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The research involved with this thesis is presented as three

separate studies. These are titled 1) Labelling the manganese in

geochemical samples by neutron activation, 2) Theelemental affinity

o the suspended particulates, fine bottom sediments and benthic

invertebrate fecal pellets of the Alsea River, Oregon, and 3) Phase

transformations of manganese under simulated estuarine condition8.

While these studies are presented separately, each of them repre-

sents an integral component of a more comprehensive investigation

of the biogeochemistry of Mn in the estuarine environment. This is

apparent when the following three abstracts are considered as a

single entity.

1) Labelling the manganese in geochemical samples by neutron

activation - Abstract

A unique application of neutron activation analysis was developed

in order to study the rapid phase transformations of Mn. In this

Redacted for privacy
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process, a one minute thermal neutron irradiation of various geo-

chemical samples labellect the different forms 01 Mn in them with the

radioisotope 6Mn. The labile and non-labile forms of Mn in the

matrices acquired essentially the same specific activity and the

matrices retained, to a great extent, their physical and chemical

integrity. This technique, therefore, provides a method of tracing

subsequent transformations of the Mn initially in the particulate phase

to dissolved and other particulate phases with the 6Mn radioisotope.

Concurrent, reverse transformations from the dissolved to the origi-

nal particulate phase may be monitored simultaneously with another

radioisotope, 54Mn.

2) The elemental affinity of the suspended particulates, fine

bottom sediments and invertebrate fecal pellets of the

Alsea River, Oregon. - Abstract.

The similarity in composition of various geochemical sari pies

(suspended particulates, fine bottom sediments, and invertebrate

fecal pellets) collected from the Alsea River, Oregon was demon-

strated by a muitielemental analysis using sequential neutron activa-

tion, and corroborated with photorni.crographs. This characterization

of the systems particulates indicates that copropel is an important'

medium for the transport of material into the coastal zone, as well as

a locally important component of the substrate. It further indicates

that the principal role of the macrobenthos in the biogeochemical



cycles of the elements considered is that of a. mechanical composter,

rather than a chemical processor. However, some elements in these

particulates may undergo phase transformations when the copropel is

resuspended into the water column and/or when the copropel is dis-

aggregated. This is indicated by the depletion of Mn and enrichment

of Ca and K in the suspended particulates relative to the fine bottom

sediments and by 56Mn radiotracer studies.

3) Phase transformations of manganeseurider imulated estuar-

me conditions - Abstract.

Rapid phase transformations of Mn which occur when the water

and suspended particulates of a relatively pristine river were mixed

with saline water in the estuarjne zone were determined in the labora-

tory under controlled conditions using radiotracers. The Mn in the

aqueous phase was labelled with cationic 54Mn, and the Mn in the

56 . -

particulate phase was labelled with Mn by neutron actition. This

procedure, therefore,.. enabled both the individual phase transforma-

tions and the net flux of Mn to be determined concurrently.

It was found that the Mn in thefresh water system was predomi-

nantly (97%) in the particulate phase, but that a large fraction (57%)

of it was solubilized by cation exchange reactions in saline water and

by the physical disaggregatiori of the resuspended fecal pellets, which

dominated the suspended particulates... Therefore, everithough itidi-

vidual, reverse fluxes from the filterable to the particulate phase



(1. e. adsorption, coprecipitation an4fflocculation) ere also measur-

able, the net flux of Mn under estuarine conditions was from the

particulate to the filterable phase. However, additional radiotracer

studies indicated that the solubilized 56Mn was effectively scavenged

from the dissolved phase bçphytoplankton detritus.

A
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A BIOGEOCHEMICAL STUDY OF MANGANESE
IN THE ESTUARINE ZONE

INTRODUCTION

Definition of the Research Problem

The objective of this research is to define the relative in-ipor-

tance of some of the phase transformations of manganese (Mn) which

occur in the estuarine zone. These processes include adsorption,

desorption, flocculation, disaggregation, coprecipitation and biologi-

cal assimilation.

Current concepts of this element's biogeochemistry have re-

cently been reviewed by Turekian (1977) in his presidential. address

before the Geochemical Society. As he emphasized the estuarine

Mn cycle is mainly self.-contained: the "release and deposition occur

virtually entirely within the system. U

The principal concern with the cycle, therefore, is in the rela-

tive magnitude of the numerous sources and sinks within the estuarine

zone and in the rates of exchange between the soluble and particulate

phases. This specific problem was also singled out by Troup and

Bricker (1975) for trace elements, in general, in their summary of

the research needs on processes affecting the transport of materials

from continents to the oceans.
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In general we know the kinds of reactions which are
important in trace metal transport. However, in many
cases we do not know which reaction is most important
for a given element, and in almost all cases we do not
know the amount of each element participating in the reac-
tion or the rate at which the reaction is occurring.

Numerous other studies reached the same general conclusion.

Included among these are Baseline Studies of Pollutants in the Marine

Environment and Research Recommendations (IDOE, 1972), North

Sea Science (NATO, 1973), Recommendations for Basic Research on

Transfer Processes in Continental and Coastal Waters (NSF, 1974),

Pollutant Transfer to the Marine Environment (IDOE, 1974), Assessing

Potential Ocean Pollutants (NAS, 1975), and The Biogeochernistry of

Estuarine Sediments (UNESCO, 1976).

Specific Areas of Research

Given the multitude of potential sources, sinks and biogeochemi.-

cal processes which are involved in the Mn cycle, a comprehensive

study of the element's geochemistry was not considered to be a rea-

sonable research problem. Therefore, a relatively discrete aspect

of the Mn cycle, which could be investigated independently, was sought

out. Eventually, it was concluded that studying the Mn fluxes between

the suspended particulate and filterable phases at the head of the

estuarine zone would be both an interesting and worthwhile research

problem.
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There were several reasons for selecting this research topic.

Relatively large and rapid transformations of Mn between the two

phases were known or believed to occur, but it was not knownwhether

the seston entering theestuarine zone represented a source or a sink.

for the element, Additionally, it was felt that the two phases could be

isolated from a natural system and then studied in a controlled envi

ronment, This topic also had recently been recommended by the

National Science Foundation (NSF, 1974) as a primary area for basic

research on transfer processes in the coastal zone.

In the case of detritus, the origin and niovement pattern
of the fine-grained component should be stressed. This
material is more chemically reactive than the coarse
fraction it often controls the penetration of light into the
system and unlike the coarse fraction, relatively little is
known of its inpu.t to, movement through, and removal
from the system.

A indicated in the NSF recommendation, the grigin of the ses-

ton in coastal areas is riot well know, and this ignorance has severely

limited the understanding of the Mn cycle. For example, Mtiller and

F6rstner (1975) concluded that the appareit "mobilization of heavy

metals from sediments" in the Rhine upon contact with saline water,

which had been reported by Grootetal. (1971), could alternatively

be explained by a simple dilution model in which river sediments

are mixed with marine sediments, Consequently, a parallel research

effort was made to identify the origin and prehistory of the seston

which was to be used in the Mn phase transformation studies.

I



A minor research effort was also made to determine the magni-

tude of the Mn uptake by marine phytoplankton. This again was con-

sistent with the NSF (1974) research priorities.

In the case of organisms, the attention should be concen-
trated on the phytoplankton community. These are at the
base of most aquatic food chains, they typically have high
standing crops, metabolic rates and surface area-to-volume
ratios, and they are easily grown under laboratory condi-
tions. These characteristics place the phytoplankton in a
key position with respect to the movement of materials in
continental and coastal waters.

Finally, it should be pointed out that the principal research

effort involved with this thesis was spent learning and developing

methods of measuring and tracing Mn. However, the discussion of

those methods is generally limited since most of them are based on

standard trace element techniques. One exception to the use of stand-

ard practices, which was developed for this research, is the unique

method of labelling the Mn in geochemical samples by neutron activa-

tion in order to trace the fluxes of Mn. to and from those samples con-

currently with two radioisotopes of Mn. This method, therefore, is

discussed in some detail.

Sampling and Analytical Strategies

Each of the biogeoch.emical factors described in the following

background section (with the exception of anaerobic diagenesis) was

considered in the measurements of Mn. transformations between the
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seston and filterable phases at the head of the estuarine zone. This,

in conjunction with the research objectives, led to the following samp-

ling and analytical strategies.

1) Sample a relatively pristine system where anthropogenic

alterations of the Mn cycle are minimal.

2) Collect the seston by centri.fugation to minimize the potential

fr contamination and the physical disaggregation of fecal

pellets and other organic particulates.

3) Collect enough seston for several simultaneous measurements

of various Mn transformations, multielemental analyses,

and photomicrograph.s.

4) Collect other particulates (e, g. fine bottom sediments) from

the system for comparison with the seston.

5) Measure the fraction of sorbed and crystalline Mn, as well

as the total concentration of Mn, in the seston in order to

determine the amount of potentially soluble (labile) Mn.

6) Resolve what fraction of the potentially soluble Mn is electro-

statically sorbed and what fraction is specifically sorbed.

7) Measure the fractions of exehangable (cati.onic) Mn and non

exchangable (complexed, colloidal, and microparticulate) Mn

in the filtered, fresh water solutions.

8) Develop methods of simultaneously tracing the various bio-

geochemical transformations of Mn between the suspended



particulate and filterable phases, which occur at the head

of an estuary.

Organization of the Thesis

In order to simplify the following discussion, the research in-

volved in this thesis is presented as three separate studies The first

of those studies concerns the unique application of neutron activation

to radiochemically label the Mn in geochemical samples, in order to

trace Mn fluxes from the sestoneriteririg the estuarine zone. The

second consists of a visual and elemental characterization of the

fresh water seston, which was collected for the subsequent measure-

ments of the phase transformations of Mn in the estuarine zone. And,

the third discusses the methods of measuring those transformations

and their relative importance in biogeochemical processes on the net

flux of Mn in that region.

Summary

The design and orientation of this research is intended to be a

logical extension of the research conducted by Dr. Norman Cutshall,

Dr. Vernon Johnson and Dr. David Evans. Hopefully, it will be

considered comparable in quality and will serve as the basis for

future research on this interesting and important problem.
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BACKGROUND

Introduction

Some of the numerous processes involved in the global biogeo-

chemical cycle of Mn are summarized in the following sections. How-

ever, the extensive number of publications on various aspects of that

cycle (e. g. Glasby, 1972a, 1972b, listed about publications in

his bibliography of Mn nodules), precludes a truly comprehensive

review of the literature. In fact, this apparent wealth of information

has prompted Elderfield (1976) to comment that there is "probably

as much manganese amassed yearly in the marine geochemical litera-

ture as in the oceanic water mass each minute from. all the world's

rivers."

As mentioned previously, the basic chemical reactions ssoci-

ated with the Mn cycle are generally understood, due to the work of

Delfino and Lee (1968, 1969, 1971), Hem (1962, 1963, 1977), Morgan

(1967), Morgan and Stumm (1964, 1965.a, 1965b), and Stumm (1967) on

the kinetics and thermodynamics of the cycle. These calculations are

admittedly (by their authors) limited, and often result in models

which are inconsistent with data obtained from natural systems. Such

comparisons are also hindered by the probability that most of the

measurements of dissolved Mn and of the speciation of particulate Mn

in natural systems are erroneous (Turekian, 1977; Lahann, 1976;



Stumrn and Morgan, 1970)

The Theoretical Chemical Equilibria of
Mn in Natural Water

The thermodynamics of Mn, based on "coupled oxidation and re

duction reactions of substrate and solute ions, and certain other reac

tions that may occuramong solute ions at surfaces of freshly precipi-

tated ferric hydroxide," has been recently reviewed by Hem (1977)

The standard Gibbs free energies of formation used inhis calculations

are listed in Table 1 and his Eh-pH diagram of the stability regions

for solids and the solubility of Mn is shown in Figure 1

These and other (e0g. Jenne, 1968; Stumm and Morgau 1970)

calculations indicate that the maxiganous cation, Mfl2t is the only

solute species of Mn which is of significance in natural systems0

This dissolved, divalent species is thermodynamically unstable in

aerated sea water (Silln, 1961; Goldberg, 1963). and it forms insol-

uble oxides in aerated, alkaline solutions0 The equilibrium reaction

for this oxidation could be written as

2 MnZ+ + 02(aq) + 2H2O Mn02(c) + 4H+

The equilibrium constant for the mass.1aw expression of that reaction

is io2084 for pyrolusite (Wagmanetal0, 1969) and 10 1.38 for birnes

site (Pricker, 1965). However, the initial oxidation product may have

a composition closer to Mri304 (Hem, 1963; Bricker, 1965; Morgan,



Table 1. Standard Gibbs free energy of formation used in preparing Eh-pH diagrams.

Species AG° Source of data
kcal/mole
Manganese

Mn02 (c) (pyrolusite) -111.18 WagmanetaL (1969)

Mn02 (birnessite) -108. 3 Bricker (1965)

Mn203 (bixbyite) -210.6 Wagmanetal. (1969)

MnOOH (c) (manganite) -l333 Bricker (1965)

Mri304 (hausmannite) -306.7 WagmanetaL (1969)

Mn(OH)2 (c) amorphous -147.0 Do,

MnCO3 (c) ppt. -194.3 Latimer (1952)

MnCO3 (C) (rhodochrosite) -195.2 Wagman etal. (1969)

MnS (c) (alabandite) -52. 14 Robie and Waldbaum (1968)

MnT2 (aq) -54.5 WagmarLetal. (1969)

MnOH+ (aq) -96, 8 Do.

HMnO2(aq) -120.9 Hem (1963)

(from Hems 1977)
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1967), after which the manganese is further oxidized to Mn02 by an

aging process (Bricker, 1965). The equilibrium concentration of the

manganous cation may be lowered to 98 (580 p.g/l) by a manga

xiese-ironredox mechanism at pH = 8.5, and it may be substantially

reduced to 10 (0. 34 pg/l) at the same pH by the disproportiona

tion of Mn3+ (Hem, 1977).

As summarized by Hem(1977), these redox reactions will be

favored by the availability of a negatively charged surface (which

acts as a catalyst for the nucleation of Mn02), low dissolved bicar

bonate activity, relatively high concentrations of Mn in solution, a

high pH and a plentiful oxygen supply.

There are several limitations to the application of the above

equilibria solubility calculations to natu.ral systems, as mentioned

previously. (1) The measurement of many and physical and chemical

variables, specifically Eh (Silleh, 1967; Stumm and Morgan, 1970)

and species of Mn (Stumm and Morgan, 1970; Tu.rekian, 1977), in

dilute aqueou.s systems is difficult and subject to misinterpretation.

(2) The thermodynamic data may be incorrect (Stumm and Morgan,

1970). (3) The thermodynamic data may be incomplete. (Hem, 1977,

summarized his calculations by stating that in order to adopt the

calculations in natural systems, complexing effects. meta stability,

and iMluences of temperature, pressure and ionic strength must be

taken into consideration'). (4) Natural systems, in general, and
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estuaries, in particular, are not in equilibrium. Therefore, there

may be marked discrepancies between the actual composition of the

natural system and that predicted by an equilibrium model, due to

variable inputs of energy and matter, the presence of physical and

chemical gradients, and different rates of reactions as pointed out

by Stumm and Morgan (1970). Finally, (5) the thermodynamic calcu-

lations do not define the rates at which the reactions occur.

This latter point is especially appropriate to the question of

which reactions are most important in the biogeochemical cycle of

Mn in the estuarine zone. For example, Morgan (1967) calculated

that the oxidation of Mn in sea water would take approximately 1O3

years, but Lewis (1976) reported that the Mn precipitation kinetics

in the aerobic waters of the Susquehana River were approximately

times greater than Morga&s values. Lewis attributed this

accelerated rate to Morgan's proposed autocataLytic rate of oxidation

(which is discussed in the following section) and the presence of other

catalytic surfaces, including organic matter, inorganic minerals and

manganese-oxidizing bacteria. This Latter relatively rapid transfor-

mation of Mn.is more consistent with Hem's (1977) conclusion that

"after a manganese oxide, or mixed iron and manganese oxide surface

has been formed, the removal of solute Mn in water moving past the

surface can be readily accomplished when oxygen is available."

However, other studies have reported that most divalent Mn remains
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in its soluble, cationic form for several days after its introduction

into sea water (Arrhenius and Bonatti, 1965; Koshy etaL, 1969;

Marchand, 1974).

Several of the processes which may influence this and other

phase transformations of Mn are discussed in the fol1owing.sections

Electro static (Non Specific) Adsorption

Electrostatic adsorption is defined as the binding of charged

ions in the Gouy layer of a particle. The surface charge of the latter

is generally attributed to the isornorphous substitution of ions with

different valences within the lattice structure and to the edge effects

of crystalline layers with broken or unsatisfied bonds (Parks, 1975).

Morgan (1967) and several other researchers (Hem, 1964;

Crerar and Barnes, 1974; Weijdenetal., 1977) have attributed the

apparently autocatalytic oxidation of Mn to this mechanism. Stumm

and Morgan (1970) proposed the following series of reactions to

explain this process.

slowlyMn (II) + O > MnO (solid phase

Mn (II) + Mn02 (solid phase) Mn (II) Mn02 (solid phase)

Mn (Il)MnO2 (solid phase) + O slowly> 2 Mn02 (solid phase)

Other studies (Jenne, 1968; Morgan and Stumm, 1965a, Nakhshina,



14

1975) have indicated that the sorption processes play a major role

in the natural chemistry of Mn in natural water at a pH 8. 5, when

the sorption capacity of the particulates controls the Mn11) concentra-

tion. Therefore, electrostatic adsorption may remove manganous

ions from the dissolved phase and accelerate their trarsformation

into relatively non-labile oxide coatings of particulates.

Mn ions electrostatically adsorbed to fresh water particulates

may also be desorbed once they enter the estuarine zone by cation

exchange reactions. This is because the relative concentrations of

ions with the same charge which are held in the Gouy layer will

generally reflect their ratio in the bulk solution, although there is

some specificity in the uptake due to differences in the hydrated ionic

ad.i (Stumm and Morgan, 1970).

This displacement of adsorbed Mn by seawater was first re-

ported by Murata (1939), and several other studies have corroborated

this mechanism of phase transformation in the estuarine zone (Fukai,

1966; Johnson eta.I., 1967; Evans and Cutshall, 1973; Robertson etal.,

1973; Gibbs, 1973; Lentschetal,, 1973;Wolfeetal., 1975). Cozise-

quez-itly, electrostatic adsorption of competing cations represents a

potential mechanism of mobilizing cUsgolved Mn in the estuarine zone,

as well as a potential mechanism of sequestering that element.

The relative importance of these two opposing processes

(adsorption and desorption) represents one of the principal concerns
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with the biogeochemi.ca1 cycle of Mn and one of the principal areas

of research in this thesis. As mentioned previously, two of the spe-

cific objectives of this study were to determine the relative fraction

of labile (including electrostatically adsorbed) Mn in the fresh water

seston and to determine whether that seston served as a source or

a sink for dissolved Mn in the estuarine zone.

Specific Adsorption

Mn cations may also be fixed to the surfaces of particu.lates by

attractions which are are not simply electrostatic. This bonding,

which may be covalent, van der Waals, hydrophobic, or solvatiori, is

collectively termed specific adsorption (Tiller and Hodgson, 1962).

As stated by Parks (1975),

The same forces responsible for complexation or compound
formation are responsible for (specific) absorption. There
are not others available. This observation provides a
means of comparing the expected magnitudes of G°he among
various systems. Solute species which are capab'e oX?form

i.ng strong complexes or insoluble compounds with some
component of the solid are likely to adsorb more strongly
than those which are n.

Since Mn is at the bottom of the Irving-Williams order (Irving

and Williams, 1 953), it will generally have the lowest affinity for

and stability in ligand complexes on substrate surfaces among the

elements in the series. One example of this is the relatively low

stability of Mn adsorption to peat (Rashid, 1974), which is illustrated

in Figure 2.
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Organic Acid Complexation

When the soluble concentration of Mn is found to exceed the

value predicted by thermodynamic solubility products, the excess is

commonly attribu.ted to the presence of organometallic complexes

which stabilize heavy metals in solution (Rawson, 1963; Hem1 1965;

Schnitzer and Skinner, 1967; Rashid, 1974; Elderfield and Hepworth,

1975; Stevenson, 1977). These organic acids are capable of preferen

tialiy dissolving the Mn in lateritic weathered rocks, and forming

complexes with it that are not as easily oxidized as the manganous

cation (Brockamp, 1976).

While such complexes appear to be significant in the transport

of soluble Mn in fresh water systems (Nakhshina, 1975; Brockamp,

1976, this study), they appear to be of less importance in estuarine

(Elderfield and Hepworth, 1975) and marine (Nissenbaum and

Swaine, 1976; Riedel, 1978) environments. Two factors which

apparently contribute to this are the relatively low affinity of Mn

for such complexes and the insolubility of fresh water humic acids

in sea water (Stevenson, 1977). However, there are similar organic

substances in the marine environment.

The relative stability of Mn in the organic acid complexes gen-

erally follows the Irving-Williams order (Goldberg, 1963), which

was mentioned previ ously and is illustrated in Figure 2. Theoretical
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valuesfor the degree of coniplexirig of Mn in natural water are also

listed in Table 2

Inorganic Complexation

Inorganic ligand complexes alsoplay an.important role in the

stabilization of the manganous ion inwater (Hems
1962; 1963;

Krauskopf 1967); and Kirchner and Grabowski. (1972) have concluded

that in most surface waters at a neutral pH, manganese can be

found in a soluble form either as MnZ+ or as the inorganic complexes

of manganese bicarbonates or manganese sulfates A theoretical

calculation of the degree of complexing of Mnwith these inorganic

ligands is also listed in Table 2

The cumulative stability constants for MnZ+ ionligand complex

formation and the calculated concentrations of MnZ+ ion species in

estuarine (17%o S) and sea water (35%o S) compiled by WeijdenetaL

(1977) are listed separately in Table 3

Flocculation and Sedimentation

The question concerning the relative importance of varicus

processes on the biogeochemical cycle of Mnis well illustrated by

the controversy over the role of flocculation and sedimentation on

that cycle. Trou.p and Bricker (1975) list it as the first of five major



categories of reactions that influence trace metal transport ir estu-

aries, and support their listing with the data of Schubel personal

communication to Troup and Bricker, 1975) and Carpenter etal,

(1975). Conversely, Meade (1972) offers the following opinion.

One often finds stated.in the literature that the deposi-
tion of fine-grained sediment is strongly influenced or even
predominantly controlled by the flocculation of dispersed
river-borne solids as they encounter the dissolved salte
in estuarine water, This statement has many o.f the charac-
teristics of a myth; that is, it is built on a partial foundation
of evidence, but it owes its stature mainly to constant and
facile repetition. The phenomenon of salt flocculation is
so easily demonstrated in controlled envi ronments such as
chemical laboratories and water-treatment plants that its
extrapolation to an important role i.n estuarine sedimenta-
tion is inevitable0 There .is little direct evidence, however,
that salt flocculation has much influence on how and where
fine- grained sediments are deposited. in estuaries

A closer look at the process of flocculation shcws
that it depends on two effects, collison and cohesion. That
is, particles must be brought together and, once together,
must stay together. The important factors that influence
these effects are the salinity, the composition and concen-
tration of the suspended matter, and the agitation of the
water. Increasing salinity reduces the repulsion and thereby
enhances the cohesion between particles. Increasing sus-
pended concentration enhances the probability of collision.
Increasing agitation of the water promotes flocculation by
increasing the rate of collision, and it inhibits by disrupting
the larger floes. More thorough discussions of these effects
and the theory of flocculation are given by Krone (1962, p.
11-15, 46-50); Overbeek (1952); and Verwey and Overbeek
(1948).

Sedimentation, itsell, is of course a major biogeochemical

process throughout the aquatic regime. For example, Nakhshina (1975)

attributes the relative decrease in the concentration of soluble Mn in



Table 2. Degree of complexing of manganese in fresh water (theoretical values).

Addend Kinstab

Hydroxyl ions 5. 10

Sulfates 310

Ch1o,ides 1.1.10_i

Bicarbonates
2

Amines 1. 6 10-1,9 10

Organic acids 5. 6 1o_66. o io2

Amino acids 8 1087.

11-
(A ), g-mole % bound

610-410 <10

8 10-2 2-40

3. <5

6 10-3 10 5-20

<9

1.3 10-4. 2 10 0.5-80

1o67. 10 <2

(from Nakhshina, 1975)

0



Table 3. Degree of coin plexing of manganese in estuarine and marine Waters (theoretical values).

a) Cumulative stability constants for Mn ion-ligand complex formation. Data for the chloride and sulfate based on average values for zero ionic
strength from & Martell (1964, 1971), for hydroxyl from Baes & Meamer (1976), for bicarbonate and carbonate from Zirino & Yamamoto
(1972). The convention is = (ML )J(M)(L).

L log log
2

log log

Cl 0.05 1.29 0.63 -

SO 2.2 - - -

OH 3.4 5.8 7.2 7. 7

CO 4.8 - - -

b) Assumed activity coefficients in calculating metal speciation

Medium Activity coefficients for species
Sivalent Monovalent Uncharged

1:1 diluted sea water 0.30 0. 72 1.06

seawater 0.26 0.68 1.13

c) Activities of some major anions: negative logs of ligand activities

Medium pCi pSO4
1*1CO3

pH7.5 1*18.0

pCO3

pH7.5 1i-18.O

1:1 diluted seawater 0.73 2.82 3.7 3.2 6.5 5.5

seawater 0.4 2.71 3.7 3.2 6.5 5.5

(Continued)



Table 3. (Continued)

d) Concentrations of Mn2+ species in percentages of total metal concentrations, calculated for 1:1 diluted sea water (17.5% S) at pH's 7.5 arid 8.0,
based on the preceding data; temperature 25 C.

pH Free ion Complex Ligand (L)
Cl SO4 OH HCO3 C0

7.5 72.88 ML1 6. 37 5.00 0. 02 0. 48 0. 37

ML2 14.06 - - -

ML3 0.81 - - - -

8.0 74.36 ML1 10.54 6.42 0.39 - -

Mt2 8.26 - 0.02 - -

e) Concentrationi of MnZ+ species in percentages of total metal concentrations for sea water (35% S) at 1i-l's 7.5 and 8.0 based on the preceding
data; temperature 25 C.

p1-I Free ion Complex Ligand (L)
Cl SO4 OH HCO3 CO3

7.5 54.61 ML1 8.11 3.86 0.02 0.33 0.23

ML2 29.33 - - - -

ML3 3.52 - - - -

8.0 53. 10 ML1 7.88 3.76 0.05 l 04 2.22

Mt2 28.52 - - - -

ML3 3.43 - - - -

(from WeijdenetaL, 1977) p.)
p..)
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reservoirs compared to their -irifluent rivers (Kalabina and

Malinovskaya, 1975; Konovalov and Kolesnikova eta!0 l965a-. l965b;

Feldman and Nakhshina, 1972; Solteroetal0, 1973) to precipitation

and deposition within the closed body of water,

Resuspension and Disaggregation

The seston cycle -in Buzzard's Bay was reported (Young, 1968,

1971) to consist primarily of the recycling of copropel by the micro-

fauna; meiofauna, and deposit feeding macrobenthos, These fecal

pellets may be suspended by tidal current scour and then either

solubilized by biological processors (e.g. bacterial decomposers)

or sedimented out of the water column (Figure 3) Various aspects

of this type of cycle have been reviewed by Rhoads (1963, 1974);

Aller (1977) and McCave (1976).

The solubilization of the copropel need not be biologically medi

ated, since the fecal pellets are characteristically fragile and

rupture readily. The mechanical solubilization of these and other

similar par-ticulates may also be -accelerated by the method of

collection (UI'ESCO, 1976; Parker, 1967, 1969)

Anaerobic Diagenesis

This process may be the -principal mecha.nisn of mobilizing

Mn in many, if not all, estuaries. However, it is -not immediately
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relevant to the research in this study, which was concerned with

alternative mechanisms of mobilization in the aerobic region of the

estuarine envi ronment. Current references on the mobilization of

Mn in anaerobic sediments include Price and Calvert (1970), Holdren

etal. (1975), Evans (1977), Trefry (1977), and Elderfield and

Hepworth (1975).

Biological Processes

The Mn cycle may be strongly influenced by biological processes

(Troup and Bricker, 1975). Organisms provide a surface for-its sorp

tion (Lowman et al. (i971), oxidize-its divalent cation (Stumm- and

Morgan, 1970), concentrate the element for -metabolic needs (Lowman

etal., 1971), incorporate it into-refractory skeletal material

(Wangersky, 1963; Martin and Knauer, 1973), aggregate and d-eposi-t

it in sediments (M-eade, 1972); produce -organic chelators, and -alter

other chemical and physical conditions of the-environment (Aller,

1977). Three studies-have-also linked the decrease-in the dissolved

fraction and the-increase in the particulate fraction of Mn-in sea water

to phytoplankton blooms (Morris, 1971; Knauer and Martin, i973;

Du.ttonetal,, 1973).

As an aside to-this brief summary of some-of the processes

affecting the biogeochemical cycle -of Mn, it is interesting to Lote

that Mn cycle-may also strongly influence-biological processes. The



metal is an essential trace element, whose metabolic roleis that

of a primary and accessory catalyst. It is probably directly involved

in oxidation- reduction phenomena; activates a number of enzyme

systems, including the decarboxylases in the Krebs cycle; and is

involved in chlorophyll synthesis (MeyeretaL. 1973). The metal

has been specifically associated with thea ssimilation of nitrate

(Burstr6m,, 1939), the reduction of nitrate to ammonia, carbon dioxide

assimilation (Gerretsen, 1949, 1950), oxygen production and4he Hill--

reaction (Tanneretal., 1960). These and other processes are dis

cussed in the reviews of the roles of Mn in plant metabolism of Stiles

(1961), Pirson (1958) and Nicholas (1961).

As an essential trace nutrient, the amount of Mn present exerts

a strong influence on the algal community. It appears from a-general

review of the literature that a minimum of 0. 1-0. 5 .ig Mn/i are re-

quired for growth. Harvey (1949) stimulated the growth of Chiamydo-

monas with an addition of 0. 1 pg Mn/i and of Chiorella with 0. 25 pg

Mn/1$ and hypothesized that the metal may be a limiting nutrient in

the North Pacific. While Menzel and Ryther (1961) considered Fe to

be the limiting nutrient in the Sargasso Sea, they noted that the addi-

tion of Mn stimulated growth.. Other reports of the metal' s positive

effect on algal productivity have been made by Walker.(1954), Reisner

and Thompson (1956), Eysteretal, (1958) and Sanders (1975) Slightly

higher concentrations of Mn will influence cell size (Harvey, 1949)



and species composition (Patrick etal., 1969). Above the low

levels required by plants, Mn compounds are distinctly toxic to plants

except at very low concentrations (Meyeretal. 1973). Reports

of Mn toxicity have been made by Fourni.er (1966), Thomas etal.

(1974) and Sanders (1975). Consequently, Mn represents an impor-

tant envi ronrnental parameter at any concentration.

Summary

The basic chemical reactions governing the biogeochemical

cycle of Mn are fairly well understood, but their relative importance

is not, The effect of each of these processes may vary dramatically

between estuaries? and this may result in highly variable distribu-

tion of Mn concentrations. This type of variability is apparent in

the reported Mn cycles of different estuaries (as discussed in Evans,

1977, and the UNESCO, 1976, Workshop on the Biogeochemistry of

Estuarine Sediments). Additionally, the cycle of a single estuary

may vary yearly, seasonally, daily, and hourly. Moreover, meas-

urements of trace element cycles in natural systems are fraught with

the limitions and errors previously mentioned,



ENVIRONMENTAL SETTING

The Alsea River, a small coastal system, originates on the

western slopes of the Pacific Coast Range in Oregon's mid coast

basin and flows westward into the Pacific Ocean at the town of

Waldport, approximately 210 kilometers south of the mouth of the

Columbia River (Figure 4). Its annual discharge is l. 85 x l09m3

of fresh water.

The basin is characterized by mountainous terrain and steep

sided canyons, which have elevations of 900 meters or more This

steepness and the soil's susceptibiLity to erosion have limited develop''

ment of the area: 94% (h2 x 1O5 hectares) is forest, 3% (3 6 x l0

hectares) is cropland, and 3% (3, 6 .x 1O3 hectares) is ranges and

'other uses" (Oregon. State Water Resources Board l965) The

only incorporated city in the estuarine area, Waldport. has a popu.la-

tion of approximately 800. Further upstream is the town of Alsea,

which has a population of approximately 700, There is no concen

trated human population in the drainage basin above that point. The

basin was previ ously. subjected to extensive clearcutting practices,

bu.t present controls have reportedly made it the 'leastailt-polluted of

the Oregon watersheds" (U.S. Army. Corps of Engineers, 1976). It

is now reportedly considered to be "clean and unpolluted compared to

other Oregon estu.arine systems" (U. S. Army. Corps of Engineers,

1976). Cur rent anthropogenic activities include lumbering, fishing,
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tourism, and agriculture (Oregon, Divisibn of State Lands, 1972

Wick1 1970). No industries.ar.e located on the river1 but the city of

Waldport discharges an estimated 3,8 x 1O5 1. of secondary effluent

into Alsea Bay daily (Percy etal., 1974),

The climate of the area is typical of the Oregon coast, humid

and temperate. Average atrnospher-ic temperatures are 14. '7°C in

the summer and 6. 6°C in thewinter,. The average annual prec±pita-

tion varies from 152 cm at the coastline to 279 cm at points near the

ridge crest, and approximately 80% of the total precipitation occurs

between October and March.

The flow rates of the Alsea River reflect the seasonality in

precipitation (Figure 5). For.example, estimated (T.J.S. Army. Corps

of Engineers, 1976) discharge rates of the principal streams indicate

that 82% of the net discharge occurs between October and March, and

only. 5% occurs between June and September. The annual discharge

of 226, 000 metric tons of sediment by the Alsea River is also sea.-

sonal (Jefferson, 1975).

Summaries of the accumulated knowledgeand/or references on

research of the Alsea River system may be found in Percy et al,

(1974), U.S. Army. Corps of Engineers (1976), and Morgan and

Holton (1977).
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Figure 5. Average monthly precipitation and river discharge of
Tidewater1 Oregon, gauging station (R. M.) on the Alsea
River estuary (redrawn from U. S. Army Corps of
Engineers, 1976).
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LABELLING THE MANGANESE IN GEOCHEMICAL SAMPLES
BY NEUTRON ACTIVATION

Abstract

A unique application of neutron activation analysis was developed

in order to study the rapid phase transformations of Mn. In this

process, a one minute thermal neutron irradiation of various geo-

chemical samples labelled the different forms of Mn in. them with the

radioisotope 6Mn. The labile and non-labile forms of Mn in the

matrices acquired essentially the same specific activity and the

matrices retained, to a great extent, their physical and chemical

integrity. This technique, therefore, provides a method of tracing

subsequent transformations of the Mn initially in the particulate phase

to dissolved and other partio.i late phases with the 56Mn radioisotope.

Concurrent, reverse transformations from the dissolved to the origi-

nal particulate phase may be monitored simultaneously with another

radioisotope, Mn.

Introduction

Numerous studies have indicated that Mn is involved in a series

of complex phase transformations within the estuarine zone (Turekian,

1977). In situ. measurements of these transformations have been made

from mass balance calculations, which are based on variations in
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stable Mn concentrations among samples collected across a salinity

or dissolved oxygen gradient, and from 54Mn radiotracer studies

The former are limited by the unknown prehistory. of each sample

(Miller and F6rstner, 1975); the latter may be limited by phase

disequilibria between the added r.adiotracer and its stable isotope

(Lowman, 1975; Slowey et al. 196.5)

54Duursma and Bosch (1970) were able to equilibrate Mn with

an exchangable fraction of the Mn in. sediments and then trace its flux.

However, their technique is limited by the ephemeral condition of

some of the components of the particulates (e. g. algae and .fecal

pellets) and the capacity of some of the components (e. g. biota,

humic acids, and hydrous oxides) to rapidly concentrate Mn and/or

alter its form.

The following method is. similar to that of Duu.r8ma and Bosch

(1.970), except that the Mn initially present in the particulates.is
56labelled with the radioisotope Mn by neutron activation. The analy.-

tical advantages (accuracy, precision; and sensitivity) of neutron acti-

vation analysis (NAA) are well known (Soeteetal., 1972). . Thefollow-

ing application of it also has several advantages over the more typical

radiotracer and activable tracer techniques.

1) The relatively short times required for activation limit the

extent to which blotic and abiotic processes may alter the

total concentration and the relative concentrations of the
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various chemical species of Mnin.the particulates.

) The thermal neutron act4vation of individual atoms is

independent of their chemical state and their position in

the matrix. Therefore the different forms of Mn are

activated in po rpo rtion. to their relative concentration in

the sample

3) There is no additien.of mass to the mother substance.

4) NAA is nondestructive, and there are no additional physi-

cal or chemical treatments which.severely alter the

chemical state or the composition of the matrix.

5) The potential for contamination is limited by the preceding

factors and by the mixiimu.m of handling requiredin NAA.

However, there are also several limitations, qualifications

and disadvantages associated with this technique. These are pri-

marii.y due to unknowns ir:the radiochemistry of the activation

produ.cts and in the radiation damage done to the matrix.

The principal concern with labelling the Mn in this manner is

the Szilarcl-Chalmers effect (Szilard and Chalmers, 1934). In the

55Mri (n, '.) 56Mn reaction, the captured neutron excites the resultant

nucleus to 7. 27 MeV (Harbottle, 1965). This excitation energy is then

emitted as neutron captu.re gamma rays with energies ranging from

0.090 MeV to 7. 261 MeV, and the nucleus acquires recoil energies

ranging from 0. 077 eV to 505. eV, which are almost all greater than
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those of most chemical bonds (Friëdlander etal., 1964). Therefore,

while the different chemical forms of Mn are activated in proportion

to their relative concentration in the original matrix, their resultant

specific activities may differ, because the activated nuclei may rup-

ture their original bonds and reform different bonds.

Consequently, the applicability of this method of labelling the

Mn in geochemical samples is based on the proposition that the labile

and non-labile forms of Mn present in the samples acquire the same

specific activity after neutron activation. This proposition is valid

only if 1) the non-labile forms of Mn retain or reform non-labile

bonds after their activation and if, 2) the labile forms of Mn retain

or reform labile bonds after their activation.

Since models are presently incapable of predicting this type of

hot atom chemistry in a complex matrix, the applicability of this

method must be estimated from empirical measurements and theo-

retical considerations. That is the purpose of the following experi-

mental data and discussion.

Experimental

Samples of synthetic manganese dioxide (6-Mn02), rhondonite

(MnSiO3), manganese nodules (y-MnOOH and ô-Mn02), and an intra-

laboratory standard (YEC) of sediment from Youngs Bay, Oregon

(containing various forms of manganese, including adsorbed MnZ+)
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were powdered with a glass -mortar and pestle to maximize their

surface area and make them physically comparable in size to the fine

particu.lates in bottom sediment.s and -seston. Aliquots (< 1 mg dry

weight) were doubly encapsulated in acid cleaned (reagent grade

HNO3), lab grade activation polyvials with 1 ml of deionized, dis-

tilled water (DDW) immediately (< 1 hr) prior to their activation,

The samples were activated in-the pneumatic terminal position

of the Oregon State University TRIGA research nuclear reactor-for

two minutes-with a thermal neutron flux of 9 x iO'2 n/cm2 s. Poly-

vial and DDW blanks, and Mn, Fe,. CRB basalt,. NB'S fly-ash, and NB'S

coal standards were also activated. Contamination by the production

of 56Mn from 6Fe by fission spectrum neutrons was measured

(cadmium ratio) and found to be <0.1% for-each of the samples.

The -increase in temperature (-1 °C) of the samples caused by the

neutron bombardment- was estimated by measuring the temperature

-with a the r-moprobe of DIDW samples immediately (< 1 mm.) prior to

and after their activation.

The-irradiation samples were re-equilibrated for 4 hours at

10°C. The, they were rinsed with filtered (04m Nuclepore) sea-

water to -extract the labile (adsorbed) MnZ+ displaced by cation

exchange reactions. The particulates and 5 ml aliqu.ots of the filtrate

were cou.nted in the well position (4ir geometry) of a3Ix 3" Nal (Ti)

scintillation detector with a Technical Measurement Corporation 400
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channel pulse height analyzer (Model 401D) to determine the fraction

of Mn which would be displaced from the sediments when they entered

the estuarine zone. This elution process was similar to that employed

byJohnsonetal. (1967).

The form of the 56Mn solubilized by the seawater leaching of

the YBC sediment was determined with the Chelex resin extraction

method reported by Riley and Taylor (1968). The seawater solutions

were passed through polyethylene ion-exchange columns with 5 ml of

the ammonjum form of Chelex-100 resin of 100-200 mesh (BioRad

Laboratories). The flow rate was approximately 2.5 mi/minute.

The resiti columns were purged of interstitial 56Mn with two 15 ml

rinses of DDW, then the 56Mn extracted by the resin was eluted with

15 ml of 2N HNO3. Aliquots (5 ml) of the seawater and DDW rinses,

the HNO3 elution, and the resin were counted in the well position of

the Nal (Ti) detector. Figure 6 is a flow diagram of the preceding

procedure.

Many of the procedures used in this method were intentionally

designed to contrast with those employed to obtain a high specific

activity in the Szilard- Chalmers extraction process. Optimum condi-

tions of the Szilard-Chalmers extraction process include the use of

a high purity, non- solid target compound that is highly diluted and

rapidly processed with an efficient carrier, In the former method,

by contrast, a relatively concentrated, complex matrix is activated
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in a minimu.m of solution and re-equilibrated for four hours without

the addition of an artificial carrier prior to elution.

Results and Discussion

Non-labile Forms of Mn

The non-labile forms of Mn (e. g. those in crystalline matrices)

were observed to remain, to a great extent,, non-labile in spite of

the Szilard- Chalmers effect. This is believed to be so because the

recoiling nucleus is only displaced a short (1-3 A) distance (Bowen

and Gibbons, 1963), and then is believed to be trapped in a cavity

where "due to the extremely high local temperature,, we shall expect

that the stablest combination involving the radio-active atom and the

ions in the coordination sphere will be formedu (Libby,, 1947).

This type of annealing process apparently was observed in the

irradiated samples of crystalline Mn, Over 99% of the 56Mn in the

synthetic manganese dioxide, manganese nodules and rhodonite was

retained in the particulate phase and was not extracted with the sea-

water leachings (Table 4). However, it should be noted that one nega

tive consequence of the preceding series of reactions, with regard to

this technique, is that a large portionoi the energy absorbed by an

inert matrix is transferred to the surface with a resultant decomposi-

tion of the adsorbate (Allen and Hurnmel,, 1963).



56Table 4, Retention of Mn in neutron irradiated matrices of crystalline manganese alter a
seawater, cation exchange elution.

Matrix (mean ± one standard deviation)
Manganese complex % Mn retained in matrix

manganese dioxide b-Mn02 99. 0 ± 0. 30

rhodonite MnSiO3 100.0±0.01

manganese nodules 5-Mn02 y-MnOH 99.3 ± 0.91
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Labile Forms of Manganese

After activation the labile forms of manganese. (e.g. adsorbed,

catiojaic Mn) were observed to remainlabile. Brurie (1966) calcu.

lated that the activated nuclei at the surface of the particulates in an

aqueous solution may be displaced as much as 30 . before they are

readsorbed on the surface of the matrix. Other studies have also

shewn that cationjc Mn(II), which has been activated, does not stabil

ize in higher oxidation states in solution due to the competition of

stable 55Mn(II) (Owens and Lecington, 1975) or once it has been

adsorbed (Apers and Harbottle, 1963).

This persistence of activated 56Mn in the labile fraction was

observed experimentally with the YBC sediment samples. For those

samples, the fraction of 56Mneluted by seawater was identical (L e.

mean values were within 1.2% of each other) to the fraction of stable

Mn eluted with 0. 05M Cu.SO4 (Table 5).

Over 98% of the 56Mneluted from the YBC sediment with sea

water was extracted by the Chelex resin, presumably in a cationic

form (Table 6). This further indicates that the adsorbed Mn(II)

cations which may be displaced from the. surface of the matrix by

the Szilard-Chalmers effect are not oxidized to higher valence states

and that they either remain in solution or more likely are readsorbed

(Hem, 1978) and subsequently displaced from the particulates by

seawater in simple cation exchange reactions.



Table 5, A comparison of the fraction of labile manganese present in an intra-laboratory
sediment standard determined by two different methods,

Method (mean ± one standard deviation)
Elu.tant % labile manganese

Johnson etaL., 1967 0,05 MCuSO4 33.3± 5.0

this stu.dy seawater 33, 8 -I- 3.3



Table 6. The form of filterable (0. 4 i-) 6Mn eluted from neutron irradiated samples of an
intra4aboratory sediment standard by a sea water, cation exchange elution.

(mean ± one standard deviation)
Form of manganesea % of total filterable 6Mn

resin extractable, cationic 98. 5 ± 0. 3

H complexed L5±0..3
IT nonextractable, complexed <0. 1

aThe efficiency of the Chelex resin extraction of cationic Mn.(II) in filtered seawater, which was
determined with 54Mn, was less (l%) than 100%; and other forms of manganese may be extracted
by the resin and then eluted with acid as cationic Mn (II).



Radiation Damage to the Matrix

The radiation dosage of the samples in this activation process

is less than 3 x rads. This amount of radiation will denature

many enzymes, lyse cells and kill ri-xost organisms; but it will not

cause much chemical damage (Bowen and Gibbons, 1963). For ex-

ample, the ratio of altered molecules to the tàtal number of molecules

would be less than 9 x l0, assuming an overestimated radiation

yield (G value) of 10 to account for the possible chain nature of some

reactions.

Since the irradiation occurs in an aqueous solution, the solute

is also indirectly affected by the radiolysis of the solvent. The net

effect of the products of the radiolysis of water (H, OH and HO2

radicals and H202) is not readily predictable for a complex matrix,

but the relatively low G values (1-10) of those products and the pres-

ence of dissolved oxygen limit their potential for greatly altering the

chemical composition of the matrix.

Summary

The applicability of this method is dependent. on the assumption

that the specific activities of the labile and non-labile forms of Mn

induced by thermal neutron activation are the same. Experimental

data indicate that non-labile (crystalline) forms of Mn remain
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non-labile after they have been activated., in spite of the Szilard-

Chalmers effect. Additionally, the fraction of labile 56Mn deter-

mined after activation with seawater leachings was the same as that

of labile Mn determined separately by another method for an intra-

laboratory sediment standard. The principal limitations of this

technique include the unknowns in hot atom chemistry and in the radi-

ation damage done to the matrix.



THE ELEMENTAL SIMILARITY OF THE SUSPENDED
PARTICULATES, FINE BOTTOM SEDIMENTS AND

BENTHIC INVERTEBRATE FECAL PELLETS OF
THE ALSEA RIVER, OREGON

Abstract

The similarity in composition of various geochemical samples

(suspended particulates, fine bottom sediments, and invertebrate

feca]. pellets) collected from the Alsea River, Oregon was demon

strated by a multielemental analysis using sequential neutron activa-

tion., and corroborated with photornicrographs. This characterization

of the system's particulates indicates that copropel is an. important

medium for the transport of material into the coastal zone, as well as

a locally important component of the substrate. It further indicates

that the principal role of the macrobenthos in the biogeochemical

cycles of the elements considered is that of a mechanical composter,

rather than a chemical processor. However, some elements in these

particulates may undergo phase transformations when the copropel is

resuspended into the water column and/or when the copropel is dis-

aggregated. This is indicated by the depletion of Mn and enrichment

of Ca and K in the suspended particulates relative to the fine bottom

sediments and by Mn radiotracer studies.
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Introduction

The importance of fecal pellets in the vertical transport of

elements -in the ocean (Fowler, 1 977) and their -importance in the

formation of sediments in all types of aquatic systems (Cole, 1975;

Rhoads, 1974; Schrader, 1971; Prokopovich, 1969) have been well

documented. The-following study-indicates that the -fecal pellets of

the benthic invertebrates of the Alsea River, Oregon -constitute the

principal component of the se:ston, as well as the -fine bottom sedi-

nients. This characterization of the system's -fine -particu.lates,

therefore, implicates its benthos in several geochemical processes,

which will also be discussed-in this chapter.

Materials and Methods

The seston-was separated from 100 liters of river--water by

continuous flow centrifugation. The rotor speed and the flow rate

through the centrifuge-were -adjusted to precipitate -particulates greater

than 0. 5 }Lrn, using the criteria -established by Lammers (1962)-.

Aerobic bottom sediments were-colLected from the-u.pper-2 cm of

the stream bed and the-fine fraction < 16 m) was isolated from the

coarser particulates by gravitational settling. Three species of

benthic invertebrates (acaddisfly larvae and two-species of snails)

were hand collected and stored alive in plastic containers. At the



laboratory they were washed free of associated particulates and

placed in glass aquaria. The following morning their fecal pellets

were recovered from the bottom of the aquaria. All of the glass and

polyethylene containers which wereused in the sample collection

and processing were acid cleaned (reagent grade HNO3), and rinsed

ten times with the river water immediately prior to sampling. The

internal components of the centrifuge were coated with Siliclad' to

minimize the potential for contamination.

Each of the above particulates (seston, fecal pellets and fine

bottom sediments) was dried at 60°C. Elemental concentrations

were determined by sequential neutron activation analysis (Gordon

etal., 1968; Schmitt etal., 1970). However, the small amount of

mate.ial available and the relatively high organic content of the

samples necessitated longer irradiation times, higher thermal neu-

tron fluxes, shorter delays and longer counting times than those

listed in the referenced procedures. The precision of the counting

statistics was less than ±5% for Al, Br, Ca, Dy, Eu, La, Mn, Na,

Sc, Sm, Ti and V, less than ± ] 0% for Ba, less than ±20', for Ca, and

less than ±25% for Mg.



Results and Discussion

Photomicrographic Characterization

The seston, when viewed microscopically, consisted primarily

of fecal pellets in various stages of disaggregation (Figure 7). Other

discrete (i. e. free) particulates (minerals, algae and zooplankton)

were present, but their contribution to the mass of the seston was

estimated to be less than 1%. However, minerals and algae, along

with amorphous organic matter and periphyton, were the principal

constituents of the fecal pellets present in the seston. This type of

assemblage, which is characteristic of the fecal pellets of benthic

deposit feeders, was also predominant in the fine bottom sediments

arid benthic invertebrate Lecal pellets (Figure 8).

Elemental Characterization

The elemental concentrations of replicates of the seston and

caddisfly fecal pellets collected on 21 May lg76, were normalized to

their aluminum concentration (1. e, elemental concentration/aluminum

concentration) for comparative purposes on the assumption that the

aluminum represents aluminosilicates derived from chemical weather-

ing processes. Only one of the twelve normalized elemental concen-

trations, manganese, of the seston was significantly (p < 0.01 in astu-

dentTsttest) different fromthatof the fecal pellets (Table 7, Figure 9).
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Table 7. Elemental concentrations normalized to aluminum concen-
trations of the seston and caddisfly (Dicosmecus fecal
pellets collected from the Alsea River on May 21, 1976.

Normalized elemental (geometric mean ± one standard deviation)
concentration seston fecal pellets

(g M/g Al) (n=3) (n=5)

Na 1.7±0.3 2.0±0.1

K 9.1±1.7 8.4±4.3

Mg 5.7±0.2 6.4±1.5

Ca 1.7±0.0 1.6±0.2

Ba 1.8± 1.2 2.3±0.7

Sc (z104) 4.6 ± 0.6 6.1 ± 2.6

Ti (x102) 11.1 ± 0.1 9.2 ± 1.6

V (x103) 2.7±0.4 2.6±1.0

Mn** (x103) 9.8 ± 1.2 134 ± 0.6

Sm (x105) 8.1 ±0.9 8.5± 1.4

Eu (x105) 5.8 ± 3.6 4.3 ± 2.6

Dy (x103) 9.5 ± 0.7 9.1 ± o. 6

**Normalized elemental concentrations of seston and fecal pellets are
significantly (p < 0.01) different from each other in a students t test.
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Figure 9. Elemental concentrations (normalized to aluminum) of the suspended particulate
matter and the fecal pellets of the larval caddisflie8 (Dicosmecus !) from the
Alsea River.
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While not too much importance should be given to the rchjghly

sigmficanV' difference in the normalized manganese concentratins

of the two small samples of seston and fecal pellets,, it is noteworthy

that the deviant element is manganese. This element is relatively

mobile in sediments (Turekian, 1977) and in suspended pa.rticulates

within the estuarin.e zone (WeijdenetaL,, 1977) In fact, it has been

recently recommended that the concentrations of aluminum and

manganese be determined in every sediment core, in order to use

any changes in their ratios as an indicatioxiof remobilization due to

redox and diagenic changes (UNESCO, 1976)

Subsequent elemental analyses of the seston, fine bottom sedi-

ments and fecal pellets from later collections were limited to single

samples; so their sample variance is not known and their differences

cannot be statistically evaluated. However, it may be seen in Table 8

that the variation in elemental concentrations within a group (e0 g0

seston) is generally comparable to thevariationin elemental concen-

trations between groups (e. g. seston9 fine bottom sediments and fecal

pellets)0 The elemental concentrations of the three groups, there-

fore, were generally indistinguishable.

Again, however, the manganese concentrations of the seston

were, on two occasions (9/6/76 and 10/12/76),, approximately one

order of magnitude lower than those of the fine bottom sediments

and benthic invertebrate fecal pellets, both on a dry weight basis



Table 8. Elemental concentrations of particulates in the Alsea River, Oregon(concentration ±analytical error)

Date Material Al Sr Ca Ce Co Cs Fe

1976 (mg/g) (ug/g) (%) (ug ) ug/g) (ug/g) (9)

9/6 seston 4.00 +0.08 55.4 +2.7 13.1 +0.9 1.51 ±0.28 2,98 +0.11 0,24 ±0.06 0.37 ±0.01

feces-a .. 7,86 0. 19 23.4 +1.4 2.75 ±0.35 20.2 2.0 22.7 0.6 0.24 0. 11 3.88 *0.05

feces-b 2.18 0.07 37.7 1,7 3.17 *0.46 19,3 l. 7 18.0 rao.4 0.86 0.28 3.52 ±0.03

feces .c 4.99±0.12 43.6 *2.6 3.24 ±0.31 19.5 ±1.5 23.6 0.4 1.71 ±0.44 4.00 *0.03

sedirient 3.70 ±0.11 28.0 1.3 2.67 *0.26 19.3 *0.9 18.4 0.2 0.42±0.10 3.13 ±0.02

10/12 seston 3.30 0. 21 35, 3 2. 0 10.1 +1. 1 3.81 0. 29 48. 7 0. 5 0.13 *0.04 0.52 0, 01

feces-b 14.0 0.2 28.7 *1.4 3.48 0.29 N.D. N.D. N.D. N.D.

feces-c 6,33 +0.16 27.0 ±2.4 3.02 ±0.36 7.56 1.43 12.1 05 0.83 ±0.24 2.00 ±0.04

sedinent 2.54 ±0,08 95.5 3 8 2.87 +0.38 19.3 ±1.0 22.4 +0.3 0.28 *0.08 3.97 0. 03

11/18 ststo-s 2.62 ±0.11 32.6 +2.4 2.46 +0.51 19.0 +1 7 23.7 0.5 1.08 *0.29 4.43 +0.05

feces-b 1.04 ±0.08 24.6 1. 3 0.82 ±Q 24 8.32 O.99 9.7 ±0.2 0.46 ±0.14 1.76 *0.02

sediment 3.33 *0.11 27.2 ±2.5 4.99 0.66 35.3 *1.9 39.5 0.5 0.85 0.2Z 7.51 0, 05

total samp1e 4.66 38, 3 4.39 15. 7 22.0 . 646 3.19

total sample s 3.48 20.2 3.55 9.65 12.9 .475 2.01

total sample c. v. .74 . 53 . 81 . 61 .59 . 74 . 63

U-'

N. D. not determined (Continued)



Table 8. (Continued)

Date Material
1976

K

(ing/g)
La

('g/g)

Mn
mg/g)

Sc

Ipig/g)
Ta

(j.'gfg)

9/6 sestori 1.34 *0. 30 0.53 *0. 32 . 255 ±. 004 1.67 ±0.01 0. 15 0. 05

feces-a 1.56 *0.59 3.52 *0.54 1.05 ±0.01 18.1 ±0.1 0.69 ±0.25

feces-b 1.29 ±0.47 ND .943 .014 16.1 *0.1 0.83 *0.18

feces-c 3.17 *012 3.08 0.42 1.70 ±0.01 18.7 *0.1 0.32 *0.09

sediment 2.53 ±0. 12 3. 14 ±0.42 2.08 0. 01 12.5 0. 0 0.52 0.09

10/12 seston 1.27 *0.34 0.68 ±0.28 . 162 *.006 2.50 *0.02 0.18 ±0.06

feces-b 4.68 ±0. 19 3.19 *0.45 1.31 ±. 01 N. D N. D.

feces-c 2.82 ± 0.11 2.21 *0.50 1.65±01 9.73 0.O7 0.34 *0.15

sediment 1.11 O 10 9.55 *1.10 1.89 *. 02 15.6 *0. 1 0.55 0. 11

11/18 sestori 1.17 ±0.09 3.61 *076 1.00 *02 17.0 0.1 0.44 *Q 14

feces-b 0.61 *0.03 1.38 *0.26 0.62 001 8.12 *QQ5 0.26 *0.09

sediment 2.72 0. 24 5.20 0. 75 1.19 0. 18 25.8 0. 1 0.83 0.. 17

total sample x 2.27 3.28 1.15 13. 3 46

total samples 1.27 2.50 7.26 .24

total sample c. v. . 56 .76 .53 .55 . 52

U,
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and when normalized to aluminum, One possible explanation for this

difference in Mn concentrations is that the surface sediments are

enriched in manganese by diageriesis and then the manganese is de-

sorbed by cation exchange reactions when the particulates are resus-

pended in a medium of lower Mn2+ concentrations. This possibility

is supported by the depletion (E. F. < 1) of manganese and the enrich-

ment (E.F,> 1) calcium and potassium in the seston (Table 9).

(g-M/g-Al) fecal pellets
Eq. 1 Enrichment factor (E. 1) (g-M/g-Al) fine bottom sediment

Such a mechanism would also preclude the rationalization, which is

commonly invoked in other explanations of the diagenic mobilization

of Mn, that the Mn2' cation diffuses and/or is flushed through a dense

boundary layer of aerobic bottom sediments into the water column,

and then is rapidly sequestered by a much less dense aggregation of

suspended sediments.

This characterization of the seston also suggests an additional

mechanism of solubilization for manganese and other elements, which

is solubilization by the physical disaggregation of the particulates.

Such a mechanism could occur naturally and as a result of sampling.

This proposed process is closely correlated with Young's (l97l) model

for the seston and nutrient cycles of Buzzard's Bay. It is also consis-

tent with the numerous reports on the instability of fecal pellets in

aquatic environments and observations that water samples are



Table 9. The elemental enrichment factor (E. F,) of seston and benthic invertebrate fecal pellets in
the Alsea River.

Metal Seston Fecal pellets

Br 0.8 1.0

Ca 2.7 0.8

Ce 0.4 1.0

Co 0.9 0.8

Cs 0.8 1.8

Fe 0.7 0.9

K 1.1 1.3

Mn 0.4* 0.6

Sc 0.5 1.0

Ta 0.4 1,0

*E. F. for samples collected on 9/6/76 and 10/12/76 is 0.1; and E. F. for sample collected on
11/18/76 is 1.1.



contaminated by filtration.

Additionally, it should be noted that both of these proposed

mechanisms of solubilizing Mn (desorption and disaggregation) fit

the data of two recent studies of the Mn cycle in estuaries (Evans

etaL, 1977; Sanders, 1978), in that the reported peaks in dissolved

Mn are paralleled by adjacent peaks in the suspended sediment load.

Biogeochemical Role of the Macrobenthos

The photomicrographs and an analysis of the data suggest that

the principal role of the macrobenthos in the geochemical cycles of

most of the elements considered is that. of a mechanical composter.

The organisms shred inorganic material,. mix it with fine inorganic a,.

innoculate the mixture with enteric flora and fauna, and encapsulate

it in a mu.cilagenou.s membrane. In this procedure the net amount

of trace elements primarily associated with inorganic materials may

be reduced, but the relatively greater decrease in organic compounds

produces an apparent enrichment of several trace elements in fecal

pellets.

The preceding statement may require some clarification, espe-

cially in light of the numerous publications on trace element enrich-

men.t in fecal pellets (e.g. Fowler, 1977). Thefecal pellets of

organisms are often enriched in their trace. element concentration

relative to their food on a.g-M/g dry weight ratio, For example, the
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manganese concentrations of the fecal pellets of the benthic inverte-

brates in a laboratory study are approximately twice the manganese

concentrations of their food (Table 10). However, this enrichment is

primarily an artifact of their preferential extraction of macro-nutri-

exits from the food, and is not the result of a sequestering of trace

elements from the environment. This type of enrichment should,

therefore, be typical of trace elements which are commonly present

in refractory states in the organic and inorganic material ingested by

organisms. These would include the elements with a high positive

correlation coefficient with aluminum in Table 11.

There is also evidence that those organisms deplete the net

amount of the same enriched elements in the particulate phase, when

the elemental enrichment factor (Wallace etal., 1977) is determined.

In applying this calculation, equation 1, to the data on the elemental

concentrations of the fecal pellets and the fine bottom sediments of the

Alsea River, it is apparent that ingestion and elimination result in a

net loss of many trace elements from the particulate phase.

Summary

A marked affinity in both the appearance and the elemental

concentrations of the seston, fine bottom sediments and benthic

invertebrate fecal pellets was found in samples collected from a

relatively small, pristine, coastal river. This interrelationship has



Table 10. Manganese concentrations (g/g dry weight) of the food and fecal pellets of some common
ire shwater benthic invertebrates.

Organism Food Mn-food Mn-fecal pellets

Clistoronia magnifica alder leaves 197 1108

Lepidostoma unicolor fir needles 246 434

Lana. wood 312 488

Lepidostoma quernica alder leaves 343 923

Clistororiia unicolor grass 280 1386

I-.



Table 11, Correlation coefficients for simple linear regression analyses of elemental concentrations in aliquots of the seston(n=3) and larval
caddisfly fecal pellets (n.5) collected from the Alsea River on May 21, 1976.

Al Ba Br Ca Cr Dy Eu K La Mg Mn Na Sc Sm Ta V

Al - .62 89 1.00 .62 .99 82 .52 .99 1.00 .99 .99 .98 .99 1.00 1.00

Ba - .72 .61 1.00 .63 .82 .18 .60 .62 .70 .56 .55 .57 .57 .63

Br - .88 .71 .88 .73 .60 .92 .90 .90 .90 .89 .90 .88 .88

Ca - .61 .99 .81 .53 .99 1.00 .99 .99 .98 .99 1.00 1.00

Cr - .62 .84 .15 .60 .61 .69 .56 .56 .56 .56 .63

Dy .83 .61 .99 .99 .99 .98 .97 .98 .98 .99

Eu - .35 .79 .79 .87 .76 .76 .76 .77 .82

K - .56 .55 .52 .54 .55 .56 .54 .52

La - .99 .98 1.00 .98 1.00 .99 .99

Mg - .99 .99 .99 .98 1.00 1.00

Mn - .97 .90 .97 .98 .99

Na - .98 1,00 1.00 .98

- .99 .99 .98

Sm. - 1.00 .99

Ta - .99

V -

N.)
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several biogeochemical implications. First, it concurs with other

reports of the i.mportance of the benthos in local sedimentary process-

es. Second, it attests to the importance of fecal pellets as a principal

vehicle of horizontally transporting materials into the estuarine zone;

in a manner analogous to the reported vertical transport particulates

in the ocean by fecal pellets. And third, it indicates that the principal

role of the macrobenthos in the biogeochemical cycles of most of the

elements considered is primarily that of a mechanical sorter and

composter, rather than that of a chemical processor. Mn is an

exception to this latter generalization. Its relative depletion in the

seston indicates that it is mobilized in the water column by a cation

exchange process. Additionally, Mn and other elements may be

mobilized from these partieulates when they are disaggregated either

by natural processes or filtration.
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PHASE TRANSFORMATIONS OF MANGANESE UNDER
SIMULATED ESTUARINE CONDITIONS

Abstract

Rapid phase transformations of Mn which occur when the water

and suspended particulates of a relatively pristine river were mixed

with saline water in the estuarine zone were deterrruined in the labora-

tory under controlled conditions using radiotracers. The Mn in the

aqueous phase was labelled with catiorzic 54Mn, and the Mn in the

particulate phase was labelled with 56Mxi by neutron activation. This

procedure, therefore, enabled both the individual phase transforma-

tions and the net flux of Mn to be determined concurrently.

It was found that the Mn in the fresh water system was predomi-

nantly (97%) in. the particulate phase, but that a large fraction (57%)

of it was solubilized by cation exchange reactions in saline water and

by the physical disaggregation of the resuspended fecal pellets, which

dominated the suspended particulates. Therefore, even though mdi-

vidual, reverse fluxes from the filterable to the particulate phase

(i. e. adsorption, coprecipitation and flocculation) were also measur-

able, the net flux of Mn under estuarine conditions was from the

particulate to the filterable phase. However, additional radiotracer

studies indicated that the solubilized 56Mn was effectively scavenged

from the dissolved phase of phytoplankton detritus.



Introduction

Manganese is involved in a complex series of phase transforma-

tions in the estuarine zone (Turekian, 1977). Although the net flux

appears to be from the soluble to the particulate phase (due to adsorp-

tion, oxidation, biological uptake, flocculation, and the formation of

relatively insoluble complexes), there also is a reverse flux from

the particulate to the soluble phase (due to desorption, reduction,

biological release, and the formation of relatively soluble complexes).

Therefore, while the net flux of manganese in an estuarine zone may

be determined with some precision from mass balance calculations,

it is difficult to account for the relative contributions of the competing

processes (Troup and Bricker, 1975).

This study describes both the methodology for measuring and

the resultant observations of both the net flux of Mn between the sus-

pended particulate and filterable phases and the relative contributions

of some of the competing processes in a simplified estuarine system.

Figure 10 illustrates the phases and transfer processes which were

considered; it also illustrates the complexity of the Mn cycle, even

in such a simplified system.

Unfortunately, these processes often could not be measured

simultaneously or in the same aliquot. Additionally, the short half-

life (155 mm.) of the 56Mn radioisotope restricted the duration of the
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flux measurements to a few hours, For these reasons, the following

work must be considered as preliminary.

One other qualification which &annot be overemphasized is that

the results of this type of study are stronglyinfluenced by the aqueous

phases and by the type of seston used. For example9 very divergent

results would be expected from studies which were identical in every

aspect except that in one case the Mn in. the seston was conservative

(e0g. Grootetal., 1971) and in the other case over 90% of the Mn

in the seston was potentially nonconservative (e. g0 Duiriker and

Nolting9 1977).

Experimental

Collection Site

Freshwater samples were collected from the Alsea River 2 km

upstream from the town of A1sea, Oregon0 This relatively pristine

coastal river was selected because of its sparse population and ab-

sence of industry, which minimize the potential anthropogenic altera-

tion of its geochemical cycles. A description of and references to

the study area may be found elsewhere (U0 S0 Army0 Corps of Engi-

neers, 1976; Morgan and
Hclton2 1977)

Filterable Manganese

The concentration of filterable
(micro-particulate9 colloidal9



and dissolved) manganese was determined from 200 ml samples.

The water was passed through Nuclepore R filters (47 mm diam. by

0.4 im pore size) into acid cleaned (reagent grade HNO3) 500 ml

polyethylene bottles containing 1 ml of reagent grade HNO3. Organics

in the water were digested with 5 mi of 5% K2S208 in the manner

described by Evans etal, (1977), The concentration of dissolved,

cationic Mn(II) in the filtrate was determined from separate aliquots

of filtered water which was neither aci.ifie-d nor digested.

The filterable, exchangable Mn initially present in the untreated

samples and that made so by acidification a-nd digestionwere extracted

with a cation exchange resin, Chelex-100 (BioRad Labs, 50-100 wet

mesh). The filtered solutions were passed through 0.7 cm diameter

by 4 cm polypropylene exchange columns (BioRad Labs) containing

S ml of the resin in the ammonium form. at a flow rate of app roxi

mately 2.5 ml min,.. The columns were then rinsed with two 15 ml

solutions of deionized, distilled water .(DDW) to remove interstitial

Mn; arid finally the chelated Mn was eluted from the resin with 15 ml

ofZNHNO3. -

In order to simplify the following discus sion, the amount of Mn

measured in the non-acidified and non-digested filtrate after extrac-

tiori in the resin is termed cationic Mn(II) and the difference between

that amount and the amount measured in the acidified and digested

filtrate is termed strongly complexed Mn, However, the efficiency
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of the chelex extraction, of Mn(II) was less than 100% (98. 5-100)

and other forms of Mn may have been recovered in this procedure

(Stumm and Bilinski, 1973).

The elemental analyses of filterable Mn were made in triplicate

using flarneless atomic absorption spectrophotometry. The instru-

mental parameters employed with the Varian Model 51 Atomic

Absorption Spectrophotometer with a Varian CRA-90 or a Varian

CRA-63 carbon rod attachment are li-sted in Table 12. A H2 lamp

was also utilized to correct for background absorption.

Particulate Manganese

The suspended particulate Mnwas extracted from 100 1 of water,

which was collected in 20 1 acid cleaned, DDW rinsed polyethylene con-

tainers. These containers were rinsed ten times with river water at

the collection site just prior to being.fi.11ed, and then filled and capped

underwater, Thewater was immediately (< 1 hr.) returned to the

1aboratory, where it was passed through a Sorvall SS3 centrifuge with

a continuous flow rotor to separate the sest.on, from the water. The

rotor speed and flow rate throu.gh the centrifuge were designed to

extract parti.culates greater than 0. 5 p.m according to the criteria

established by Lammers (1962). All of the components of the c.entri-

fuge which came in contact with the samples were coated with

SilicladR, The concentrated seston slurry was collected in an acid



Table 12. rnstrumeritaLparan-1eters for the aia1ysis of filterable manganese by fiameless atomic absorption specizophotonietry.

Drying Drying Ashing Ashing Atomization Atomize Athmzation

temperature time temperature time temperature time ramp rate

(°C) (Sec. ) °C) (Sec. ) (°C) (sec. ) (°C/Sec.)

120 40 700 20 1900 2 400
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cleaned, DDW rinsed polyethylene container and refrigerated (12°C)

overnight. The total delay between the time of collection and the

initiation of the analyses was approximately 20 hours. The material

was aerated during this period and the pH remained constant (± 0. 05)

The seston slurry was activated with a thermal neutron flux

so that the 56Mn (155 minute) produced by the 55Mn (n, y) 56Mn reac-

tion could be used as a radiotracer of the particulate Mn. One ml

aliquots of the slurry (< 1 mg dry weight) were doubly encapsulated

in acid cleaned, DDW rinsed lab grade activation polyvials imrnedi-

ately (< 1 hr) prior to their activation. Before and after the activa-

tion, these polyvials were kept in a water bath at 10°C ± 0.5°C. The

samples were activated in the pneumatic terminal position of the

Oregon State University TRIGA research nuclear reactor for two

minutes with a thermal neutron flux of 9 x 1012 n/cm2 s. Polyvial

blanks, and Mn, Fe, GRE basalt, NBS fly ash and NBS coal standards

were activated concurrently. Contamination by the production of

56 56Mn from Fe by fission spectrum neutrons was measured (cad-

mium ratio) and found to be < 0. 1% for the seston.

The concentration of Mn in the suspended particulates was

determined by the instrumental neutron activation analysis of dried

(60°C) aliquots of the seston slurry. From these measurements arid

the preceding measurements of the concentration of filterable Mn, it

was possible. to calculate the relative amounts of Mn in the two
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phases

Characterization of the Seston

Photomicrographs of the seston under normal and polarized

light revealed that the seston consisted primarily of elongate (200 FJ.mx

100 gm), cylindrical aggregates of organic matter and sediments re-

sembling the fecal pellets of detritivores (Figures 7 and 8). The

similarity of the seston to ben.thic invertebrate fecal pellets was

corroborated by a multielemental analysis of the seston and the fecal

pellets of common benthic invertebrates from the collection site as

discussed in the preceding chapter.

Percentage of Labile Manganese in the Seston

The fraction of labile Mn in the particulate material was deter-.

mined with a leaching technique similar to that employed by Johnson

etal. (1967). A calibration studywith an intralaboratory sediment

standard (YBC) indicated that the two methods eictracted essentially

(± 0. 5%) the same fraction of labile Mn (Table 5).

The neutron activated sestonw-as decanted onto a 0,45 pm

Millipore R filter. Then it was rinsed with 50 ml of filtered (0.4 m

Nu.clepore
R) freshwater from the collection site, filtered seawater

0.05 M CuSO4, 0, 05 M CoCl2, 0. 05 M .MnSO4, or 0. 1 M CH3COOH.

The 6Mn in the seston and 5 ml aliquots of the filtrate were counted in
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the well position (4 geometry) of a 3' x 3" Nal (Ti) gamma-ray

spectrometer to determine the fraction of solubilized Mn. The

limits of qualitative determination for this analysis are listed in

Table 13, The volume of elu.tant required for the preceding leachings

had been determined previously from an analysis of the 6Mn in. sue-

cessive 5 ml rinses of the seston, which indicated that essentially all

of the labile Mn was removed with 50 ml elu.tant (Figure 1 1)

Radiotracer Studies of the Phase
Transformations of Manganese

Measurements of the fluxes of Mn between the sestonand the

filterable phases were made with other aliquots of theneutron acti-

vated seston. The 1 ml samples of seston (< 1 mg dry weight) in

56which the Mn had been labelled as Mn, were placed in pyrex beakers

with 100 n-il mixtures of filtered river -water and filtered seawater -in

which the dissolved, cationic Mn(lI) bad. been labelled with 54Mn(Ii)0

The salinities of those solutions ranged from o%o to .35%0 The mix-

tures were allowed to equilibrate for four hours in a water bath at

10°C, then the seston was separated from the solution by filtration

(0.45 im Millipore). The solutions were immediately refiltered in

order to measure the amount of soluble 6Mrj retained on a blank

filter, and then returned to thewater bath, The solutions were re-

filtered after 24 hours to determine the amount of Mn removed from



Table 13. Limits of qualitative detection and qu.antitative determination of manganese, as 6Mn
(847.8 keV), in the well position of a .3x3 Nal (Ti) scintillation detector,

Critical level
(L

activity (cprn)1 15. 1

2 '-4Mnconc. ()g) i.5x10

Mnconc, (g/l)3 2,5x102

Detection limit
(Lu)

32. 9

3, 2x10"

5 3x102

Determination limit
(LQ)

155.

1. 5x10

2, 5x10 1

'Ca1culations were made with the working expressions for radioactivity (Currie, 1968) using the
background activity of the fifth 10 ml sea water solution,

2 . . . 56Calculations were based upon the 185 minute delay from the EOB in the measurement of Mn
in the fifth 10 ml of sea water solution,

3Calculations were based upon the 6 ml sample volume of the solutions.

-1
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Figure 11. The accumulative elution of 6Mn from the suspended
particulates of the Alsea River by sea water.
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solution by the subsequent flocculation and/or formation of insoluble

precipitates. Fragments of pyrex in each beaker were counted

separately as a container or wall blank. The amount of Mn in each

of the fractions was measured in the well position of the Nal (Ti)

spectrometer, in the same manner as the preceding samples. Be-

cause of the detector's inability to resolve the 54Mn and 56Mn gamma-

ray photopeaks, a series of counts and decay corrections were re-

quired for each subsample. Figure 12 is, therefore, a simplified

flow diagram of this procedure.

Sea water filtrates from the preceding analyses were added to

phytoplankton (Skeletonema cultures in assay of the ability of

the alga to concentrate the solubilized Mn. The phytoplankton were

separated from the solutions after a period of 1 to 4 hours, and the

amount of solubilied 56Mn associated with them was measured.

The authige.nic formation of particulate (> 0.45 1im) material

containing previously soluble manganese was determined from

separate mixtures of filtered fresh water and sea water. The amount

of Mn(II) cations in those solutions which was removed from solution

by flocculation after 1-2 hours was measured with the 54Mn radio-

isotope.

The net flux of Mn between the fresh water seston and the filter-

able phase at the estuarine interface was estimated by pooling the

preceding flux measurements. Then a theoretical plot of the
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collect water in 5 20 1 carboys

(Ihr.)
separate seston (0.5) as a slurry by continuous flow centrifugation

(6hrs.)

refrigerate (12 C) overnight

(7hrs.)

encapsulate 1 ml aliquots of th slurry in activation polyvials

(1 hr.)

activate aliquots in pneumatic terminal position of theJRIGA reactor
for 1 minute at 1 MW (thermal neutron flux = 9 x 10 n/Cm/C)

I 0
Count Mn in aliquot and polyvial and allow to reequilibrate at 12 C

(4 hrs.)

decant slurry into 50 ml solution with a Mn tracer of Mn2+ and equilibrate @) 12°C

(4hrs.)

count Mn in polyvial flit 0. 4)

count Mn in seston Count Mn in solution count Mn in wall blank

refilter (0.4)

count Mn in filter blank

(48hrs.)

Count Mnin seston count Mn i solution count Mn in wall blank

Count Mn in filter blank

recount Mn in seston recount Mn in solution recount Mn in wall blank

recount Mn in filter blank

Figure 12. Flow diagsam for radiotracer studies of the rapid phase
transformations of particulate manganese.



concentration of Mn in the estuarine zone, based on the initial meas

urements and the net flux calculation, was constructed.

Results and Discussion

Filterable Manganese Concentrations

The concentration of filterable Mn in the Alsea River water that

was used in the radiotracer studies was 2.82 pg/l for the January l9,

1977 samples and it was 3. 53 ig/1 for the March 4, 1977 samples.

Approximately one fourth (0. 95 ig/l) of it was catioriic Mn(II) and the

other three fourths (2. 58 g/l) of it was cornplexed Mn (Table 14).

The concentrations of filterable Mn in the sea water that was used

in those studies was 0. 22 g/l; and e8sentially all (> 90%) of it was

cationic, Mn(fl), The fresh water concentrations are characteristic

of the Alsea River (Table 14) and the adjacent Yaquina River. The

sea water concentration is consistent with recent open ocean values

bu.t it is an order of magnitude lower than most published values.

Particulate Manganese Concentrations

The concentration of Mn in the seston for those radiotracer

studies was 1.05 mg/g dry.weight onJanu.ary 18, 1977 and 1.60 rng/g

dry weight on March 4, 1977. These values are relatively high for the



Table 14. Filterable (0.45 rn) manganese concentrations (pg/l) of the Alsea River and seawater.

Collection date (Concentration ± analytical error)
Cationie Mn (II) Complexed Mn Total filterable Mn

Alsea River

October 11, 1976 1.16 ± 0.15 1.84 3.00 ± 0.15

November 18, 1976 - - 10.32 ± 0.60

January 11, 1977 - 2.81 ± 0.27

January 18, 1977 - 2.82 ± 0.04

March 4, 1977 0.95 ± 0.10 2.58 3.53 ± 0. 12

Sea water

March4, 1977 0.22±0.02 <0.02 0.22± 0.02

-J



seston of the Alsea River, which ranged from 0.160 to 1.60 mg/g

dry weight during a twelve month survey (Table 15). They are, how-

ever, very similar to those of the river's fine (> 16 pm) bottom sedi-

ments, which ranged from 1.19 to 2.08 mg/g dry weight, and to the

sediments from the adjacent river bank (1. 66 ± 50 mg/g dry weight).

This is an indication that the seston utilized in the radjotracer studies

(which were made during the seasonal high runoff period) had not been

subjected to the extensive alteration that the sestoxi collected during

low runoff periods had. (Unfortunately, there was not enough free

time available to take photomicrographs of the seston collected for the

radiotracer measurements.) The other major source of allochthonous

particulate material in the river system was detrital leaves and

needles, which had Mn concentrations of 0.2 to 0.4 mg/g dry weight

(Table 16).

Transformations of Manganese from the
Particulate to the Filterable Phase -
Measurements of the Labile Fraction

The only mechanisms of transforming Mn from the particulate

to the filterable phase, which were considered in this study, were

desorption and disaggregation.

Solubilization by Desorption. In the unidirectional leaching

studies, which were repeated several times, it was found that 59%

to 93% of the total Mn associated with the fresh water seston could be



Table 15. Manganese concentrations (mg/g dry weight) of the seston and fine (< 1 6 m) bottom
sediments of the Alsea River.

Collection date (Concentration ± analytical error)
Seston Bottom sediments

April 28, 1976 1.46 ± 0.01

July 21, 1976 0.684 ± 0.015

September 2, 1976 0.240 ± 0.005

September 6, 1976 0.255 ± 0.004 2.08 ± 0.01

October 12, 1976 0.162 ± 0.006 1.89 ± 0.02

November 18, 1976 1,00 ± 0.02 1.19 ± 0.18

January 18, 1977 1.05 ± 0.08 -

March4, 1977 1.60 ±0.12 -



Table 16. Manganese concentrations (rng/g dry weight) of the allochthonous particulate material
entering the Alsea River.

Particulate material

sediment from the river bank

aged alder leaves

aged elm leaves

aged fir needles

Mn. concentration
(mean± standard deviation)

1.655± 0.050

0.218 ± 0. 035

0. 302 ± 0. 026

0.246 ± 0.032



solu.bilized with the filtered sea water elution, and that neither the

acetic acid or transition metal salt elutions removed a measurably

higher fraction of the Mn (Table 13). Essentially all of the Mn (>98%)

which was mobilized in the sea water rinse could then. be extracted,

without further treatment, in the chelating resin.

Since the relative amounts of Mn which were solubii.ized in the

various extractions are comparable to the amounts solubilized from

the sediment of the Columbia River by Johnson etal. (1967) and the

solubilized Mn appeared to be in a cationic form, the mobilization of

Mn from this fresh water seston in the estuarine zone may be at-

tributed to simple cation exchange reactions.

Solubilization by Disaggregation. However, the large fraction

of Mn which was solubilizeci in the control fresh water elutjons (column

A in Table 13) indicates that the physical disaggregation of the sus-

pended particulates may also be an important mechanism of solubiliza-

tion. In fact, when the fractions of Mn eluted in the fresh water and

sea water rinses are compared, it may be seen that 62% to 100% of

the Mn which was solubilized may be attributed to the physical dis-.

aggregation of the particulates rather than the displacement of electro-

statically adsorbed Mn(II) ions by other catioris.

It may be argued that this apparent solubilization of Mn by

disaggregation was an artifact of the analytical methods; but, there

are several factors which indicate that the process is real. 1) The



amount of norilabjie Mn ft. e. Mn in mineral lattices) which was

solubilized after the same treatment was negligible (< l), as dis-

cussed in chapter 2. 2) The radiation dosage (< 3 x rads) of the

samples in the labelling process will-denature enzymes, lyse cells

and kill most organisms, but it will not cause much chemical damage

according to Bowen and Gibbons (1963). 3) The seston utilized in

this study was composed primarily of resuspended fecal pellets of

benthic detritivores in varying degrees of decay, and this type of

material is characteristically very fragile and disaggregates rela-

tively rapidly (e. g. Honjo and Roman, 1978, have reported that there

is a rapid colonization of the surface membrane of copepod fecal

pellets which is increased with temperature, "that whe.n.freshIecal

pellets were exposed to ao°c the surface membrane was disaggregated

within 3 hours resulting in the internal contents being exposed to sea

water," and that "when the surface membrane-is consumed, bio-

degradation proceeds to the interior -of the fecal pellets" and the

"constituent particles fall off and finally break into small amorphous

aggregates"). 4) Essentially the same mechanism has been pro-

posed for the cycling of seston and major nutrients in tidal regions

by Young (1971). and Rhoads.(1974). It should also be noted that at

a recent symposium on the biogeochemistry of the estuarine zone

(UNESCO, 1976), it was recommended that "new approaches to the

separation of particulate material, e, g. centrifu.gation" be. utilized



to obtain solutions of interstitial water because of the contamination

(e g due to disaggregation) problems associated with filtration,

In summary, the Mn. associated with the fresh water seston

appeared to be mobilized by two processes, electrostatic adsorp-

tion and physical disaggregation. The total fraction of labile Mn

in the seston and the relative amounts of Mn mobilized by the two

mechanisms varied markedly during the study period, and they

undoubtedly vary to an even greater extent for seston from differ-

ent drainage basins. The former process should occur predomi-

nantly at the head of an estuary in the area of low salinity, where

the initial cation exchange reactions are completed; while the latter

process should occur throughout the estuarine zone and be most

important when or wherever there is an input of fecal pellets into the

water column, It is maximized by scouring, mixing, and biological

actj.vj ty.

Excluding all other factors (sources and sinks), the profile of

filterable Mn in a system dominated by electrostatic adsorption

should, therefore, differ from one dominated by physical disaggrega

tion. For example, the Mn profile of the Beaulieu estuary (Holliday

and Liss, 1976) is characteristic of what would be expected of a sorp-

tion dominated system, and that of the Newport River estuary (Evans

etal,, 1977) is characteristic of what would be expected of a system

dominated by physical disaggregation (Figure 13).
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Figure 13. Hypothetical relationships between dissolved manganese
concentrations and salinity in estuaries. In system a.)
the concentration of manganese is conservative; in sys-
tem b.) there is an excess of dissolved manganese at
the head of the estuary due to electrostatic desorption;
and in system c.) there is an excess of dissolved
manganese associated with the turbidity maximum due
to both the desorption from and the disaggregation of
resuspended particulates.



Radiotracer Studies of the Phase
Transformations of Manganese

Simultaneous Adsorption - Desorption. Measurements0 The

results of the simultaneou.s adsorption and desorption measurements

of labelled Mn with fresh water seston in estuarine water are listed

in Tables 17 and 18. These data indicate that the net flux of Mn

(in a four hour period) was from the particulate to the filterable

phase, that the magnitude of the flux was determined by the amount

of labile Mn initially associated with the seston, and that the net

flux of Mn was relatively independent, of the salinity0

The amount of Mnsolubilized in each.sample in both of the

trials (19 January and 4 March 1977) was essentially equal to the

amount of labile Mn initially added as particulate matter. This

degree of affinity is illustrated by the simpLe linear correlation

coefficient (R> 0.9998) between the amount of Mn desorbed and dis-

aggregated and the net flux of Mn.

Mn net flux (g/4 hr) = -1.577 x l0 + 1.0056 Mn solu.bilized

(pg/4 hr), Conversely, the correlation coefficient between the

amount of Mn adsorbed and thenet flux was very low (R=0. 0465).

The latter lack of affinity is due, in part, to the fact that the amount

of Mn scavanged.from the solublephasewas orders of magnitude less

than the amount of Mn solu.bilized from the particulate phase.

Since the solubilization of Mn was relatively independent of



Table 17. Measurements of the adsorption and desorption of manganese to and from the Alsea River seston in estuarine water (January 19, 1977).

9/0 Sea water 9' 34Mn rig Mn % 56Mn desorbed ug Mn desorbed Net flux Mn
assorbed adsorbed and disaggregated and disaggregated (ug solubilized)

2 12.8 5.9 90.6 0.62 0.62

4 14.2 6.6 86.6 0.51 0.51

6 6.3 2.9 94.4 0.52 0.52

10 4.7 2.1 93.0 0.65 0.65

20 6.4 2.6 89.0 0.54 0.54

30 5.5 2.1 85.4 0.55 0.55

40 3.7 1.3 92.0 0.80 0.80

60 1.6 0.4 87.8 0.19 0. 19

80 2,0 0.4 83.4 0.62 0.62

98 2. 1 0. 3 94.6 0. 93 0.93



Table 18. Measurements of the adsorption and desorption of manganese to and from the Alsea River seston in estuarine water(March 4, 1977).

54 56
% Sea pM % Mn ng Mn % Mn desorbed pg Mn desorbed net flux Mn
water adsorbed adsorbed and disaggregated and disaggregated (pg solubilized}

4 7.60 1.7

4 7,60 14.0

10 7.75 4.3

10 7.75 10.1

15 7.89 10.6

15 7.89 11.3

20 7. 92 10.0

20 7.92 24.2

40 8,07 11.1

40 8.07 16.6

99 8.38 40.5

99 8.38 53.8

0,8 66.1 1.71 1.71

6.7 51.4 0.91 0.90

1.9 59.5 0.63 0.63

45 61.1 0.72 0.71

4,5 65.5 1.20 1.20

4.9 61.8 0.91 0.90

4.1 58.8 0.52 0.52

10.0 62.6 1.15 1.14

3.8 70.6 0.85 0.84

5.6 S2.6 1.01 1.00

4.8 36.5 0.55 0.55

6.4 62.1 1.27 1.26



the salinity (R< 0.0636), the net flux was also, Thefraction of Mn

which was solu.bilized was complete at less than 7%o S (Figure 14).

This is consistent with other transition metal desorption isotherms

(e.g. Bradford, 1972; O'Connor, 1968; Bachmann, 1963). The re-

verse flux from the soluble to the particulate phase was correlated

with the salinity in a complex and conflicting (between the two trials)

manner (Tables 19 and 20). Much of.thismay be attributed to the

relatively small (ng) amounts of Mn involved in this flux. . The other

correlations in Tables 20 and 21 need no discussion.

There are several qualifications to these observations. Two

of the principal concerns are 1) that the. large, variable excess of

seston in the solutions altered the equilibria and 2) that the process

of labelling the Mn in the seston may have accelerated and/or in-

creased the amount of Mn solubjljzed. The effect of the first of

these concerns should have been to increase the flux from the dis-

solved to the particulate phase due to the relatively large amount of

surface area. Since the contribution of this flux to the net transfor-

mation of Mn was negligible, this qualification can be dismissed.

However, the latter concern can not be resolved as readily. As

discussed previou.sly, the two processes of solu.bilization which may

occur in this study (disaggregation and desorption) cannot be distin-

guished; and both of them may be influenced by the radiation damage

done to the matrix, the Szilard-Chalmers effect (Szilard and Chalmers,
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Figure 14. Percentage of 6Mn solubilized from particulates of
the Alsea River by saline water.



Table 19. Correlation coefficients for the data obtained in the adsorption and desorption measurements o manganese with Alsea River seston in

estuarine water (January 19, 1977).

a. i Mn adsorbed

b. ng Mn adsorbed

c. 'ii Mn desrbed

d. ,sg Mn desorbed

e. net frux of Mn

f. 1ug Mn in seston

g. ng Mn( II) in soin.

h. %seawater

1. pH

t(P<05)
**(P<. 01)

b. c. d. e. 1. g. h, 1.

9938 -.0075 -.0022 -.0022 -.0006 .5465 -. 5688 _.6523*

- -.0049 -.0064 -.0064 -.0037 .5993 -.2991 -.1471

- .1604 .1604 .0873 .0093 -.0076 -. 0058

- .9999 .9814 .0557 .0636 .0228



Table 20. Correlation coefficients for the data obtained in the adsorption and desorption measurements of manganese with Alsea River water
seston in estuarine water (March 4, 1.77).

b. c. d. e. f. g. h. i.

a. % Mn adsorbed .2764 -.1717 .0000 .0000 .0279 _.8251** .8239 .7004**

b. ng Mn adsorbed - .0052 . 0006 . 0010 .0063 -. 0505 .0508 .0931

C. 9'0Mndesorbed - .2205 .2209 .0089 .2084 -.2075 .1177

d. jug Mndesorbed - .9998** .7692 .0177 -.0132 -.0370

e. net flux of Mn - - - - -

f. .ig Mn in seston - - -

g. ng Mn(II) in soin. - -

h. %seawater -

i. p1-1

4P <.05)

-0
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1934) and thephysical stress of filtration. The values obtained..in

this study must, therefore, be considered to represent the maximum

amount of Mnwhich may be solubilized by theseprocesses. Calcula-

tions of the net flux of Mn will also represent an upper limit value..

Theoretical Flocculation Calculations, The flocculation of

filterable forms of Mn in the fresh water upon mixing with sea water

was not measured directly in the radiotracer studies. But, for the

subsequent calculations of the net flux of Mn in the estuarine zone,

it was assumed that all of the strongly complexed Mn was trans-

formed to the particulate phase by flocculation. This assumption

was based upon the known structure of organic acids (Stevenson,

1977), the reported precipitation of colloidal iron in the estuarine

zone (Eckert and Sholkovitz, 1976; Aston and Chester, 1973), and the

measurements in this study that indicated that there were no strongly

complexed forms àf Mn.in sea water.

The equation used to calculate the theoretical flocculation of

Mn for the March 4, 1977 radiotracer stu.dies is listed in Table.21

and the amount of Mn theoretically transformed to the particulate

phase by this mechanism is listed in Table 22.

Coprecipitation Measurements. The rapid (1 hou.r) coprecipita-

tion of dissolved, cationic manganese with the au.thigenic floccu.la.nts

in filtered mixtures of fresh water and sea water was positively

correlated with the salinity (R=O. 666), as illustrated in Figure 15.



Table 21. Equations used to calculate the theoretical individual and net fluxes of manganese in a simplified estuarine system consisting of
Ahea River seston and filtered saline water, based on the radiotracer studies of material collected on March 4, 1977.

(0.59 g "labile" Mn) (1.6mg Mn in seston
Mn mobilized -

(g Mn in seston) (g seston)

(5. 56 mg Mn adsorbed)
Mn adsorbed - (g Mn mobilized)

(g Mn mobilized)

(44. 8 nig seston) (x 1 fresh w)
(I fresh Water> (1 water)

Mn flocculated
(2. 581ug Mn strongly complexed) (x 1 fresh water)

(1 fresh water) (1 water)

0.787+0.012 ( % sea water) 2 2+
10 (0.95ugMn ) (x 1 freshwater) (0.22pg Mn) (a 1 sea water)

Mn coprecipitated (100) (1 fresh Water) (1 water) (1 sea water) (1 water)

Ui



Table 22. Theoretical transformations of Mn from the filterable to the particulate phase in mixtures of
fresh water from the Alsea River and of sea water due to the flocculation of filterable,
strongly cornplexed forms of manganese (March 4, 1977).

% Sea water Total filterable Mn concentrations (ig/1) Theoretical flux
strongly complexed filterable

0 3.53 2.58 0.00

2 3.46 2.53 2.53

4 3.40 2.48 2.48

6 3.33 2.43 2.43

10 3.20 2.32 2.32

15 3.03 2.19 2.19

20 2.86 2.06 2.06

30 2.54 1.81 1.81

40 2.21 1.55 1.55

50 1.88 1.29 1.29

60 1.54 1.03 1.03

80 0,88 0.52 0.52

100 0.22 0.00 0.00
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Figure 15. The rapid coprecipitation of dissolved, cationic
manganese with the authigenic flocculants of the Alsea
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Based on these measurements (Table 23), over 18% of that form of

filterable Mn was transformed to the particulate phase in 40% sea

water; and by extrapolation, 97% of it would have been transformed

in pure sea water.

In spite of the logarithmic increase in the fraction of dissolved,

cationic Mn (II) which was coprecipitated, the amount of Mn removed

from the filterable phase by this process was more nearly constant

(0.06 to 0.1.2 ig/l over the measured range of salinities). This

indicates that the net amount of Mn transformed by this mechanism

was determined by some factor other than the salinity, perhaps the

number of ava.lable sites for adsorption on the authigenic flocculants.

The preceding adsorptiondesorptiori measurements were also

biased by this process, since the 54Mn radiotracer used in those

measurements was also initially in the dissolved, cationic form and

the 56Mn radiotracer was solubilized in that form. Therefore,

the adsorption of Mn to the fresh water seston was overestimated

and the desorption of Mn from that seston was underestimated by the

relative amounts of the two radiotracers involved in the coprecipitation

of dissolved, cationic Mn with authigenic flocculants. Also, the

following net flux calculations are biased for the same reason, since

both the coprecipitation and adsorption-desorption fluxes are included

in the calculations.

Biological Uptake Measurements. Although cursory, these



Table 23. Measurements of the rapid (1 hour) transformation of filterable (0.4 urn), cationic manganese
to the particulate phase in mixtures of filtered fresh water from the Alsea River and filtered
sea-water (March 4, 1977).

% sea water % 1itvin transformed Concentrations of filterable, cationic Mn (II)
(g/l)

initial concentration amount transformed

4 5.03 0.921 0.046

10 4.90 0.877 0.043

10 11.92 0.877 0.105

15 15.58 0.841 0.131

15 10.59 0.841 0.069

20 6.47 0.804 0.052

20 15.99 0.804 0.129

40 15.09 0.658 0.099

40 19.68 0.658 0.130
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measurements have been included.because of their similarity to

previous studies. Specifically, it was found that the soluble 5°Mn

was more effectively scavanged from the water column by dead phyto-

plankton than by living phytoplanktori,. as, illustrated by the data in

Table 24 and the previous studies of Gromov and Starodubtsev (1974),

as well as the parallel studies with 65Zn of Cushing and Watson (1968),

Bachmann (1963), and Gutknecht (19&3).

Net Flux Calculations. The projected net flux of Mn between

the fresh water seston and the filterable phase at the estuarine inter-

face was calculated from the preceding measurements of the March 4,

1977 radiotracer studies. Theequations used for those calculations,

which were derived from the preceding data, are listed in Table 21

and the resultant individual fluxes and net flu.x of manganese are listed

in Table 25 and illustrated in Figure .16, The values from the latter

table were added to thefllterableMn..concentrations predicted by a

conservative, linear mixing model (Boyle et al,, 1974) to obtain a

theoretical plot of the filterable concentration of Mn in a simplified

estuarine system, consisting only of freshwater seston and filtered

water (Figure 17).

These calculations were conservative estimates of the net flux

o Mn, from the particulate to the filterable phase, since the reverse

individual fluxesfrom the filterable to the particulate phase (adsorp-

tion, flocculation, and .coprecipitation) were all overestimates for



Table 24, Measurements of the uptake of solubilized manganese by phytoplankton (Skeletonema .)

Date Physiological Phytoplankton Length of Uptake of solubilized Mn
state concentration incubation

(mg dry wt/l) (hr) () (gMn/gphyto.)

May 12, 19Th healthy 0.91 1 1.4 0.02

May21, 1976 senescent/ 7.2 1.5 43.4 5.5
dead

Sept. 6, 1976 healthy 6.4 1 0.3 <0.01

II U II 2 1.0 <0.01



Table 25. Theoretical individual and net fluxes (jig/I) of manganese between the filterable (0. 4,um) and particulate plases in a simplified

estuarine system consisting of Alsea River seston and saline water, based on the radiotracer studies of material collected on

March 4, 1977.

Sea water Mn solubilized (+) Mn scavanged (-) Mn net flux

desorption and Adsorption Flocculation Coprecipitatiori
disaggregation

0 0 0 0 0 0

2 +41.43 -0.23 -2.53 -0.06 +38.61

4 +40. 58 -0.23 -2.48 -0.06 +37.81

6 +39.74 -0.22 -2.43 -0.07 +37.02

10 +38. 05 -0.21 -2.32 -0.07 +35.63

15 +35. 93 -0.20 -2.19 -0.08 +33.46

20 +33.82 40.19 -2.06 -0.09 +31.49

30 429.59 -0.16 -1.81 -0. 10 +27.51

40 +25. 36 -0. 14 -1. 55 -0. 12 #23. 55

50 +21.14 -0.12 -1.29 -0.14 +19.58

60 i-16, 91 -0.09 -1.03 -0. 16 +15.62

80 + 8.85 -0.05 -0. 52 -0.20 8.08

100 +0 -o -0 0 0

0
N)
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the reasons previously mentioned.

However, the plot of filterable Mn may be skewed to the low

salinity region, since the solubilization of much of that Mn (by dis-

aggregation) may have been more of a function of time than of salinity.

Summary

This study demonstrated a methodology of making measure-

ments of short term transformation of Mn between fresh water seston

and filterable phases in the estuarine zone. The individual fluxes

considered were mobilization by desorpti.on and disaggregation,

flocculation, and scavanging by adsorption and coprecipitation.

The principal conclusion derived from those measurements and

from theoretical calculations of the net flux of Mn between the two

phases was that the mobilization processes dominated the system.

This was due to the predominance of the fresh water Mn in the par-

ticulate form and to the large fraction of that Mn which was labile.

The study also indicated that the mobilization processes were

a combination of electrostatic desorption and physical disaggregation.

These two mechanisms need not be limited to the head of an estuary.

Aerobic bottom sediments throughout the estuarine zone may be en-

riched in Mn by anaerobic diagenesis and structurally altered by

benthic detritivores. This could account for the mjd-estuarine

maxima of dissolved Mn coupled with a peak in suspended particulates
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reported by Evans.eta.L (1977) and by Sanders (1978) and the mid

etuarine peak in leachable Mn reported by Duinker and Nolting

(1977). Thiswould alsocou.ple the Mn cyclein theestuaririe zone

with the Lecal pellet-nutrient cycle reported by Young (1971)
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CONCLUSIONS

The following conclusions are limited to the general aspects of

the research which have not been addressed previously in the coriclu-

sions of the individual studies. Specifically, they represent an

assessment of the general research objectives listed in the introduc-.

tiori to this thesis.

1) The value of collecting the seston by centrifugation to this study,

specifically, and to similar studies, in general, can not be over-

emphasized. This process enabled the seston to be collected in

physically and chemically unaltered states. This, in turn, en-

abled accurate characterizations of the material' s physical and

chemical composition to be made.

2) Again, the value of characterizing the seston in such studies

by photomicrographs and multielemental analyses can not be

overemphasized. The photomicr ographs dramatically illus -

trated the composition and origin of the seston, and this pro-

vided an essential clue in hypothesizing how that material could

serve as both a source and a sink for filterable Mn. It also led

to the idea that the physical disaggregation of resuspended fecal

pellets may be a major mechanism of solubilizing Mn throughout

the entire aquatic system. This conclusion is consistent with

the proposed cycle of fecal pellets and nutrients in the estu.arine



zone (Young, 1971) and the proposed cycle of Mn in the estuarine

zone (Tu.rekian, 1977)

3) The role of the seston in the: transport of Mn into the estuarine

zone of the Alsea River was dominanton March 4, 1977, be-

cause over 96% of the Mn in the water column was in that phase,.

The importance of the seston obviouslyvaries seasonally in

this system, and will obviously vary radically between systems.

The value of this study, therefore, is that it indicates the extent

to which Mn may be effectively scavanged from the filterable

phase within the fresh water zone and that the process of

scavanging does not render all of that Mnimmobile in the

estuarine zoneS

4) The measurements of the labile and non-labile fractions of Mn

in the seston involved .the development of an original applica-

tion of neutron activation analysis. As with any new technique,

there are several serious reservations to the validity of the

method; although the experimental evidence indicates that the

net amount of Mn which is radiochemically labelled as labile

is consistent with other method.s

5) The radiotracer measurements (enabled by th.e preceding tech-

nique of labelling the Mn in the seston by netitron activation)

and theoretical calculations of the individu.a.l transformations

of Mn between the seston and filterable phases revealed that
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measurable fractions of Mn were involved in each of them.

The n.et flux of Mn between the particulate and filterable phases

in a simplified estuarine system over a short (4 hour) period

was consequently determined by the relative amount of Mnwhich

was initially present in each phase. As discussed previously,

the results of this study also suggest that the mid-estuarine

maxima in filterable Mn may be associated with the resuspen-

sion of bottom sediments, which may solubilize Mn by desorp-

tion and/or their physical disaggregation.

6) The results of the flux measurements of Mn through biological

systems were generally comparable to those of other studies.

Ingestion and elimination of particulates by the macrobenthos

enriched the Mn concentration on a per gram dry weight basis

and depleted its concentration on a per gram refractory element

basis; and dead phytoplankton scavanged Mn more efficiently

than living phytoplankton.
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