forms.

Ammonium-Nitrogen

Soluble and exchangeable ammonium-nitrogen decreased as pH increased,

especially as the pH increased from 6.5 to 8.0. Volatilization may have

contributed to this nitrogen loss in sediment suspensions maintained at

pH 8.0 and 300C. An increase in redox potential also resulted in a re-

duction of soluble and exchangeable ammonium. It is likely that much

of the readily available ammonium-nitrogen was transformed to the equally

bioavailable and somewhat more mobile nitrate form as a consequence of

increasing the oxidation levels of sediments. Dredging and dredged ma-

terial disposal will likely cause a temporary increase in the ammonium-

nitrogen content of surface waters contacting dredged material due to

mixing of interstitial water containing high levels of ammonium. A

number of biological, chemical, and possibly physical processes will in-

fluence the ultimate fate of released inorganic nitrogen. Thus, an

evaluation of possible changes in the trophic status of receiving waters

must consider the complex cycling of nitrogen in sediment-water systems.
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Phosphorus

Soluble and exchangeable phosphorus decreased with increasing redox

potential and increased somewhat with increasing pH. Both effects were

thought to be due to phosphorus interactions with sediment iron. Changes

in readily available phosphorus were associated with levels of soluble

and exchangeable iron as redox potential was altered, especially in

moderately and weakly acidic sediment suspensions. Neutral and mildly

alkaline pH levels favor the formation of calcium phosphates over iron

phosphate, which may have contributed to the increase in phosphorus

availability at pH 8.0 relative to the lower pH levels studied.

Soluble phosphorus levels in surface waters may be enhanced when

mixed with reduced sediments and interstitial waters. However, increases

in the redox potential of interstitial water containing elevated phos-

phorus levels would tend to counter the possible release of phosphorus

caused by dredging and dredged material disposal.

241



REFERENCES

L. Boyd, M. B., Saucier, R. T., Keeley, J. W., Montgomery, R. L., Brown,
R. D., Mathis, D. R., and Guice, C. L. "Disposal of Dredge
Spoil. Problem Identification and Assessment and Research Pro-
gram Development." Technical Report H-72-8, U. S. Army Engineer
Waterways Experiment Station, Vicksburg, Mississippi (1972).

2. Morel, F., McDuff, R. E., and Morgan, J. J. "Interactions and Chemo-
statis in Aquatic Chemical Systems: Role of pH, pE, Solubility,
and Complexation." Trace Metals and Metal Organic Interactions
in Natural Water. P. C. Singer, Ed., Ann Arbor Science Publ.,
Ann Arbor, Michigan, pp. 157-200 (1973).

3. Hahne, H. C. H., and Kroontje, W. "Significance of pH and Chloride
Concentration on Behavior of Heavy Metal Pollutants: Mercury
(II), Cadmium (II), Zinc (II), and Lead (II)." J. Environ.
Quality 2: 444-450 (1973).

4. Jackson, M. L. Soil Chemical Analysis-Advanced Course. Published by
author (1956).

5. Whittig, L. D. "X-Ray Diffraction Techniques for Mineral Identifica-
tion and Mineralogical Composition." Methods of Soil Analysis,
Part 1. C. A. Black, Ed., American Society of Agronomy, Inc.,
Madison, Wisconsin, pp. 671-698 (1965).

6. Allison, L. E., Bollen, W. B., and Moodie, C. D. "Total Carbon."
Methods of Soil Analysis, Part 2. C. A. Black, Ed., American
Society of Agronomy, Inc., Madison, Wisconsin, pp. 1346-1366
(1965).

7. Allison, L. E., and Moodie, C. D. "Carbonate." Methods of Soil Analysis,
Part 2. C. A. Black, Ed., American Society of Agronomy, Inc.,

Madison, Wisconsin, pp. 1379-1396 (1965).

8. Day, P. R. "Particle Fractionation and Particle-Size Analysis."
Methods of Soil Analysis, Part 1. C. A. Black, Ed., American
Society of Agronomy, Inc., Madison, Wisconsin, pp. 545-567
(1965).

9. Chapman, H. D. "Cation-Exchange Capacity." Methods of Soil Analysis,
Part 1. C. A. Black, Ed., American Society of Agronomy, Inc.,
Madison, Wisconsin, pp. 891-901 (1965).

242

' . . . .. .! . . ' M | ' 4' . . .m .. . , ' , - . . . , . .. " . . ... . . , . .. .,



10. Windom, H. L. "Environmental Aspects of Dredging in Estuaries." J.
Waterways. Harbors, and Coastal Engr. Div., Proc. Amer. Soc.
Civil Eng. 98: 475-487 (1972).

11. Jenne, E. A. "Controls of Mn, Fe, Co, Ni, Cu, and Zn Concentrations
in Soils and Water: The Significant Role of Hydrous Mn and Fe
Oxides." Trace Inorganics in Water. R. A, Baker, Ed., Advances
In Chemistry Series, American Chemical Society, Washington, D. C.
73: 337-388 (1968).

12. Lee, G. F. "Role of Hydrous Metal Oxides in the Transport of Heavy
Metals in the Environment." Presented at the Symposium on Heavy
Metals in the Environment, Vanderbilt University, Nashville,
Tennessee (1973).

13. Williams, B. G., and Patrick, W. H., Jr. "The Dissolution of Complex
Ferric Phosphates Under Controlled Eh and pH Conditions." Soil
Sci. Soc. Amer. Proc. 37: 33-36 (1973).

14. U. S. Environmental Protection Agency. "Methods for Chemical Analysis

of Water and Wastes." EPA-625-16-74-003, EPA Office of Technology
Transfer, Washington, D. C. (1974).

15. West, F. K., West, P. W., and Ramakrishma, T. V. "Stabilization and
Determination of Traces of Silver in Water." Environ. Sci.
Technol. 1: 717-720 (1967).

16. Verloo, M., and Cottenie, A. "Stability and Behavior of Complexes of
Cu, Fe, Mn, and Pb with Humic Substances of Soils." Pedologie
22: 174-184 (1972).

17. Keeley, J. W., and Engler, R. M. "Discussion of Regulatory Criteria
for Ocean Disposal of Dredged Materials: Elutriate Test Rationzle
and Implementation Guidelines." Miscellaneous Paper D-74-14, U. S.
Army Engineer Waterways Experiment Station, Vicksburg, Mississippi
(1974).

18. Holmgren, G. G. S. "A Rapid Citrate Dithionite Extractable Iron Pro-
cedure." Soil Sci. Soc. Amer. Proc. 31: 210-211 (1967).

19. Bio Rad Laboratories. "Separating Metals Using Chelex 100 Chelating
Resin." Technical Bulletin 114, Richmond, California (1973).

243

t .,.. ,



20. Cox, F. R., and Kamprath, E. J. "Micronutrient Soil Tests." Micro-
nutrients in Agriculture. R. C. Dinauer, Ed., Soil Science
Society of Amer:za, Inc.. Madison, Wisconsin, pp. 289-317 (1972).

21. Jackson, M. L. Soil Chemical Analysis. Prentice-Hall, Inc., Englewood
Cliffs, New Jersey. 498 p. (1958).

22. Chao, L. L. "Sel-ctive Dissolution of Manganese Oxides from Soils
and Sediments with Acidified Hydroxylamine Hydrochloride."
Soil Sci. Soc. Amer. Proc. 36: 764-768 (1972).

23. Morgenthaler. L. "A Primer for Flameless Atomizatioa." Amer. Lab. 7:

41-51 (1975).

24. Watanabe, F. S., and Olsen, S. R. "Test of Ascorbic Acid for Deter-
mining Phosphorus in Water and NaHCO Extracts from Soil." Soil
Sci. Soc. Amer. Proc. 29: 677-678 (165).

25. Bremner, J. M. "Inorganic Forms of Nitrogen." Methods of Soil Analysis,
Part 2. C. A. Black, Ed., American Sociecy of Agronomy, Inc.,
"'adison, Wisconsin, pp. 1179-1237 (1965).

26. American Public Health Association. "Sulfide." Standard Methods for

th3 Examination of Water and Wastewater. American Public
Health Association, Inc., New York, pp. 330-331 (1960).

27. Pierce, J. W., and F. R. Siegel. "Quantification in Clay Mineral
Studies of Sediments and Sedimentary Rocks." J. Sed. Petr. 39:
187-193 (1969).

28. Krauskopf, K. B. lntroduction to Geochemistry. McGraw-Hill, New York,
721 p. (1967).

29. Lisk, D. J. "Trace Metals in Soils, Plants, and Animals." Advan.
\gron. 24: 267-325 (1972).

30. Carrels, R. M., and Christ, C. L. Solutions, Minerals and Equilibria.
htarper and Row, New York, 450 p, (1965).

31. Holmes, C. W., Elizabeth, A. S., and McLerran, C. J. "Migratiun and
Redistribution of Zinc and Cadmium in Marine Estuarine System."
Environ. Sci. 'echnol. 8: 254-259 (1974).

12. Engler, R. M., and Patrick, W. H., Jr. "Stability of Sulfides of
Manganese, Iron, Zinc, Cuppe-, and Mercury in Flooded and Non-
flooded Soil." S'il Sci. Sci. 1,9: 217-221 (1975).

244



33. Harter, R. D., and McLean, E. 0. "The Effect of Moisture Level and
Incubation Time on the Chemical Equilibria of a Toledo Clay
Loam Soil." Agron. J. 57: 583-588 (1965).

34. Connell, W. E., and Patrick, W. H., Jr. "Sulfate Reduction in Soil."
Science 159: 86-87 (1968).

35. Connell, W. E., and Patrick, W. H.. Jr. "Reduction of Sulfate to
q fide in Waterlogged Soil." Soil Sci. Soc. Amer. Proc. 33:

711-715 (1969).

36. Krauskopf, K. P. "Factors Controlling the Concentration of Thirteen
Rare Metals in Sea-Water." Geoo im. Cosmochim. Acta 9: 1-32
(1956).

37. Lindberg, S. E., and Harriss, R. C. "Mercury-Organic Matter Associ-
ations in Estuarine Sediments and Interstitial Water." Environ.
Sci. Technol. 8: 459-462 (1974).

38. Presley, B. J., Kolodry, Y., Nissenbaum, A., and Kaplan, I. R.
"Early Diagenesis in a Reducing Fjord, Saanich Inlet, British
C-'umbia - II. Trace Element Distribution in Interstitial
Water and Sediment." Geochim. Cosmochim. Acta 36: 1073-1090
(1972).

39. U. S. Public Health Service. "Drinking Water Standards." Publ. No.
956, Washington, D. C. (1962).

40. U. S. Environmental Protection Agency. Proposed Criteria for Water
Quality. Vol. I and II, EPA Office, Washington, D. C., October
(1973).

41. Gotoh, S., and Patrick, W. H., Jr. "Transformation of Iron in a
Waterlogged Soil as Influenced by Redox Potential and pH."
Soil Sci. Soc. Amer. Proc. 38: 66-71 (1974).

42. Theis, T. L., and Singer, P. C. "Complexation of Iron (II) by Or-
ganic Matter and its Effect on Iron (II) Oxygenation." Environ.
Sci. Technol. 8: 569-573 (1974).

43. McKeague, J. A., and Day, J. H. "Dithionite- and Oxalate-Extractable
Fe and Al as Aids in Differentiating Various Classes of Soils."
Can. J. Soil Sci. 46: 13-22 (1966).

44. Landa, E. R., and Gast, R. C. "Evaluation of Crystallinity in Hydrated
Ferric Oxides." Clays and Clay Minerals 21: 121-130 (1973).

245



45. Mackenzie, R. C., and Meldau, R. "The Aging of Sesquioxide Gels -

I. Iron Oxide Gels." Min. Mag. 32: 153-165 (1959).

46. Weiler, R. R. "The Interstitial Water Composition in the Sediments
of the Great Lakes - I. Western Lake Ontario." Limnol. Oceanogr.
18: 91.8-931 (1973).

47. Patrick, W. H., Jr., and Khalid, R. A. "Phosphate Release and Sorp-
tion by Soils and Sediments: Effect of Aerobic and Anaerobic
Conditions." Science 186: 53-55 (1974).

48. Olomu, M. 0., Racz, G. J., and Cho, C. M. "Effect of Flooding on
the Eh, pH, and Concentrations of Fe and Mn in Several Manitoba
Soils." Soil Sci. Soc. Amer. Proc. 37: 220-224 (1973).

49. Lindsay, W. L. "Inorganic Phase Equilibria of Micronutrients in Soils."
Micronutrients in Agriculture. R. C. Dinauer, Ed., Soil Science
Society of America, Inc., Madison, Wisconsin, pp. 41-j8 (1972).

50. Dubois, P. "Contribution a L'Etude des Oxydes du Manganese." Ann.
Chim. 5: 411 (1936).

51. Morgan, J. J., and Stumm, W. "Role of Multivalent Hydrous Metal
Oxides on Limnulogical Transformation." Proc. Inter. Water
Poll. Res. Conf. 2: 103 (1965).

52. Gotoh, S., and Patrick, W. H., Jr. "Transformation of Manganese in
a Waterlogged Soil as Affected by Redox Potential and pH."
Soil Sci. Soc. Amer. Proc. 36: 738-742 (1972).

53. Patrick, W. H., Jr., and Mikkelsen, D. S. "Plant Nutrient Behavior
in Flooded Soil." Fertilizer Technology and Use. 2nd Ed. R. C.
Dinauer, Ed., Soil Science Society of America, Inc., Madison,
Wisconsin, pp. 187-215 (1971).

54. Hem, J. D."Chemistry and Occurrence of Cadmium and Zinc in Surface
Water and Ground W4ater." Water Resour. Res. 8: 661-679 (1972).

55. Reddy, K. R., and Patrick, W. H., Jr. "Effect of Alternate Aerobic
and Anaerobic Conditions on Redox Potential, Organic Matter
Decomposition, and Nitrogen Loss in a Flooded Soil." Soil Biol.
Biochem. 7: 87-94 (1975).

56. Piper, D. Z. "The Distribution of Co, Cr, Cu, Fe, Mn, Ni, and Zn in
Framvaren, a Norwegian Anoxic Fjord." Geochim. Cosmochim. Acta

35: 531-550 (1971).

246



57. Goldberg. E. D. "Marine Geochemistry I. Chemical Scavengers of the
Sea." J. Geol. 62: 249-265 (1954).

58. McLaren, R. G., and Crawford, D. V. "Studies on Soil Copper. II.
The Specific Adsorption of Copper by Soils." J. Soil Sci. 24
443-452 (1973).

59. Hem, J. D. "Chemical Behavior of Mercury in Aqueous Media." Mercury

in the Environment. Geological Survey Professional Paper 713,
Washington, D. C. (1970).

60. Feick, G., Johanson, E. E., and Yeaple, D. S. "Control of Mercury
Contamination in Freshwater Sediments." EPA- 72-Qq rP.A

Office, Washington, D. C. (1972).

61. Ng, S. K., and Bloomfield, C. "The Solution of Some Minor Element

Oxides by Decomposing Plant Materials." Geochim. Cosmochim.
Acta 24: 206-225 (1961).

62. Serne, R. J., and Mercer, B. W. "Characterization of San Francisco
Bay Dredge Sediments--Crystalline Matrix Study." Contract No.
DACW07-73-C-0080, Report submitted to U. S. Army Engineer Dis-

trict, San Francisco, San Francisco, California (1975).

63. Hirst, D. M. "The Geochemistry of Modern Sediments From the Gulf of

Paria. II - Trace Elements." Geochim. Cosmochim. Acta 26:
1147-1187 (1962).

64. Windom, H. L. "Investigations of Changes in Heavy Metals Concentra-

tions Resulting from Maintenance Dredging of Mobile Bay Ship
Channel, Mobile Bay, Alabama." (In preparation), Mobile District,
U. S. Army Corps of Engineers, Mobile, Alabama (1973).

65. Stevenson, F. J., and Ardakani, M. S. "Organic Matter Reactions

Involving Micronutrients in Soils." Micronutrients in Agriculture.

R. C. Dinauer, Ed., Soil Science Society of America, Inc.,
Madison, Wisconsin, pp. 79-114 (1972).

66. Verloo, M. G. "Komplexvorming Van Sporen-Elementen Met Organische

Bodemkomponenten." Ph.D. Thesis, Rijksuniversiteit Gent,

Belgium (1974).

67. Price, C. A. "Geochemistry of Cadmium im a Salt Marsh Ecosystem."

M.S. Thesis, Louisiana State University, Baton Rouge, Louisiana

(1974).

247



68. Haghiri, F. "Plant Uptake of Cadmium as Influenced by Cation Ex-
change Capacity, Organic Matter, Zinc, and Soil Temperature."
J. Environ. Quality 3: 180-183 (1974).

69. Helling, C. S., Chesters, G., and Corey, R. B. "Contribution of Or-
ganic Matter and Clay to Soil Cation Exchange Capacity as
Affected by pH of the Saturation Solution." Soil Sci. Soc.
Amer. Proc. 28: 517-520 (1964).

70. Shuman, L. M. "The Effec, of Soil Properties on Zinc Adsorption by
Soils." Soil Sci. Soc. Amer. Proc. 39: 454-458 (1975).

71. Adren, A. W., and Harriss, R. C. "Methylmercury in Estuarine Sedi-
ments." Nature 245: 256-257 (1973).

72. Feick, G., Home, R. A., and Yeaple, D. "Release of Mercury from
Contaminated Freshwater Sediments by the Runoff of Road Deicing
Salt." Science 175: 1142-1143 (1972).

73. Lockwood, R. S., and Chen, K. "Adsorption of Hg (II) by Hydrous
Manganese Oxides." Environ. Sci. Technol. 7: 1028-1034 (1973).

74. Reimers, R. S., and Krenkel, P. A. "Kinetics of Mercury Adsorption
and Desorption in Sediments." J. Water Poll. Control Fed. 46:
352-365 (1974).

75. Khalid, R. A., Gambrell, R. P., Verloo, M. G., and Patrick, W. H.,
Jr. "Transformations of Heavy Metals and Plant Nutrients in
Dredged Sediments as Affected by Oxidation-Reduction Potential
and pH, Part 1, Literature Review." Report submitted to Office
of Dredged Material Research, U. S. Army Engineer Waterways
Experiment Station, Vicksburg, Mississippi (1977).

248



APPENDIX A: SAMPLING SITE LOCATION MAPS

249



LL 0

~ ox

C, -

1 4

-4

pp

L.4-

14

Eni

to4
H-

250



PORT

LAKELAK

PRIEN LAK

Figure A4. Sampling Site in Calcasieu River, Lake Charles, Louisiana
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APPENDIX B: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL FORM AND
DISTRIBUTION OF IRON

APPENDIX C: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL FORM AND
DISTRIBUTION OF MANGANESE

APPENDIX D: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL FORM AND
DISTRIBUTION OF ZINC

APPENDIX E: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL FORM AND
DISTRIBUTION OF COPPER

APPENDIX F: EFFECT OF pH AND REDOX POTENTIAL ON CHEMI.CAL FORM AND
DISTRIBUTION OF 2 0 3Hg

APPENDIX G: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL FORM AND
DISTRIBUTION OF MERCURY

APPENDIX H: EFFECT OF pH AND REDOX POTENTIAL IN CHEMICAL FORM AND
DISTRIBUTION OF 21OPb

APPENDIX I: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL FORM AND
DISTRIBUTION OF LEAD

APPENDIX J: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL FORM AND
DISTRIBUTION OF 109Cd

APPENDIX K: EFFECT OF pH AND REDOX POTENTIAL ON CHEMICAL DORM AND
DISTRIBUTION OF CADMIUM

APPENDIX L: EFFECT OF pH AND REDOX POTENTIAL ON WATER-SOLUBLE AND
EXCHANGEABLE Nt+t-N

4
APPENDIX M: EFFECT OF pH AND REDOX POTENTIAL ON WATER-SOLUBLE AND

EXCHANGEABLE PHOSPHORUS

APPENDIX N: EFFECT OF pH AND REDOX POTENTIAL ON WATER-SOLUBLE AND
EXCHANGEABLE ZINC 24 HR AFTER ACCUMULATIVE ADDITIONS
OF ZINC

APPENDIX 0: EFFECT OF pH AND REDOX POTENTIAL ON WATER-SOLUBLE AND
EXCHANGEABLE MERCURY 24 HR AFTER ACCUMULATIVE ADDITIONS
OF MERCURY

APPENDIX P: EFFECT OF pH AND REDOX POTENTIAL ON WATER-SOLUBLE AND
EXCHANGEABLE CADMIUM 24 HR AFTER ACCUMULATIVE ADDITIONS
OF CADMIUM

APPENDIX Q: EFFECT OF ph AND REDOX POTENTIAL ON WATER-SOLUBLE AND
EXCHANGEABLE LEAD 24 HR AFTER ACCUMULATIVE ADDITIONS
OF LEAD

APPENDIX R: EFFECT OF DISSOLVED OXYGEN ON CHEMICAL FORM AND
DISTRIBUTION OF IRON
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