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MANAGEMENT"PERSPECTIVE 

, 
_ 

I
I 

' lThis review evaluates ithe various electron microscope ‘tech- 

nologies for.their capacitygto provide realistic characterizations of 

aquatic colloids. There is a focus on quantitatively important col- 
/

. 

loids which, before 1990, were considered too unstable to be prepared 

for realistic descriptions. .For this\review, a colloid is defined as 

a particle with a least dimension_between 1.0 and 0.001 micrometres, 

and reference is made to specific roles of colloids in the structure, 

function and health of both surface water ecosystems and water treat! 

ment systems. Minimal perturbation techniques for sample preparation 
/ . - 

and multi-method approaches to analysis_are described and assessed 

with regard to their contribution towards improved characterizations. 

The state-of-the-art is defined and some positive future developments 

are predicted. Accompanying the review is'a photo atlas of common 

aquatic colloids revealed in a state as close to the natural as is 

possible, This document was prepared at -the' request of- the 

International Union of Pure and Applied Chemistry. ,

‘

/

0
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PERSPECTIVEVGESTION 

Dans la présente étude, on évalue les différentes techniques de 
- 

l 
»

l 

microscopie électronique au niveau)de leur eapacité de caractériser de 
fagon réaliste des colloides aquatiques. On vise les CO]10ldES~dOflt 

la quontité est importante et qui, avant 1990, étaient jugés trop 

instables pour étre préparés en vue d'une description réaliste. Aux 
.

l 

fins de la présente étude, on-colloide est défini comme une particule 
mesurant entre -1,0 et 0,001 micrométre, et on mention des r6les 

particuliers ‘des colloides eu niveau des la structure, du 

fonctionnement et de llétat de santé des écosystémes d'eau de surface 
et des systémes de traitement des eaux,A Des techniques de préparation 

. 

r
' 

des échantillons peu perturbatrices et des approches selon plusieurs 

méthodes pour l'analyse sont décrites et évaluées relativement 5 leur 

apport en vue d'une meilleure caractérisation. Llétat des 

connaissances est défini et quelques progrés .positifs futurs sont 

prévus. L'étude est aecompagnée d'un atlas \photographique de 

colloides aquatiques courants présentés dans un état s'approthant le 

plus possible de-l'état naturel. Ge document a été préparé 5‘la 
._demande de l'Union internationale de chimie pure et appliquée.

l

l

\

Q 

\ f \



ABSTRACT 

Transmission electron microscopy (TEM) can _now be used 

profitably, in conjunction with minimally perturbing preparatory 

techniques applied in the field, to examine native aquatic colloids of 

any diameter within the entire colloidal size range (0.001 to 1.0 

um). Morphological observations can be extended to analyses of 

colloid aggregation behaviour and verified in a multi-method approach 

by independent complementary techniques. In some cases, size and 

shape analyses~ of individual .colloids can~ be supplemented by ,(1) 

electron diffraction analyses and by (2) elemental, composition 
analyses via energy-dispersive spectroscopy. Using ultrathin sections 
of colloid samples embedded in a plastic matrix, one can improve the 
quality of the measures above and, additionally, one can carry out 

microchemical analyses by using counterstains which are selective for 
specific chemical components and which can be visualized unequivocally 

by TEM. Artifact identification, assessment and minimization can be 

done systematically, as illustrated by a selection of case studies of 
some common aquatic colloids. This critical- review includes a 

synopsis of data extracted from the scattered literature on aquatic 
colloids and presents new TEM information on potentially misleading 
"particle analyses" of the past. Based on recent TEM analyses, the 
state-of-the—art, for the characterization of "unstable colloidal

1 

particles" is delineated for use by aquatic scientists.



RESUME 

La microscopie électronique par transmission ‘(MET) peut 

maintenant étre utilisée de faeon fructueuse avec des techniques de 

préparation peu perturbatrices appliquées sur le terrain pour étudier 

des colloides aquatiques natifs de n'importe quel diamétre de toute la 

plage de taille (0,001 a 1,0 um). Des observations morphologiques 
peuvent étre élargies aux analyses du comportement d'agrégation des 

colloides et vérifiées 5 l‘aide d'une approche a plusieurs méthodes 

par des techniques complémentaires indépendantes. Dans certains cas; 

des analyses de la taille et de la forme de chaque colloide peuvent 

étre complétées par 1) des analyses de diffraction des éleetrons et 

par 2) des analyses de la composition en élément par spectroscopie a 

dissipation d'énergie. A l'aide de coupes ultra-minces d'échantillons 

de colloides inclus dans une matrice en plastique, il est possible 

d'améliorer la qualité des mesures mentionnées ci-dessus et, de plus, 

il est possible d'effectuer des analyses microchimiques en utilisant 

des contre-colorants qui sont sélectifs pour des composants chimiques 

particuliers et qui peuvent étre visualisés de facon non équivoque par 
MET. L'identification des artefacts, leur évaluation et leur 

minimisation peuvent étre effectuées systématiquement, comme le montre 

différentes études de cas de certains colloides aquatiques courants. 

Cette étude critique comprend un résumé des données extraites de 

divers documents sur les colloides aquatiques et présente de nouvelles 

informations de la MET sur des "analyses de particules“ antérieures 

qui peuvent étre erronées. D'aprés les récentes analyses de MET, la 

fine pointe des eonnaissances en ce qui concerne la caractérisation 

des "particules colloidales non stables" est‘ réservée aux 

scientifiques du domaine aquatique.
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l. INTRODUCTION AND CONTEXT FOR ASSESSING PROGRESS' 

l.l' General Context 
'~\ 

Colloids can be considered as "particles" having a least diameter in the 

range of about 0.001 to 1.0 um.l The significance of the submicron size range 

is that (1) an appreciable fraction of the molecules of a colloid is located 

at the boundary region between particle and aquatic milieu, and that (2) a 

microscope investigation should employ at least one microscope whose resolution 

permits analyses of the smallest colloids and their surfaces. In addition to 

Chair small sizeycolloids have a "glue—like" or adhesive aspect which gives 

them complex properties in water. Considerations of these properties from 

diverse scientific points of view. including coagulation/flocculation and ion 

binding, are available in the literature. l’2’3’4’5’6’7’8 

As is increasingly evident, 4'5’9’1o’l1’l2’13'l4 colloids play significant 

multi—faceted roles in the structure and function of aquatic ecosystems and ' 

water treatment systems, both healthy and polluted. From the point of view of 

human needs and frailties, colloids can be major factors in modulating the 

quality of natural waters, playing roles both positive and negative. To better 

understand these roles, improved methods of characterization are a necessity. 
, 1 

Electron microscopy (EM) in its various forms is providing an essential 

technology for realistic descriptions of aquatic colloids of all kinds. This 

critical review will show that, as artifacts become more readily identified 

and minimized, EM is increasingly useful in the characterization of colloidal 
1 , 

materials previously considered too artifact—sensitive for realistic analyses. 

The focus will be on the techniques of transmission electron microscopy (TEM) 

which contribute by providing data on size, shape; porosity, internal 
. 

_
u 

- \ 

Mg; '



K 3 ‘ 

K. 

heterogeneity, crystallinity and colloid-colloid associations. As well, TEM 

is being adapted E0 permit increasingly sophisticated microchemical analyses, 

including some for reactivity‘and_elemental‘composition analyses,
V 

Among the quantitatively important kinds of colloid under scrutiny by 
recent technology transfer into the aquatic sciences are thenfollowing: 

. \ a 

(1) oxyhydroxides of iron and manganese; 
_

/ 

(2) fibrils, or linear aggregates of biopolymers rich in polysaccharide; - 

- 
. 

V 
‘ 

s . 

(3) aggregated fulvic acids;
Q 

V '

\ 

(4) clays; ‘

0 

(5) water—borne viruses; 

(6) picoplankton, or living cellular organisms of colloidal size;
/ 

(7) refractory skeletal materials, both organic and mineral. 

A1l'of these are treated here, as are some of their natural associations
_ 

as revealed by minimal perturbation studies, Some of the smallest colloids 
. \ 

yield little ultrastructural information on an individual basis, but TEM analyses 

of their mode of aggregation can he revealing.15’;6A ' 

. 

1
, 

1-.2 Electron Microscopes ' 

' 

Y . 
- 

Y , 0. . 17 . The conventional transmission electron microscope 18 currently the most 

useful kind of microscope for morphological analyses of colloids and aggregates 

Of(collOids, The TEM is similar in purpose to the classical light microscope 

but with a much greater resolving power; it can provide clear well—defined 

images,0f objects which are ca, 1000 times smaller than the smallest objects 

resolved by a conventional light microscope, A TEM passes an electron beam 

through the object of study; An image of the object, mainly through differential 

electron scattering, is carried forward in the electron beam to a viewing and/ ' 

or recording device. Because imaging depends onsihe penetrating power of’ 
s _ . 0 _ 

. O 

1 *<_c-{~, ‘

I
W
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electrons and because this penetrating power is low for the voltages used in 

a conventional instrument, an object for study in the specimen plane cannot 

be thick (less than 0.1 um is preferred). As a consequence of this limitation, 

most objects are sectioned for examination and an ultrathin section is placed. 

in the specimen plane. The technology for achieving this is outlined.in a- 

later section below. .

V 

In.an up-to-date,.well-funded TEM laboratory, there will be a_TEM with a' 
‘ . .

' 

resolution better than 0.001 um. Consequently, the choice of which kind of 

TEM to use for a particular type of sample should be based on factors such_ 
' 

h< 

as (l) the variety and quality of accessory equipment, (2) the ease of operation, r 

(3) the completeness of the laboratory with regard to specialized electron 

microscope techniques, and, last but not least (A) the level of skill displayed 

by the technical.personnel, 
_ 

. . 

' 
~ 

u
V 

The laboratory chosen should have_accessories which can be coupled to the T 

TEM to permit analyses beyond the purely morpho1ogical.~One very useful accessory 

is the increasingly sophisticated energy-dispersive spectroscopy or hDS. l8’l9 

It allows X-ray microanalysis of colloids, providing information on elemental , 

composition for those elements of atomic number greater than 10; EDS is applicable-. 
- 

" 

. r , l 

to the microanalysis of\individual colloids in the mid-size range and above. Two 

other useful accessories are the apparatus of electron diffraction l7’2O for‘ 
examining crystalline colloids, and the apparatus associated with electron 

energy—loss spectroscopy or EELS. 2L’22 Electron diffraction in association 

with a field emission scanning electron microscope or FESEM (see Grewe 
23 for 

an introduction to the technology) can be especially useful in analyzing colloids 

at the lower limit of the size range. EELS is explored elsewhere in this volume.24 
. The conventional scanning electron microscope or SEM 25 can provide a useful I 

correlative technology when used in conjunction with a TEM. A conventional SEM '

\



l

> 

has a resolution which is not so good as that of a TEM, but it has a_muchv 

greater depth of focus and requires less complication in specimen preparation. 

These latter positive features present some advantages relative to TEM (and ’ 

its requirement for ultrathin specimens) especially in orienting the analyst 

within large heterogeneous.aggregates of colloids where some of the colloids 
-

1 

are many times larger than the thickness of an ultrathin section. This problem ' 

of the disposition in three dimensions_of colloids within a large aggregate 
c 

‘ ' 0 -
. 

and the need for correlative microscopies to provide orientation is discussed 

Vmore fully below. The capacity of the SEM to analyze extremely thick specimens 

sis a result of the nature of its image formation which is different from that 

of TEM. In a.SEM; a narrow beam of electrons is focused onto the surface of'
; 

the_specimen and is caused to scan it in a regular pattern of lines; the complete 

response-at each instant is used for modulating the signal which governs the 

image on a viewing screen and/or camera. 
_ _ c

- 

There are various hybrids of TEM and SEM which are called scanning transmission 

electron microscopes or STEM.26727.Some are relatively_inexpensive in comparison 
. \ 

with a high quality TEM and can be fitted with EDS’to provide a versatile 

instrument for the elemental analysis of colloids in the upper part of the size 
. < 

_ 

_ 
_ 

.

\ 

range.28 Other accessories are contributing to the use of_STEM_for analyzing 

relatively flea. 0.5 um) thick sections. 29 up 
‘ 

'

" 

. 
I

. 

While a conventional TEM is restricted to analyzing ultrathin sections, it 

is possible to use TEM to analyze colloids in thick sections through the use of 

its big brother; the high-voltage electron microscope or HVEM 3Q’3l whose
l 

electrons have extra penetrating power, An HVEM operated at 1000 keV can achieve 
\

. 

the same resolution as a TEM operated at 100 keV when using sections 10 to 20 . 

times the thickness permitted by TEM. Specimens of several micrometres thickness 
‘ 

-
1 

can be imaged on a routine basis,_but since the images represent volumes, they 

require special recording and display methods, Because these special methods
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are being improved, HVEM has considerable potential as an instrument for the 

analysis of aquatic colloids, despite its cost. 

- An instrument of the future having fascinating possibilities is an electron 

microscope adapted to the visualization of colloids in water through the use of 

an environmental device (sample compartment) placed within the microscope 

column. 32,33,34,35 

1.3 Correlative Microscope Technology 

To examine large colloids and aggregates of colloids, especially heterogeneous 

native aggregates whose size extends far into the range for conventionally-defined 

"true particles" and whose activities lead to the formation of settling particles 

in aquatic ecosysyems, it can be necessary to employ a battery of_¢orrelative 

microscope technologies so as to bridge the gap between the resolution of the 

unaided human eye (near 100 um) and that of the conventional TEM (a fraction of 

0.001 um). The light microscope can provide a resolution of ca. 0.2 um when used 

optimally, while permitting an examination of aggregates taken freshly from 

nature or from controlled experiments. Examinations of gross features can be done 

directly without any processing or with processing restricted to a simple chemical 

fixation followed by differential staining. This permits the localization of 

specific functional groups/families of macromolecules/selected biological 

materials 36’37 in contexts where the artifact contribution is known. Hayat 38 

provides a related guide to the differential staining of biological macromolecules 

in TEM sections. ‘ 

There are many useful variations on the theme represented bY the standard 

light'microscope which permit improvements/refinements in information yield. 

Some of the techniques involved have analogs in EM 39 and include phase, 

interference, darkfield and polarization microscopy 36 as well as the recently 

developed confocal laser microscopy 40’4l’42 and high resolution digital imaging 

_ 1 _
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microscopy.42’43 Attempts to extend structural analyses well into the submicron 

range are becoming increasingly more successful through the use of image 

processing technology. 44’45’46 Some of it is being developed specifically to
_ 

study living aquatic microbes, with some of the effort being focused on small 

natural living aggregates of relevance to environmental stresses on surface 

waters. 47’48 Additionally, biologists are active in studying structural details 

of aquatic phototrophic organisms in the submicron size range 49 through the use 

of epifluorescence microscopy so on these "living colloids". 

‘A systematic approach to bridging the gap between the near million—fo1d 

difference in resolution above (naked eye vs TEM) becomes essential when one 

wishes to study: (1) the.fine details of the three dimensional disposition of 

different colloid types and their associations in a natural aggregate; (2) the 

subunit structure/microheterogeneity/porosity of an individual colloid; or (3) 

the formation of heterogeneous aggregates in experiments. In theory, serial 

sectioning of embedded colloids would allow one to carry out such TEM morphological 

studies unaided by accessory microscopes of lower resolution. Practically, however, 

a blend of correlative technologies is often a necessity and always a blessing to 

the completion of a successful analysis.5l The rationale is illustrated by,a 

simplified example as follows; it is based on the need to orient oneself within 

a volume for the interpretation of the essentially planar images of ultrathin 

sections, and do it within a reasonably short time frame» 

Let us assume that, to analyze a certain kind of aggregate effectively, 
one must take sections of 0.050 um thickness through embedded aggregates of 
S um diameter whose heterogeneity is such that one must examine at least 
100 examples to draw a meaningful conclusion. Let us further assume that the 
purpose of the study is to relate details of aggregate morphology to physico- 
chemical factors, thus requiring 5 different experiments in at least 2 

' ¢ 

replicates. Thus, in a relatively modest project, one finds a requirement 
’for a photographic documentation of each of 100,000 different sections. This 

r , 

--—~ ~-——— ~ 
\ _l
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is clearly a formidable task and one which is attracting the attention of 
innovatorsLwho strive to make the task easier through TEM modifications, 

. 

' 

' ’. - -... 52 53 new accessory techniques and novel methods of image analysis. ’
, 

A more feasible research strategy, and one which can incorporate innovations’ 

as they become available, is outlined as follows; - 

(1) one can visualize the three dimensional disposition of the larger components 

of an aggregate using a technology which allows one to look at the entire volume 
1 ‘

. 

of each 5 um aggregate, even though the resolution may be relatively low (e.g. by 

light microscopy); ' 

4 

*

V 

(2) then one can look at finer components with a technology which provides a 
‘ 

. \ 

higher level of resolution while still permitting an appropriately varied 

selection of views relating to the entire volume of the aggregate (e.g. by SEM); 

(3)_then, properly oriented with respect to volume, one can employ a selective 

sectioning approach 54 to provide essentially planar specimens for TEM analyses- . 

. A
. 

of all fine details of interest. i - 

This strategy permits an approximate reconstruction of an aggregate which, 

with an appropriate selection of preparatory techniques for each microscope 

technology employed, will be close to realistic. One can repeat the work using 

a different selection of preparatory techniques in a multi—method approach and 

analyze techniqueespecific variations in detail for an assessment of artifact.l5 

Also, one might wish to employ a TEM~based morphometric analysis,55 an HVEM 

approach and some of the novel methods of image analysis mentioned earlier. 

- The assessment and minimization of artifact can be carried out in a systematic 
‘ 

i 

‘pre_pa.r¢£orfy . 

_ 

V

l 

manneéthrough the minimum perturbationYtechnol0gy currently in development for. 

l »‘6 \ ~57- , H TEM 5'5 and for SEM. Although the procedures for artifact minimization are 

increasingly more systematic, there is still a premium to be placed on technical 

skills. Thus the evaluation of electron microscope techniques for a realistic 

description/characterization of colloids (and their aggregates) must also be:



\ 
' ' ‘ 

, , 

(l) an evaluation of preparatory techniques (especially IEM preparatory techniques 

transferred from the biomedical sciences); and (2) an evaluation of strategies 

for selecting the most effective blend of preparatory techniques and microscope 

accessories for a given research goal. The latter evaluation_was covered in part 

"in the section above (1.2 Electron Microscopes) and its coverage will be completed 

in later sections. An evaluation of preparatory techniques was the subject of a“» 

recent review 15 and thus will be treated briefly below. 
/ _

.

1 

1.4 Preparatory Techniques 
. 

‘
. 

1.4.1 -An Overview of the "Art" of Sample Preparation . 

One cannot automatically assume that a-specific colloid will be altered 
. 

V 
\ _ 

adversely by a perturbing mode of preparation. However, it is certainly wise to 

prepare an incompletely_known specimen (or aggregated mixtures/flocs of known 

and unknown colloids) in a minimally perturbing way if one's goal is to initiate» 

a new literature, that of the characterization of aquatic colloids. The fact 

that many aquatic-colloids show instability in natural waters has been amply" 

confirmed by physicoéchemical investigations. 6’58'59‘6¢ It is also evident 

that.the colloidal extracellular extensions of many microbes can be involved 

in aggregation/flocculation events, and that the morphology and/or aggregation- 

promoting behaviour of the fibrillar colloids can be altered according to choice 

of_Preparatory technique. l2’15’6l Natural organic coatings, which form on 
. 

' 

'\ 

particles spontaneously in surface waters, can modulate particle chemistry and 

behaviour; 62’63’64’65’66’67 thus, interactions at the particle—water interface 

are of special interest when preparatory technique is of high enough quality to 

permit morphological analyses near the extreme lower size limit for colloids. 

The fact that the pursuit of such an extreme level of-detail is feasible is 

attested by recent observations of fibrillar surface coatings 68’69 and on the 
'

\ 

pore structure of the colloid—water interface material of a hydrated iron
_
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7 oxyhydroxy-phosphate. 0 
w t 

The considerable attention paid to specimen preparation in this critical ‘ 

review is the result of an appreciation, documented in part above, of the current 

lack of understanding of many limnological materials with regard to structural- 

stability, especially stability changes related to degree of hydration. Because 

of this concern, there are two guiding principles which one must consider in 

transferring EM technology from a base in biomedical science to the analysis 

of aquatic colloids; These principles, which will be developed in a historical 

context below, before enunciation, give insight into the dart" of selecting the 

most appropriate preparatory techniques for a given goal.l - 

V 

The best techniques were developed, on a trialfand-error basis, by and for 

biologists for facilitating the analysis of unstable organic-rich materials, 

such as parts of living cells. Some are readily adapted to the ultrastructural» 

analysis of colloidal gels and colloidal aggregates rich in minerals; as well 

as to individual colloids, both inorganic and organic. ls Originally, they were 
' 

'1
. developed in response toea need to: (1) stabilize complex biologicals for 

examination of specific features under the harsh dehydrating condition of the 

high vacuum required_by the specimen chamber of a conventional TEM; and (2)' 

reduce the thickness of many kinds of specimens so as to permit an optimal 
- -

\ 

transmission of the electron beam at the accelerating voltages used routinely 
in the third quarter of this century. The need for stabilization led to the 
development of modern chemical fixatives 7} and techniques for physical fixation 

based on rapid freezing, 72373’74 and also to sophisticated combinations of 

these two general approaches. The restrictions on thickness of specimen led 
.~ , < 

to the development of embedding resins which retained the integrity of the 
three dimensional disposition of (at the time intracellular) colloids while 

permitting the cutting of ultrathin sections by ultramicrotqmy, 38 
- -

)

/
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' 

Large numbers of scientists from many disciplines participated with the 

Biologists for decades in the development of EM preparatory technology and
_ 

3 
. 

I

. 

/ 
_

. 

in refining each variation of it for artifact recognition, assessment and ‘ 

minimization. As a consequence of their highly successful efforts, we have a 

* literature on most of the colloids present in living cells and present as 

extracellular materials on the surface of living cells, as well as a literature 

on the artifacts created by the application of perturbing preparatory techniques. 
. . 

V

‘ 

Additionally, there are scattered contributions in the literature of the earth ‘ 

~sciences (see later section for selected contributions) which provide useful 

ultrastructural information on minerals and on refractory organics much altered 
; 

. 

I 
.

, 

- from their biological precursors, even though the artifact problem is usually 

» addressed incompletely. In contrast, many of the ontogenetically intermediate
A 

colloidal substances/materials in natural waters (ones neither freshly synthesizedl 

exposed nor altered/degraded to a final refractory form) and their natural aquatic 

A associations have no proper ultrastructural literature at all. Thus the situation‘ 

‘with regard to the description/characterization of aquatic colldds is one of 

having to employ different levels of technological effort and skill for any 

given research, depending on the background knowledge already extant for the 

material(s) to be investigated. Those who cannot develop well the "art" of 
. 

_ 

,>v _ (‘ , _

V 

technique selection and blending will tend to use time and resources far-in 

excess of the needs for their research. s 
Y 

_' ~
- 

The historical context above and the uneven way in which technology has 
' "developed for the characterization of "unstable" colloids leads to two useful 

\ .
_ 

principles to be applied simultaneously; e 

_ 

- 

_ _ 

° 
‘

. 

(A) the literature, especially the literature of cell-biology,-can serve as an 
" excellent guide for suggestions on how best to analyze a given kind of sample 

and on‘h0w best to seek out and minimize artifacts; but ' 

4 _ _ ‘

1

\
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(B) investigations on most natural aquatic colloids/aggregates, despite
_ 

assistance from the literature, will have to be complete ;€§€§t$hes in 

themselves, including a state—of~the~art treatment-of the artifact problem, 

regardless of increased cost and difficulty, for some time into the future. V 

The stringent requirements imposed on those who wish to produce realistic 

ultrastructural descriptions will follow mainly from the specific problems 

below related to colloid stability, problems which must be addressed now to_ - 

provide a framework for future research: 
_ 

"

, 

(l) fresh biological colloids, once removed from their normal cellular milieu, 

will undergo a variable series of chemical and physical changes at varying 
- 

. 
- 

. -.75 rates, as well asxchanges in their associations with solutes; * 

(2) surface active organics, both refractory and fresh, will tend to form 

coatings on newly arrived particles/colloids, coatings whose physical nature - 

must become better known for an improved understanding of nutrient and contaminant 

dispersion in surface waters;5’76’77 ‘ .’ 
. 

l 

l

' 

(3) important aquatic mineral colloids in their natural,state have been t 

incompletely documented with respect to both reactivity75’78 and morphology?O’79’8O 
\

. 

A note of caution is necessary for those aquatic scientists who choose to 

work in direct collaboration with cell biologists. Those ultrastructural cell 

biologists involved in perfecting the "art" of artifact minimization will often 

be found selecting (but deliberately and with good reason) a highly perturbing 

approach for preparing certain specimens. 73’8l’82 This is because they know‘ 

their specimen so well (from the literature and by experience) that théy can “ 

predict (and verify later) that their colloid of interest will be visualized 

realistically, despite the harsh technique; while allowing them to reduce the_ 

time and cost of analysis. They may deliberately select a harshly perturbing 

technique for an additional reason, the fact that it may render-more accessible

/
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\ 

‘to measurement some feature which would otherwise be difficult to visualize. 

This artistic approach has an encouraging aspect because it provides for a 

possibility that short cuts may be permitted in the aquatic.colloid analyses“ 

lof the future. The drawback is that it may encourage one to take unwarranted 

and premature short cuts 

To complete this overview of the "art" of sample preparation, I present 
\ v 

Figures I and 2. Thy illustrate an overview of methods f0r’the preparation of . 

natural aquatic colloids/particles for visualization by TEM. Schemes 1 and 2 

_ 

of Figure 1 have been presented in detail in the literature. 28’83’84 Scheme 3
s

f 

' of Figure l has been discussed by the Nomizu group.85’8§’87 Schemes 4, S, 6 */ 

\ 4 

and 7‘of Figure 2 have recently been developed in a paper 56 in which a 
' comParison of all seven schemes may be found. For optimal effectiveness, any 

scheme chosen should be applied to samples which were perturbed minimally
l 

. 
- /

I prior to their receipt by the electron microscopist. 

l..4._2 -g Ultrathin. 5ecti0I1S _

J 
1 

' ‘
- 

The basic problems of sample stabilization and thickness reduction were 

solved decades ago through (1) the use of chemical fixatives Zl which preserved\ 

, colloids/aggregates in a natural state and (2) through gently replacing the 

water of the fixed specimen by molecules of resin monomer which could be 

polymerized to produce a hard block of resineembedded specimen for ultrathin 

sectioning. The most widely)used resins until recently were hydrophobic resins 
’ which imposed an extra step in processing; the water of fixed speciemens had to 

‘ 

. 
’ 

. . . 

' 
' 

. 
.- .. l » 38 be replaced by an organic solvent miscible with bQCh water and resin monomers,

I 

-with the solvent being replaced in turn by the resin, thus increasing the level 
‘ of extraction artifact and exacerbating any artifacts of dehydration. . 

'

» 

The availability of a high-quality hydrophilic resin, Nanoplast FB l0l,88’89 
- » 1 . 

— — - - ~ x _
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appropriate to the embedding of aquatic colloids,15‘56 has improved this latter 

situation and opened up new opportunities in the minimal perturbation approach.» 

For extracellular organic colloids and colloids free in.the aquatic milieu,
_ 

both organic and inOrganic, the need for chemical fixation is removed through 

the use of Nanoplast FB_l0l. Thus, embedding in such a hydrophilic resin can 
,. 

V‘ ' 

" 

- so begin in the field immediately after the_water sample has been taken. 56'~, 

For comparative analyses involving several embedding media, both hydrophobic
p 

and hydrophilic, with and without chemical fixation, one can consult published 

strategies, 15 The Nanoplast formulations of Bachhuber and Frosch 89 permit
_ 

section thicknesses down to ca. 0.010 um, a feature which optimizes the potential 

for high resolution morphological analyses. 90 This melamine resin has such a 
‘ 

~ 
- r 

fine-grain structure that it permits as practical resolution in ultrathin 
. 

I (J , sections of ca. 0.001 um, which is several times better than that of the most 

widely used epoxy_formulations of the cell biologists, including that of Spurr.9l 

The clarity of image produced by this.improvement in practical resolution is 

helpful but taking full advantage of it is difficult because of physical effects 

in the specimen plane which interfere with the interpretation of morphology for 

details in the size range near 0.002 um. 92 During the polymerization process, 

there is always a possibility of adverse interactions between the molecules of 

the embedding medium and the specimen; consequently, any artifacts produced by i 

this interaction are continually analyzed and documented. 88’93 ' 

Morphological analyses are not the only application of a melamine resin 
for aquatic colloids. Its ultrathin sections are stable enough to permit refined 

V \
. 

EDS analyses 94 in conjunction with either TEM or STEM._Furthermore, it is 

suitable for use with some cytochemical techniques (see next section) which 
permit identification and localization of chemical components. 95 /V
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- When sections are viewed by TEM, localized concentrations of h€3VY elements 
. 

_ ,
. 

in the specimens appear darker than.the background matrix of the embedding ' 

medium. This is because of a superior-electron scattering power (greater 

contrast/electron opacity) relative to that of the light elements making up 

the resin. This effect has been utilized in the development of counterstains 

(solutions of heavy metals which have differential affinities for different 

substances) which can be applied to sections prior to inserting them into the 

specimen plane of a IEM.38_This situation is analogous to the use of stains 

for differential coloring of sections to be viewed in the optical microscope;37 

through the use of TEM counterstains, different colloids rich in light elements 

sreceive an artificial increase in electron opacity for improved visualization 
V , g _ k g 

(and also may become differentiated one from another by taking on different 

shades of‘grey according to counterstain uptake). Two of the most useful 
v a

. 

elements for;differentiating biological colloids are uranium 96 and_lead; 97 

they are often used by cell biologists in conjunction with chemical fixatives 

which contribute other heavy metals to the image to refine further the level
\ 

of differentiation. In addition to their general use, counterstains (and also 

stains employed with fixatives) can be designed so as to be specific to certain 

families of chemicals and then used with sections which have received/no- -

~ 

artificial inputs of heavy metal, an experimental tool not to be neglected in .~ 

the analysis of organic colloids as shown below. 
" 

.
) 

vl.4.3_ Technology Transfer from Cytochemistry 

Technology transfer from cytochemistry should provide many advances in the 

characterization of organic particles» The potential of this biomedical technology 

is great, especially when applied to sections in conjunction with the improved
4 

correlative optical techniques\noted earlier and with EDS;
_

\
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Cytochemistry is the identification and localization of chemical components
f 

(of the cell), with a view to relating functional changes to chemical changes 

in a morphological context. 36’7l’9§ Individual techniques can be either 

chemical or physical and can be applied to either sections or entire particlesl 

‘colloids mounted on a.transparent-support (whole mounts); The physical analyticals 

techniques can be either optical or electron—optical 99 while physical preparatory 

techniques tend to revolve around rapid freezing; 7l’72‘lo0 The chemical 

localization techniques can be conventional, immunochemical or related to in situ 

enzymatic activity 38’7l and.they can be applied to specimens prepared either 
' 

1 / 
'

\ 

chemically or physically; All the TEM-based cytochemical technology has its 

origins in methods which are related to the science of histochemistry, the 

localization of chemical components on a tissue level;_Thus it is based on 

methods for optical microscopy l0l’lo2’l03’104 which are adapted for TEM analyses 

as needed in an ongoing process. Ln histochemistry, the ideal requirements for 

quantification of a localized substance are as follows: t 

(1) the substance to be measured must be kept in situ; 

(2) the fluids into which the specimens must be passed must neither_extract the 

substance nor damage its chemical reactivity to the subsequent identifying reaction; 

(3) the reaction used to identify the localized substance should_involve a 0~ 
- 

_ 
K 

Y /. 

reaction with all of the substance of interest; -

. 

(4) the newly "labeled" substance.should be readily quantifiable. _

_ 

There are some stains in general use, both counterstains and stains applied 

directly to wet specimens, which serve as "markers" for some families of organic 

polymers likely to be found in at least some surface waters. Examplestare: the 

use of lanthanum as a marker for mucopolysaccharides and glycoproteins; the 

use of ruthenium as a marker for polyanions such as acid polysaccharides rich

/
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'

1 

in uronic acid residues; the use of silver as a marker for mucopolysaccharides 

and proteins rich in cystine; The choice of formulation and mode of use of 

stains based on these metals is determined by a knowledge of the cytochemical 

literature and some knowledge of the approximate composition of the sample.. 

The lanthanum and ruthenium formulationsyare applied to the wet sample prior 
' 

"1 

to embedding 38 whereas the silver formulations are applied to seations, 

Ruthenium stains employing the mineral dye ruthenium red 105’lo§ have been\ 
especially useful in the description of environmental colloids having a 

polyanionic character. . 

lmmunocytochemistry or immunoelectron microscopy, a blend of cytochemistry 

and immunology,8l’lo7’l0$ has shown some potential for the characterization of 

aquatic colloids. Colloids composed of or enriched in sugar polymers containing 

certainlsequences of monomers can act as antigenic‘determinants. Such colloids 

permit an immunologist to make antibodies which can be modified to accept a 

heavy metal component; such as gold, and then used as"a molecule—specific 

stain.,A variation on this theme is to couple an enzyme to the antibody and 

then use the enzymels activity to-generate a localized deposit of heavy metal 
at the site of the antibody-antigen union. 109

_ 

The immunocytochemical approach to.marking specific polymers is proceeding 

well at the histochemical level for some gelling phycocolloids produced by 
marine algae. llo’lll’ll2’l13 The progress of this work in moving from fluorescent 
markers (for optical microscope ohservations) to heavy metal markers is awaited 

with interest. For living colloids in the submicron size range, principally 

with medically important microbes, the jump to the highest resolution techniques 

employing heavy metal markers has been a successful ongoing process extending 

beyond the scope of this critical review; ' 

' 

_ _ 

\ . 

Enzyme cytochemistry 71f1o9’ll4’ll5icanlbecome.a tool for assessing local
1

I 

\
\

I
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aquatic impacts of_protein—rich cell parts recently derived from living cells, 

especially parts which contain active phosphatases capable of altering the 

nutrient chemistry of aquatic microniches. 77 Techniques for identifying and 

localizing enzymes in colloid aggregates are based on the incubation of the 

sample with an appropriate substrate in a specially designed artificial medium. 

For example, in Oné method for phosphatase, phosphoric esters of glycerol are 

used as the substrate. As a result of the selection of chemicals in the 

incubation medium, the phosphate ion liberated by hydrolysis is converted into A 

an insoluble metal compound at the site of enzyme action. The\buildup of metal 
. ¢ 

at that site can be controlled so that it is large enough to be an obvious 

marker but small enough to allow a localization in terms of the finest units 

of morphology. The incubation is done directly with the wet sample, usually 

after application of a chemical fixative. After the'embedding, the three 

dimensional distribution of the marker metal is analyzed in ultrathin sections 

with respect to overall morphology. This technology is_not without its artifacts' 

and transferring it to the analysis of organic and organomineral colloids from 

aquatic ecosystems will.not be accomplished without difficulties. However, it 

has been in existence for five decades so there should be no paucity of literature 

to assist one in making-the technology transfer, For living colloids, especially A 

bacteria, lL6a direct literature is already extant. 
y 

-

\ 

Despite the exciting potential of technology transfer from the biomedical 

sciences, one should not neglect the fact that chemistry itself has evolved a 
“ 

d 

117 use of microscopy which parallels that found in some branches of cytochemistry 
The field of chemical microscopy, sometimes called microchemistry, is adept at , 

using various microscopes for analyzing rigid colloids, crystals, high polymers 

and particle.behaviour. In an analogous manner, physics has evolved a microscope 

technology for pursuing these same subjects. Some of their technology hast



p19

\ 

. \ 
\ // 

contributed to our understanding of the colloidal structural polysaccharides 

of higher plants, algae, fungi, insects and aquatic invertebrates, ll8’ll? 

especially those likely to enter surface waters as refractory debris particles 

in significant quantities. 75’12O 

@FsshI!°1° y 

i 

* 

; 
»

i 

Physicalifigation by rapid freezing was mentioned in earlier sections as a 
I 

. , 

‘ 
' 

V '
. 

sometimes useful alternative 73’8l’95’l0Q to chemical-fixation forpthe TEM or 

SEM preparatipn of colloidal materials. While useful in the hands of skilled 

cell biologists investigating well known biological materials, techniques of 

rapid freezing place one at the risk of’inducing major artifacts of dehydration, 

such as the extreme shrinkage which can occur to loose aggregates of colloidal 

organic fibrils.l5 Among the cryotechniques is an extraordinary exception of_ 

great potential in all kinds of ultrastructure research. This exception is the 

time—consuming and costly freeze-etch technique. 74’l2l’l22 

Freeze—etching consists of freezing a sample rapidly enough to vitrify it, 

mechanically generating a fracture plane through it and then making a metallic 

replica of the fracture surface (usually following a pre—set level of etching), 

all the while maintaining the vitrified colloiderich sample below the, ‘ 

_ 

I 

_ 3
. 

recrystallization temperature; The etching consists of a controlled sublimation 
. \ , 

. \ 

of bulk water from the fracture surface, so as to place individual colloids in 
1 

- 

'
' 

relief. The product of the technique for viewing is an ultrathin replica, created 

by vaporizing a metal-rich material at an angle onto the fracture face, while 

maintaining this face below the recrystallization temperature. This replica, 
- 

- 
. 

<
_ 

when placed in the specimen plane of the TEM, yields a topographical image of‘ 

a colloid or colloid aggregate, unperturbed by chemical agents or the physical 

separation phenomena associated with rapid freezing at a rate inferior to

A /
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10,000 K.s_l. 122 This metallic replica will reveal detail with a resolution 

as good as that of an ultrathin section made with a hydrophobic resin, and 

will be more faithful to reality. Because the replica is topographical rather 

than planar and because the fracture plane may change levels within the sample, 

image analysis can present complications. 123 Despite its overall complexifiy 

and high cost, however, the freeze—etch technique is an ideal alternative 
1 .

. 

confirmatory technique, unrelated to the major standard preparatory techniques 

normally devoted to particle analysis. Used as part of a multi—method approach 

in conjunction with ultrathin section analyses, it can permit conclusive 

decisions to be made-about the shape and size and porosity of hydrated colloids 

when other combinations of particle analysis techniques have been found 

inconclusive. 

l,..4.-.5. ,.W.ho.l.e_ _l§19unt Ere-Pa'fat_i,on§ .
. 

A whole mount preparation is one in which an entire colloid (or aggregate) 

is visualized by being placed in its entirety in the specimen plane of a 

microscope. For the SEM, this presents no difficulty but one is limited to 

a view of the particle surface; one can fracture a particle to see inside but 

again one is limited to a view of a surface, the internal one exposed by the 

fracture. For the TEM, the particle is usually placed on top Of an electron 

transparent support film made of plastic. 38 The electron opacity of the particle
\ 

puts an upper limit on the size (thickness) of particle which can be examined 

effectively by transmitted electrons, thus limiting the analyst to particles 

in the low end of the colloidal size range. Despite this constraint and problems 

associated with the usually perturbing approaches to whole mount preparation, 
_ 

r V . H . 85,86,87 some progress has been made, most recently by the laboratory of Nomizu. 

It is noteworthy that studies of the aggregation behaviour of soil fulvic acids 

received an impetus from whole mount preparations. l24’l25
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An alternative to the traditional TEM whole mount has been explored in 

detail recently (Figure 2). It is the Nanoplast film technique, 126 which 

has exciting potential; 56 with it, the smallest native colloids can be added 

to a fresh Nanoplast resin preparation in.such a way as to form a support 

film having the colloids embedded within. The support-film can-be.made as 

thin as is needed to allow for a practical TEM resolution similar to that 

achieved with ultrathin sections. Such a technique for realistic descriptions 

of aquatic colloids has to be considered promising from the point of view of 

minimal perturbation. This is because:‘ - 

(1) it can be applied in the field directly to a sample freshly taken; 

(2) it avoids the application of chemical fixatives to the sample; 

(3) it avoids air—drying artifacts and the dehydration artifacts which can 

occur with traditional methods of whole mount preparation; 

(4) it can be applied as a practical finishing step in situations which permit 

the ideal multi-method approach, as delineated by Buffle. 78 

2. THE MOST FREQUEQN-’I‘LY ENCOUNTERED AQUATIC COLLOIDS 

The most frequently encountered aquatic colloids thus far described 

represent a compromise between_what actually is comon and the specialized 

interests of the investigator. It is likely that some comon colloidal 
materials have been ignored. 

2.1 Non-living Organic Materials 

Although the most common organic families of molecules in natural waters 

are known 75’l27 and the more refractory components of the organisms at the 

base of the food web are known, ;2o’128’l29 there is a lack of detailed 

knowledge about the extent to which specific molecules relate to given types
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of natural waters. 75’l27;130'Concomitantly, while some organic colloidal 

materials can be tentatively identified on morphological grounds by TEM, there 

can be difficulty in relating morphological details at high resolution to 

specific arrangements of (and species of) molecules, with exceptions being . 

found among some crystalline organics l3l’l32 and certain cell parts if 

visualized at or before the earliest stages of breakdown. For a.compendium of 

cell parts, some general references serve as a good starting point. l28’l33’l?4 

Structure, function and chemistry meet at a resolution near 0.001 um and some 

aquatic colloids have shown themselves to be inherently interesting from 

ultrastructural, ecological and biogeochemical points of view. When considering, 

the potential significance of colloidal activity in surface waters two decades 

ago, Breger 135 showed profound insight in the title of his paper used as‘a 

closing address to a symposium on aquatic organic-matter, "What you donft know 

can hurt you: organic colloids and natural waters". Since that time, a strong 

economic interest has also developed. 12 l 

. 

\ 

I

0

A 

2-l_._l, 1:E_i‘p:r_i‘lsc._ .§fib,I§3U-131 extracellular polyme»fic' sub_st:ance.s),
_ 

, Judging from the volume and variety of literature published, the most 

interesting of the aquatic organic colloids appears to be the almost ubiquitous 

extracellular "fibril". This elongate.organic colloid rich in high polymers l2’54 
is readily recognized in TEM images by its distinctive ribbon—1ike aspect and 

greatly increased electron opacity following heavy metal staining.l36 Individual 

fibrils, whether branched or not, have a diameter typically in the range of » 

0.002 to 0.0l0 um; the mQ$t common examples are-composed at least in Paft of’ 

polysaccharides whose monomeric composition tends to be rich in uronic acid 

moieties (sugar acids with a projecting carboxyl group). Examples of some 

morphological varieties, taken from lakewaters, are shown in Figure 3. It is 

unfortunate that studies to relate fibril morphology to fibril chemistry have \ . 

yielded 11u;1e‘ information. ' 

. '

. Q
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Potential impacts of fibrils on aquatic ecosystems are outlined in Figure 4 

whose context can be found in reference 137. There is evidence that all the 

phenomena shown do occur, but quantification of their significance has not yet 

been achieved (with the exception that fibril roles in biofilm formationl ’ 

microbe colony formation are vitally important, a topic to be developed later). 

The value of TEM for the description of fibrils (and the resultant insight into 
, 

- 

, 
I 

' \
I 

fibril-associated phenomena) is readily evaluated; TEM was and is absolutely 

essential. ‘H 
j 

' 
' 

\, 
‘ 

_

. 

“Although fibril research has not progressed as rapidly as had been hoped in 

the past two decades, enough is known to present a detailed case study pertinent 

to this critical reciew. To begin, it is given that fibrils represent a family _ 

(or families) of morphologically and cytochemically similar colloids which share 

many~common properties. The most evident of these are a biological derivation _ 

(from algae, bacteria and plant roots), a limited size range and the presence 

of carbohydrate moieties in polymerized form. The literature which reveals their 

similarities is extremely-scattered but guides to much of it can'be found in two 
I l2 77 . ~. . . . . . older references. ’d Despite generalized similarities, however, it must be" 

kept in mind that fibrils do differ in details SL1Ch that diiff-erences in ft\ncti0n 

and reactivity might be considerable. r _ 

'

c 

Fibrils were noted on the surfaces of a variety of algae and bacteria in 

the‘l960's. 54 During this decade, they were also documented as a component of: 
s 

‘ 
. . . '. . ‘l 3 

(l) slime layers in streams, in association with microbiota; -3 
' Q 

(2) organic flocs taken from contaminated waters; l39’l4o 

(3) highly acid mine waters; 141 ‘

. 

Because of the fear of artifact, many of the conventional TEM observations 

were confirmed by freeze-etch analyses in the same publication. - 

In the 1970's, fibrils were found to be a component of the rhizoplane, the ‘ 

r g-n. "

J

\ 

.4-
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interface between the outer surface ofva plant root and the mineral particles 

of the soil solution. It can be a zone of high metabolic_activity, especially 

when microbes are present; and it influences the chemistry.of the adjacent. 

soil zone. 142 The reality of rhizoplane fibrils was demonstrated by both’ V 

structural and cytochemical analyses of ultrathinlsections_143’144’l45 and by 
freeze—etching; L46 they were shown through the use of axenic root culture 

(no bacteria present) to be produced by root cells, 146 although in nature 
one would expect also a contribution of fibrils to the rhizoplane by soil 

bacteria. At this time, fibrils were also identified as the likely agents for - 

contact cation exchanges between mineral colloids and plant cells, ;47’l48 

a role which finds an analogy in lake water. 54 Thus came the link between 
fibrils and nutrition. 

\

* 

i Also in the l970's, fibrils were shown to be: 
4 _ 

(1) a polymeric bridging structure within many microbial biofilms, l49’l50' 
regardless of the biological speciation within the biofilm l2, a bridging 
structure which could either cross-link microbes or encapsulate them as shown 

in Figure 5; - 
- 

_ __ 
- 

.

» 

(2) a natural.adhesive promoting pelagic associations of algae and bacteria 
. 

‘ 

_ \- 
in lakes 151, including their associations with suspended abiotic particles; 
(3) a functional component of activated sludge flocs, although the evidence - 

_tended to be circumstantial; l52’l53 l

. 

(4) a secretion product of higher plant cells grown as suspension cultures in 
mineral media, and used for a brief time as a source of sufficient quantities 
of fresh fibrils for wet chemical analyses; L54

_ 

(5) a common component of many Canadian lakewaters, being detected in lakes of 
various trophic states and sizes at all levels of the water column from surface 
microfilm to bottom sediments. 54’l36’l55 

l 

* V.
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One can reasonably assume 69 that fibrils comprised the fibers shown by- 

'the relatively low resolution SEM images of the 1970's to be a major component - 

of the fine debris of lakewaters. Since those fibers appeared to bind together 

the individual components of heterogeneous debris particles, then one can infer 

that the fibrils within them helped to mediate particle aggregation in lakes. 

Convincing SEM studies of these fibers can be found in the innovative 

ecological researches of Paerl. l56’l57’l58’159 
t 

,, 
_ 

V 

' 

d

A 

~ In the 1980's, some attention was placed on quantifying fibrils in lakewater 
84,160 _ _ V _ _ _

Y 

levels up t0 7 mg/L were recorded. Research on water treatment-systems 

then became focused more intensively on fibril roles in flocculation. lfilflez’ 
; 

- . . 

l63'l6€’l65 In keeping with the increased emphasis on environmental p01luti0n,_ 

especially with regard to recalcitrant organic contaminants, 166 some research 

emphasis.is being placed on possible roles of aquatic flocs as natural 

decontaminators of surface waters.'The focus has been placed on the action of 
. 

I .

\ 

the flocs Ber se,\however, rather than on the interactions of the fibril 
' \.\ 

component with organic po1lutants;l‘ '
~ 

'

/ 

2.1.2 Humic Substances l 

_

V 

. 
'

1 

\ . 

- Another group of aquatic organics of interest from ultrastructural, 
.~- ' 

- / » 

ecological and geochemical points of view is the group, humic substances.75’l67 
l 

-

r l68’l69 They have become increasingly interesting because of researches in the 

past decade to relate their chemistry, structure and behaviour to morphological 

Parameters. 83’l24’l25’;7o Their great abundance, refractory nature and\- 
d~

- 

, . 

interactions with organic pollutants l67’}7l-demand a greater understanding of 

their colloidal behaviour, Their nature as colloids, when aggregated, is 
. 

_ 
_ I ‘ 

.

I 

increasingly amenable to analysis by TEM. " 

'

I 

A 

In 1980, Ghosh and Schnitzer 170 produced a model for the macromolecular l 

structure of soil fulvic acids which showed that their colloidal structure was
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a dynamic feature Controlled by three environmental-parameters: 

(1) sample concentration; ‘ 

(2) pH of the system; 

(3) ionic strength of the medium, ~

_ 

At a sample concentration of 100 mg/L (other parameters controlled), Stevenson 

and Schnitzer 124 found five common structural entities, including three 
classes of giant aggregates_amenab1e to study by TEN. These findings, based 

on whole mount preparations, compared favorably with those obtained later in 

analyses of ultrathin sections.83 The large colloidal aggregates were composed 

of granules in the ca. 0.002 um size range, organized into dynamic structures 
as attested by the fact that they could pass ultrafiltration membranes even 
when the aggregate sige was much larger than the pore size. 83 The presence in 

soils, lakes and groundwaters of moderately large colloid aggregates (0.05 to 

0.20 um scatterers) of humic acids has been confirmed by photon correlation 

spectroscopy. L72 The meaning of these observations is: 

(1) humic substances can form a continuum of aggregated particles with widely 
varying size, in rather fast equilibrium;

A 

(2) ultrafiltration is not always a simple process when applied to waters rich 
in humic substances and it could become an unreliable one if induced aggregate 
formation is not controlled. 

Further confirmation of the size and shape of humic substance colloids 
should be done by freeze-etching 74’l2l and by Nanoplast embedding techniques 
in association with experiments on the mechanics of aggregate formation. Soil 

fulvic acids already present a context for such confirmation and behavioural 
. 3 - 

. . 
- 

. - studies. '3 Some aggregated humic substances are illustrated in the ultrathin 
section views of Figure 6. '

. 9
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2.1.3 Organic Skeletal Materials and Protein—rich Cell Fragments 

Many organic colloids of direct biological origin are readily identified 

on morphological grounds; these are (sometimes unique) combinations of size 

and shape and electron opacity coupled with specific indicator details such as 

surface sculpturing or a geometric arrangement of subunits. Characterization 

on this basis is especially informative for a varietyof refractory skeletal 

materials, algal cell walls and protein-rich cell.wall appendages of small 

organisms. At the earliest stages of degradation, some protein—rich cell parts 

(e.g, flagellae and complex organelles) of decomposing organisms are readily 

classified provided that the fragment's least dimension is at the upper level 

of the colloidal size range. Subclassification can be carried out in principle 

on the basis of reactivity (e.g. the presence of hardy enzymes) using the 

technology of cytochemistry. For an understanding of the potential of such ' 

characterizations, one need simply consult the literatures of cell and . 

ultrastructural biology for their characterizations and descriptions permitting
_ 

the identification of cell parts. One can use some of the general references 

quoted herein as a guide to this literature, most of which was highly developed 

some time ago. l28’l33’l34 Figures 7, 8, 9 and 10 illustrate some organic and 

organo—mineral skeletal materials and protein-rich cell parts and fragments 

recorded by the author in his limnological_investigations. A very extensive 

phase of cataloguing is necessary to assess the relative importance of the » 

non-living organic materials, a subject which is in its infancy; G 

2.2 Living Colloids 

Living colloids come in two classes, cells and viruses. Aquatic cells of 

colloidal dimensions come in two fundamental kinds; 36 these are (1) the prokaryotes 

such as bacteria and the so-called blue-green algae, and (2) the eukaryotes, such

. u
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as the true algae and all other cell types. A fullgtreatment of living c0ll0idS 

extends beyond the scope of this critical review. However, several exciting 

subject areas of this aquatic research topic have blossomed recently and can" 

be reviewed briefly. The advances concern the viruses (Figure ll) and the 
. 

p \‘ 

picoplankton (Figure l2). ' 0 

< _ 
_

, 

Despite the role of viruses as agents of human disease via water supplies, 
173,174 and despite several decades of development of particle counting 

techniques for viruses, 175 the technology for quantifying viruses in aquatic ~\ 

environments was not fully exploited until recently. 176 Using a new method for 

quantitative enumeration, the group of Bergh 176 found up to 2.5 x 108 virus-like 

particles per ml in natural waters. Their counts showed viruses to be present in
V 

numbers 103 to 107 times higher than was previously reported; Considering the 

virus species which attack and infect bacteria, those with a head size of 0.060 um 

predominated, smaller than what had been anticipated. '
- 

s “If the viruses are active, the implications of such great numbers are far- 

reaching_indeed. Viral infection of cells at the base of the food web could be 

an important factor in the ecological control of such cells/organisms, and in 

turn of their effects on water quality. After this discovery, additional TEM " 

technology was devoted imediately to a_search for morphological correlates of 
viral action on other living colloids in lakewater. l77’l78 

_ 

' i 

Recent atlases of viral ultrastructure show TEM views of both whole mounts 

and ultrathin sections of common viruses in general. l79’l80 Works specialized 

in TEM examinations and identifications of plant and insect viruses are available 
¥8l’l82 as are reviews of literature pertinent to algal viruses. l77’l78 A critical 
appraisal of viral taxonomy is found in Matthews. 183 

_ 
_

' 

In the context of "small is important", the picoplankton, or aquatic cellular 

organisms in the size range of 0.2 to 2.0 um, are now known to be much more 
important to the biological processes of surface waters than had been believed
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. _ 
, . 

until quite recently. 49’l84 Understanding their physiological roles in the ~ 

, . 

c"metabolism" of surface waters and their relations to viral predators are 

now important.goals of the biological aquatic sciences. 185 Moving from 

physiology and disease to micr9bial_ecology, another goal is concerned with - 

the secretion of colloidal adhesives (often fibrils) by bacterial picoplankton, 

adhesives which permit organisms to attach themselves to debris and‘mineral 

particles. l86'l87 The importance of this attachment is great; in general, '4 

aquatic bacteria are more active in biogeochemical processes after attachment 
to a surface, 188 The sequence of processes whereby attachment influences/ 

metabolism, and the subsequent ecological consequences, is an important focus 
, 

_ 1 
- 

. 
, 1

I of aquatic microbe_research. The mechanics of the attachment process, including 

the positioning of stabilizing colloids and cross-linking bridges involved in I 

biofilm formation, have.been amenable.to TEM analyses for decades, l89’190 

- 

H 

The speciation of the algal picoplankton in the submicron range was begun 
a little more than_a decade ago. 191 It can be continued only with the aid of 
TEM. Concomitant with the TEM—based speciation research, limnologists and 

ecotoxicologists anticipate using TEM as a tool for health and toxicological 

assessments 192 by correlating changes in the chemistry and morphology of 

sensitive picoplankton with specific environmental stresses. Some picoplankton 
‘\ 

_ . 

with distinctive morphological features 193 are shown in Figure l2. - 

2.3 Mineral Golloids and Mineral-Organic Associations 
_ 

~ 

. .

I 

»Mineral colloids have been studied extensively and well by microscopy for 

decades. lgfi The general literature on mineral colloids is large and readily

2

/ 

accessible. 195?l96 However, its EM literature is essentially about the minerals 

per se, featuring "cleaned" minerals free of naturally associated materials 

or particles of a pure mineral which had no aquatic context. The experience of 
, 

l I .

\
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this author in examinations of surface water colloids is that the minerals are 

typically eroded/coated/irregularly fractured/aggregated with dissimilar colloids 

to a considerable extent, such that.their classical features are not always 

evident in samples which have been perturbed minimal1y.'While‘the focus of this 

critical review is on realistic descriptions of both individual colloids and
_ 

natural colloid associations, it must adhere to its theme of descriptionsl 
. ~

. 

S C8_l_IlS - characterizations of aquatic colloids in their native state in aquatig ecosy 
This means that, with a few noteworthy exceptions, our concerns herein are / - 

.‘ 

restricted to mineral colloid associations with organic coatings, inorganic 

coatings,microbiota, extracellular enzymes, colloidal ion exchangers (such as 

»fibrils) and other mineral colloids. Where pertinent to the theme of "native 

state", individual'colloids will be considered. In this context, mention will be 
made of morphological parameters related to the growth of hydrated colloids into 

hydrated "conventional" particles,includihg crystallinity changes.
A 

The topics above are increasingly amenable to development by way of TEM and 

EDS analyses of minimally perturbed samples, with electron diffraction and
_ 

cytochemistry as useful adjuncts. In response to recent transfers of high technology,_ 
the aquatic sciences are creating a literature on such topics. The situation with 

‘ w“ - 
< 

‘ 

.- 
a 

i 
- 28 94 respect to unperturbed mineral co11oid§has definitely advanced for both water ’ 

and sediment samples.80’l97 The necessary concepts and technology for continued 

progress are increasingly refined 15’56’78'lQ7'l2l'l98 and there is no lack of 
interesting experiments to do and hypotheses to test.V 

nTwo topics of potential interest worthy of mention are: the genesis of‘ 

mineral colloids in water by biota; l98'l99’2o0 the synthesis and organization 
of mineral-rich skeletal structures by biota. 201 However, they take us far 

efl°"8h iflf0 the bi0l0gi¢al literature to extend beyond our scope; studies of - 

natural associations between mineral colloids and microbes are readily accessed 
in the bacteriological and phycological literatures. l98’;99 “With regard to.
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mixed inorganic/organic flocs, there are good experimental systems available 

to analyze the mineral contribution to mutual flocculation between minerals 

and cells/organics.l6l’2o2’2o3’2o4 Increasingly amenable to TEM~based analyses 

are molecular interactions at the mineral-microbe interface. l9§’;05 

i Discussed below are some specific studies on mineral colloids in their 

approximate native state in aquatic ecosystems. These studies were chosen 

because they involve various combinations of improvedxsampling,»improved 

preservation, selective staining and the use of EDS or electron diffraction 

on a "per colloid" basis. The remarks will focus on a few mineral colloids 

(containing Fe, Mn, P, Ca, Si and Al)jwhich play important biogeochemical 

roles in aquatic ecosystems. 206 i 

I 
.

v 

2.3,l Inorganic Associations With Organic High Polymers 

In 1988, Stoné'2O7 made the following statement in reference to the 

interactions of mineral particles with surface active aquatic compounds of
D

r 
' 

I
_ 

y _ \ ' 

high molecular weight. "Whether such organic compounds are spread over entire 

mineral surfaces or are found in patches on mineral surfaces is not known. The 

nature of this surface coverage can be expected to have an important impact on ‘ 

the availability of mineral surface sites for chemical reaction." In making 

this{statement,'he-is providing a comment on the limited capacity of conventional 
\ . 

chemistry to detect the detailed distribution of a coating material at a mineral 
_ 

. | 

surface. There is, however, a microscopical/limnological technology which does 

not have this limitation, at least-for the case of organic fibrils (Figures 3 

and 4). The possibility of elucidating the disposition of fibrils on various 
t 

' 

,I ‘A ‘ 

. 6 
particles in mixed aggregates, using TEM, was demonstrated some time ago, 

68’ 9 

- ¢ 

although a systematic use of the technology on the major types of mineral 

particles has not yet been attempted. The mode of attachment of fibrils t0 an

l \
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W V

_ 

. . _ 190 » inorganic surface was demonstrated two-decades ago when the nature of the 

binder was identified as acid polysaccharide. 189 Considering that organic 

fibrils are rich in acid polysaccharide, 54 the facts above are relevant to 

the finding of Davis 208 that acidic functional groups on natural organic - 

matter are important in complex formation at the mineral'surface. TEM clearly 

has potential to assist the efforts of environmental analytical chemists in 

the analysis of high polymer organic coatings. 

The relations between metals/mineralization in an aquatic milieu and active 

biopolymers (extracellular enzymes and/or secreted colloidal ion exchangers) 
77 209 

' 
' “ '

- 

as studied by TEM " is.a specialized field which is growing in sophistication 
l98 

75’2l0 and their various reactivities with respect to_biota,2ll’2l2 TEM should 

play a larger role in describing the relations between metals, biopolymers and 

mineral'£ormation. 

In conjunction with metal—organic interactions, inorganic coatings on minerals 

is a subject-of interest to many scientific disciplines. In aquatic environmen 

the abundant hydrous iron and manganese oxides can act as scavengers_of (and 

eventual sinks for) heavy metals 2l3.including toxic ones. In a pollution cont 

such incorporation of inorganic substances by mineral surfaces is a scientific 

field connected to socio—po1itical issues. In this context, some novel 

attempts to analyze iron and manganese oxyhydroxide colloids have begun using 

TEM and STEM—EDS 80 applied to diagenetic colloids collected in situ from 

sediments and embedded directly in Nanoplast for ultrathin sectioning. 2l4'2l5 
. I ' 

While the genesis'of inorganic coatings is an important research area on its 

own, such genesis in the presence of organic coating agents should become a 

major research topic within the area. 

.1

J 

,Considering the enormous variety of organo-metallic species in natural waters 

ts, 

88¢,
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2.3.2 Iron:rich COllQid§ , . 

A

_ 

l 

Iron—rich particles in freshwaters have become much better understood in
\ 

recent years. 2;6 Concomitantly, the growth of hydrated mineral particles from 

molecules is increasingly amenable to microscopical»analyses. While investigating 

the iron—rich materials“of lakewaters,‘Laxen*and Chandler 217 found stable iron- 

rich particles in the,submicron range. In 1984. Tipping and Ohnstad 218 were 

able to assess the colloid stability of such particles. This put a focus on 

describing the genesis of iron particles in lakes 78 and the speciation of such- 

particles. 28’2l9 As a result, through the use of minimally,perturbing techniques 

and a multiemethod approach, the formation of a mineral colloid and its 

aggregation "growth" into "true" particles was analyzed in detail for an amorphous 

iron—rich material found in the redox transition boundary layer of a lake. 28’70’ 

78’79’94 In this study, near-spherical iron—rich colloids (globules)_in the range 

of 0.05 to 0.31 um were shown to be composed of subunits in the nanometre size 

range. Accessory techniques 220 showed the'iron/component to be close to one—half 

Fe(II). A provoked flocculation of colloiderich lake water showed the ironirich 
\ . . 

\- 

globules as_participants-in the formation of loose aggregates which were well 

into the size range for true particles (by sticking to each other and to other 

colloids, both organic and inorganic).Some examples of the globules are shown_in 

the micrographs of Figure 13, accompanied by a representative spectrum. The < 

relationships between globules and their aggregates is diagrammed in Figure 14; 
A 

\ .

l 

globule subunit structure was recently investigated with regard to iron 

partitioning phenomena in relation to filter fractionation. 70 
l 

l 
. 

I
. 

EDS showed individual iron-rich globules to contain also the elements Ca 

and P (identified as P04 by laser mass spectrometry microprobe analysis) in " 

the mean molar ratios Ca:Fe = 0.19 and P£Fe é 0.25. As a generalization, 

individual globules came in three morphological varieties, one of which was J
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rare and another of which was strongly associated with other mineral particles 
as a mixed colloid. A-bulk approach to analysis showed many small aggregates ‘ 

to be Pie/P/Ca/Si/Al and others to 1.. Fe/P/Ca/Si. However, the Si/Al and s1 _ 

components of the mixed colloids involved could be shown to be inadvertant 
associations, 94 Individual Fe/P/Ca globules, with or w1thout_adhering clays 
or silicates, in turn could be part of larger heterogeneous aggregates containing 

, 

_

’ 

recognizable patches of organics, clays, calcium-rich ¢01l°ifi$ and $i1i¢0n*F1¢h 
structures (some of which were identifiable by their morphology as bits of the 
silica frustules, or mineral walls,.of diatom algae). The globules, eithe r alone 
or in aggregates, had a surprisingly restricted size range; however, the lower 
limit was a function of anomalous filter behaviour. 70 The cutoff filter, , 

standard filter of 0.45 um used by limno1ogists,would retain globules down to 
a diameter a little less than 0.05 um but would pass-globules smaller than 0.04 
at the filter flow rates used at that_time. This phenomenon was investigated in 
detail so as to uselow rate comparative studies as a tool to analyze the 
behaviour of iron colloids,7p a subject treated in detail elsewhere in this 
volume. 9. To summarize, in globule—rich samples, colloidal iron of average 
dimensions much smaller than 0.04 um was found in experiments not based on, 
¢aPtur€ by a 0.45 um filter; these appeared to be singlets and multiples of 
the near 0.002 um granules which were the substructural units of globules 
and the basis for the internal porosity of globules. In this context, it is. 

interesting to note that Schneider and Schwyn 221 have proposed for iron t 

hydroxides a hexameric basic"building block" which has a diameter near 0.002 um. 
-Morphological analysis of aggregates revealed a feature often seen in " 

studies of distinctive colloids? despite the tight association of globules in1 

many aggregates, a globule—g1obule association was readily recognized as \ 

such. Thus, the effect of perturbation was to increase the size of the aggregate 

U111 

but not thfi size of individual globules. '

-
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Figure l3 illustrates part of a combined morphological-EDS analysis of‘ 

amorphous iron colloids and makes eyident the kseparation effect" gained through 

"the use of ultrathin sections to localize and identity individual colloids 

within an aggregate. In this case the section thickness is less than the. 

thickness of most of the colloids of interest, and, of course, colloids aboye 

and below those of interest have a minimal contribution to the complexity oi 

the image (by being in preceding and succeeeding sections). Those colloids rich 

in heavy elements are of course "self—staining"{ Once an aggregate in section 

view is mapped for heavy elements, it can then be mapped for biologicals- 
. 

_ / 
\ '

' 

.somet mes, t rou _t e app icat on 0 countersta ns. e com ination o (i)hghh 115 i28Th b £ 

spectral and morphological detail achieved through the use of ultrathin Sections 
. _ 

Q 
p 

l Q 

cannot be achieved in analyses of multimicron—sized aggregates visualized as 
. 

' / 

whole mounts. / 
' ' 

1 V 

", ' ' 

Crystalline compounds of iron, and amorphous iron-rich materials containing 
‘ 

\ 
'

. 

crystalline components in the lower part of the colloid size range, are amenable-, 

to analyses by a combination of TEM, EDS and electron diffraction, Such analyses 

are currently being pushed to their limits 222 and promise to.extend our knowledge 

of crystal nucleation in natural waters. They should also help to refine our 

understanding of the "amorphous" state for_iron compounds, a subject of growing 
.. s.., 22- . 

- 
V 

~ < 

0 . 
- .;J interest. 3 Sectioned iron compounds from aquatic environments have permitted 

a morphological resolution,of ca. 0.001 um in Nanoplast 79’222"and permit high , 

grade.spectra from colloids as small as 0.04 um diameter during routine use of“ 

TEM-EDS. Diffraction patterns potentially useful for "fingerprinting"can be 

obtained from iron—rich.crystals with a diameter below 0.005_um.222 This last 

figure may seem surprisingly good to some, since electron diffraction parallels 
» 

. . , 
6. -A 

X-ray diffraction, but one must remember that electrons interact about 10 times 

more strongly with matter than do X—rays (and that the identification of near-‘ 

nanometre crystals in an ultrathin section is not difficult).
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Even with variable mixtures of several different iron—rich compounds in arr 
_ 
\ 'y_ 

complex organic/matrix, one has a possibility to selectively identify specific 
- 

- 1 . 

crystalline iron compounds in samples whose size is extremely-smallain relation 

to the sample size requirements of-conventional wet chemistry. This capacity of 

TEM-based technology for research on microcrystals within complex mixtures 

certainly merits further exploration and has already been well utilized in_\ 

.
1 

e \ studies of iron+riEh magnetosomes, the crystalline colloids of magnetite found 

within the cytoplasm of some aquatic bacteria. 224’225 These intracellular
Q 

crystals of cuboidaleto-octahedral shape have diameters mainly in the range_of 

0.040 to 0,050 um and are arranged in chains. Evidence from cell remagnetization 

studies indicates that individual bacteria possessing these chains have properties 

of single domain ferromagnets. TEM has contributed greatly to confirming that the 

individual magnetosomes contain iron in the form of magnetite. - 

In 1983, the crystal habit and magnetic domain structure of individual
r 

magnetosomes was analyzed 226 using a field emission electron microscope. 227 

Each colloid was determined to be a single crystal with a hexagonal prism shape 

truncated by <1ll} planes;-the lattice spacings agreed with/those of magnetite. 
A subsequent study in 1984 228 by high resolution TEQ with electron diffraction ' 

on the growth and Qfiyelopment of magnetosomes revealed that the 1983 story 226 

was not complete. In the later study, direct evidence was presented for both 

crystalline and non-crystalline phases within individual magnetosomes. It led 
L . 

to an interesting hypothesis on the mechanism of biogenic magnetite formation, 
. / 

one whereby magnetite crystallization involves hydrated iron (Ill) oxides as 

non=crystalline precursors. - 

' 

_ Q 

The isolation and detailed characterization of native iron colloids is 
. , 

\.

_ 

intimately tied to an improved understanding of minimal Sample perturbation. 

_

\

/



37 

. _ > / 

Mention was made earlier of colloids of 0.05 um diameter (Fe/P/Ca globules§ 

being captured at the upper surface of a cutoff filter whose pore size was 

nine times larger than the colloid. Ihe basis for this is found-in colloid
' 

"stickiness" phenomena which allow some variables in the filtration process 

(mainly flow rate) to promote aggregate formation at the filter surface. 9'70 

This filtration-induced creation of "true particles" was investigated further 

in relation to the (increasingly misleading) dogma that the 0.45 um cutoff 

filter of limnologistsiseparates particles from solutes, regardless of colloid 

instability problems (and in a conceptual framework often oblivious to the 

existence of colloids). This "particle creation" artifact is treated in depth
' 

in another-chapter of this volume. 9 A brief and to-the—point commentary on the 
.' I 

current use of 0.45 um filters by limnologists/oceanographers (applicable also 

to the 0.7 um filters of water quality analysts) was published in 1990. 
229 

Well-presented arguments for considering colloid fractions separately from 
g \ 

_ 

_
_ 

solute.and true particle fractions can be found in the literature since the 

1970's. 230 when this concept finally takes hold in aquatic science laboratories, 

progress in research on iron colloids, and colloids in general, should leap 
t \. 
forward. As a final comment on the need for considering colloids as entities 

presenting special-problems in characterization and definition, look.at the 

magnification marker in the figures showing photomicrographs. It shows 0.45 um 

as a bar which is larger than the colloids of interest, thus defining them as- 

solutes by conventional limnological/oceanographic thinking. ‘
Y 

2.3.3 Manganese,Qx{hydroxides. 
g

" 

Research on(manganese colloids in sediments is being done in parallel with 
. 

"‘ 
. . . 

V 
, . .3

h 

investigations of iron-rich colloids in the same sediments. 
0’2l5 One of the 

goals is £0 ascertain just what is meant by the term "ferromanganese colloid" 

when it is applied to a natural\colloid "system". For example, is the system . 

1 - 

.
_

J 
/

.

/

)
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composed of colloids rich in Mn plus Fe, or is it a two—component system 

consisting of Mn colloids coexisting with Fe colloids? There has been some 
- 

A 

. 

" 
, 

- 22 technological success at achieving the means to make such distinctions.2l4’2 
. \, 

_ 

_ _

R 

In concert with this effort, there has been some success in demonstrating a 

partitioning of cations between Mn and Fe in natural aquatic colloid systems. 80 
. 

_ \ Manganese oxyhydroxides are ubiquitous constituents of aquatic ecosystems 

and, within the sediments, they are believed to impact on the cycling of toxic 
4 

, , 

trace elements. Despite their obvious importance, little has been learned of" 

their native colloid-structure and physico-chemical properties; 215 This lack 

of information is a result of (1) their dilution-in the sediment matrix coupled 

with (2) the lack of a minimally perturbing separation technology for isolating- 

them until l§89. 80’215 At present, one can effect an in situ collection of 

diagenetic Mn colloids, spatially separated with respect to Fe colloids and 

readily dissociated from much of the organic matrix, through the use of sheets 

of an inert material inserted vertically into sediment, 215 and left there for 

varying periods of time. The preparation for TEM can be_initiated directly 

after removal of a sheet,via Nanoplast embedding applied to the.Mn-rich film 

Aadhering to the sheet; 8o’2l4 The narrow, minimally perturbed film is large 

enough to be split into subsamples/for multiLmethod'analyses involving optical" 

microscopy, SEM, TEM, EDS and many of the conventional techniques of wet 

chemistry, ' 

. Y 
. K

_ 

’ The genesis of Mn colloids can involve an active participation by bacteria. 
200 " 

. . _Through the use of bacterial cultures capable of making colloidal M from J 

added manganese sulphate, Ghiorse and Hirsch 209 made the following observations 
of relevance to aquatic colloid studies. The bacterial cells produced fibrils

» 

extending from their surface into the aquatic milieu; colloidal M oxide particles 

formed in 3Ssociation with the fibrils, apparently through enzyme action.

I



r 
‘39 

_ 

2. 3 . A Col1Qi§1a_lV__Phosphorus J V

‘ 

. 
\ 4 

Phosphorus in the form of phosphate is a major nutrient, often a limiting . 

.. , 
_‘2, 

one, which can be a contaminant when too abundant in surfacegwaters. 
06 

\ . 

Changes in the availability of P to biota can cause dramatic alterations in 

aquatic ecosystems. Nearly, two decades ago; Lean 231 demonstrated that a 
. \ 

a 
. / 

colloidal phosphorus material, rich in an organic component, might be significant 

in nutritional exchanges_between plankton and lakewater. Later, Francko and 

Heath 232 distinguished two kinds of complex phosphorus compounds with regard 

.to nutrient phosphate release in lakes; those sensitive to enzymatic hydrolysis 

“and those sensitive to photodegradation. In 1984, Persson 233 described a 
r

. 

1 promising physical technology for the separation and characterization of 

phosphorus—rich_colloids from lakes and rivers. Recently, Ridal and Moore 
234 

’ 
' conducted a re-examination of the measurement of dissolved organic P in seawater. 

» ; 

They showed the colloidal fraction to comprise 20 to 50% of the/total "dissolved" 

organic phosphorus. The moment is propitious to develop a mode of analysis of 

colloidal P based on TEM, EDS and correlative technologies. With this idea in 

mind; one must remember that the Fe/P/Ca globules described earlier, the nucleic 

acid—rich vimses and.§om¢ nucleic acid-rich.picop1ankton all qualify as colloidal 
\ 

J - 

V? (and even in many laboratories as "dissolved" P when they pass 0.45 um filters) 
_ 

I 

. 

_

.

¢ 

’
1 

2.3.5 BiogenicfCalcium;and Silicon‘ 
_ 

\
_ 

The biogenic nature of much of the abundant kinds of aquatic particulates \ 

»rich in calcium 2Q6’235 or silicon,l33’206 and the concomitant variations in 

ultrastructure, complicate morphological analyses of submicron-sized versions 

of them. However, the importance of Ca and Si activity to the modulation of
I 

biological processes in aquatic ecosystems 2ol’2o6 merits a greater research 
1 

-

_ 

effort on their aquatic colloidal species. Descriptions of the most abundant 

particulate species of Ca-and of Si, including some-biogeniclkinds, can be 
' \ - .
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. . 194 J@ 
found in mineral atlases for earth scientists; some are distinctive 

morphologically but their distinctive aspects tend to disappear for eroded 

fragments in the lower part of the colloidal size range. They are readily 

analyzed by EDS, however, because both elements have peaks in EDS spectra 

which are distinguished readily from each other and from the most abundant 

"heavy" elements whose particulate species are sampled from surface waters.
\ 

Their natural associations with mineral colloids of distinctive appearance_ 

are currently under analysis by minimal perturbation techniques. 94 

Colloidal CaCO3, calcite, presents a mineral surface in natural waters 

which is effective in adsorbing many organic compounds. Photosynthetic cells, 

through removal of C02 from their immediate aquatic milieu, can precipitate 

calcite at the cell-water interface and initiate the formation of calcium- 

rich particles whose fresh calcite surfaces are readily exposed to secreted 

organic molecules. Some roles of organics in determining the nature of mineral 
. .. ._ t. - 

t _ Y . , . . 235 species formed at the surface of coated calcite are reviewed in Morse. 

Analyses by TEM and EDS of these phenomena can contribute to their understanding. 

Silicon, in terms of the compound silica, is relatively unreactive chemically 

in many surface waters. However, Si is important in the cycles of (often 

abundant) diatom algae which assimilate it for the synthesis of their mineral 

cell walls (frustules). 1.33306 Silicon occurs in soluble forms (silicic acids) 

and in particulate forms as well as adsorbing to/complexing with other substances 

In the author's experience, silicon—rich materials sampled from freshwaters are 

difficult to recognize in the lower part of the true particle size range when 

identification is based purely on morphology; colloidal fragments derived from 

them are even more difficult to recognize. There are two exceptions to this 
. . -_ _ . 194,196 . generalization. (1) some of the clay minerals as shown in the next 

section; (2) the spectacular frustules of many.varieties whose colloid—sized “
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fragments are readily identified by their regular geometric aspect (provided 

that the fragments are not too small). Figure 15 illustrates frustules in 

different stages of fragmentation/degradation, including one approaching 

colloidal dimensions and accompanied by its EDS spectrum. In the case of the 

living example shown in cross section with its cell structure intact, one can
0 

see evidence, at the frustule—water interface, of the high polymer organics
_ 

which are usually associated with frustule mineral. While diatoms are the 
most noted examples of single—cel1ed organisms which make silicon—rich 

structures, they are not alone. Of relevance to this critical review, there 

are examples of aquatic bacteria which can precipitate silicon-rich materials; 
some examples are summarized briefly in Beveridge. 198 

2.3.6 ClaylMinerals - 

For several decades, there has been a literature available on TEM descriptions 

of mineral structure per se and much of this has featured clays. 194 This ; 

literature contributed to an understanding of both the ultrastructure and 

activity of clay colloids. 196 However, the literature was not concerned with . 

minimal perturbation techniques, having little need for them in descriptions of 
rigid materials and having only recently developed a need to visualize better 

the coatings on minerals, and other colloidecolloid associations. Simultaneous 

with this TEM contribution to mineralogy, there developed a biological literature 

focused on clay-microbe—fibril associations. The researches were concerned 

with the effiects of the soil environment on the morphology of submicron biota, 
236 and with the spatial relations between clays, microbes and high polymer 

organics, 145'including cytochemical analyses of ultrathin sections. l43
- 

Submicroscopic studies of soils per se 237 and of clays, 197’238 however, have 

begun_only recently to receive the detailed attention that they merit. A few ' 

advances are especially exciting in the context of this critical review. Using
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a hydrophobic_embedding resin and placing emphasis on correcting problems of 

sample perturbation, the Bennett group 197 have made considerable information 

gains through TEM analysis of clay sediments in ultrathin sections. They were 

able to show, for sediments of unconsolidated high—porosity marine clays 
\

. 

visualized at high resolution, that the pope profiles of theseisediments had 

aspect ratios which approach 1.0. The pore profiles of consolidated low—porosity 
-

\ 

clays were characterized by aspect ratios (length-to—width ratios) which approach 

infinity. Their data suggested that\sediment fabric is a function of both the ' 

characteristics of the constituent particles and the physical/chemical 

environments of deposition. They had some success with computerized image 

analyses carried out on SEM and TEM micrographs of sediments; Initial results 

appeared promising for quantifying fabric parameters and providing a statistical 

basis for fabric descriptions. An extension of this research 32 employed a TEM 

environmental device'35 in a preliminary way as s tool for the analysis of 

hydrated clay colloids. This innovative approach may soon be complemented by 

new developments in scanning tunneling microscopy which permit atomic resolution. 

microscopy of surfaces imersed in water. 239 Adding to all this recent technology 

transfer are the initial attempts to analyze clay colloids embedded in hydrophilic 

resins. An example of a minimally perturbed clay particuize is shown in Figure l6 

accompanied by its EDS spectrum. ' _ '

. 

3. warns ARE ws NOW? -»A SUMARY 

3.1 The'Behaviour and Interactions of Aquatic Colloids 

Individual colloids within an aggregate and individuals which participate in 
experiments on aggregation can be characterized on the basis of shape, size, 

native electron opacity. internal heterogeneity;'porosity and elemental composition. 
Some organics can be further characterized with counterstains and molecule—specific 

' 

. 

“'\ ' 

. \ 
' 

p 

‘
v

.



‘ 7 -43 

"markersv, while crystals can be further characterized by Electron diffraction. 

Aggregates can be classified according to shape, size distribution; proportion 

of minerals, proportion of crystals, evidence of biota present, degree of 

packing, nature and frequency of non—cellular biologicals, evidence of occlusion 

phenomena and the frequency of association between numerically-important colloids. 
‘An expanded treatment of aggregate substructure for organics was published , 

re¢ently. L5 In analyzing aggregation, one is not necessarily restricted to
I 

examining before-and—after situations; cryotechnology should be applicable to _ 

the analysis of stages of aggregation when these are relatively fast in comparison 

to fixati0n/embedding times. Applied spinoffs from high—resolution analyses of 

adhesion or "stickiness" phenomena are likely to include: '

h 

'(l)@improvements in the use of membrane filters in fractionation of colloidfrichvi 

natural waters (and, potentially, wastewaters); .

1 

(2) improvements in our understanding of occlusion phenomena whereby natural 

colloids bind contaminants in such a way as to produce misleading chemical » 

- 

\ 
. . 

analyses.for the contaminants. ’

\ 

3;2 How to Minimize the Artifact Problem
¢ 

To maximize the amount of information which one can obtain from an aquatic 

environmental sample, it is necessary to analyze the sample in a.state as close 

to the native state as is possible. To achieve this goal, one must handle and 

process the sample as little as possible. n

\ 

The minimal perturbation approach consists of: 

(1) taking the sample in the-most gentle manner possible; 

(2) isolating the material of interest in the most gentle way possible, and‘, 

doing so in‘a manner so as to keep the number of processing)steps to a minimum; 
_( 1 

_ 
, .

- 

(3) avoiding, if possible, concentrating the sample 4>- otherwise let the water 

body concentrate the sample for you, as one can do with lakes by conducting a 

, . 

~ "

A
\
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search beforehand for the stratum most rich in the colloid of interest; 

(4) avoiding sample storage ——- otherwise store it for a duration as short as 

P<5Ssible (<1 daY);' A 

‘ " ‘ 

i 

' 

l

' 

(5) preparation for EM which involves as few steps as possible and a choice of 

steps which minimizes colloid instability artifacts; 
_ 

' 

'

_ 

(6) using extraordinary means to ensure colloid stability prior to the final 

embedding step, means such as isolating oxygen sensitive colloids at the_oxygen. 

tension level where the colloids are found. ' ‘ "‘
- 

l 

Through the use of the minimal perturbation approach, one can present to the 

TEM a sample so close to its native state that one can analyze profitably the 

smallest units of structure at high resolution. While artifacts can appear, they 

can also be identified, assessed and minimized in.a systematic manner. These 

latter topics are pursued through the use of multi—method approaches. _ 

' Multi—method approaches allow one to surround the problem of artifact. If 
e 

. 4W¥e¢wt ,‘ 1 

V' . 

A 

_,' 
.

i 

severaivchqmical/physical/biological techniques are applied in colloid analyses, 

and all point to the same conclusion, then one is likely to arrive at a,correct 

cflnclusion. In the context of EM analyses, if several different modes of colloid 
. 

I h \ 
Y 

- 
_ _ ., preparation for microscopy all show the colloid to have a least diameter of "x" 

and if an independent verification by freeze¥etching is in agreement~with "x", 

then "x" is the correct answer. This use of a multi-method approach can overwhelm 

all objections to the analyses of colloid instability which are based on the 

cattitude that extreme difficulty equals impossibility.‘ ‘V ‘ 

_ 

"

. 

' 
' Some successes in employing an optimal combination of mu1ti—method approaches 

with minimal perturbation approaches were described in earlier sections. Generale 

strategies’are available in the literature l5’56’78 and the authoris opinion of 

the state-of—the—art is outlined below. "

\ .
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3.3 State-of—theFart. 

The state—of-the-art in the realistic visualization of aquatic colloids is: 
. 

" 
. _, ~ _ 

(1) the application of the Nanoplast film technique (see Figure 2) for preparing 

small colloids and small aggregates of them directly after sampling; 
56 

A

" 

(2) the application of the Nanoplast embedding technique for preparing large 

colloids and large aggregates of them directly after sampling; 70’80 T 

l 
- . 

(3) independent verification by freeze—etch.technology of any contentious finding; 

(4) the most gentle sampling technique available, used without sample storage 

and employing extraordinary precautions when necessary. 70i?8 
. 1

‘ 

4. DATA ANALYSIS AND INTERPRETATION 

\ - 1 

_ The nature of the potentially available data is as follows for_unit colloidsi 

(1) shapes r 
,

a 

(2) sizes and size distributions 

\ (3) porosity _
_ 

K .
|

I 

‘ 
. 

> 

_ s 

(4) native electron opacity levels, an indication of heavy element levels 

(S) elemental composition onja "per colloid" basis ._
' 

(6) crystallinity identification/fingerprintin on a "per colloid" basis _ 

. S _ 
.

V 

(7) acquired electron opacity; an indication of selective affinity for heavy elements 

(8) internal differentiations in addition.to porosity, for large complex colloids, 
. 

’ ‘ 
\ 

' "
- 

. 
- The nature of the potentially available data is as~follows-for aggregates: 

v 
I __ / 

(1) shapes 
A 

' 

\'
‘ 

(2) sizes and size distributions . 

(3) degree of packing Y 

(4) relative frequency of colloid types . 

(5) distribution of colloid types with respect to the surface of an aggregate
‘ 

. 
{ 

. p 

(6) natural associations between colloid types. '
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For experimental work, a classification scheme based on static images can 

be used in principle to interpret dynamic processes. Time sequence experiments 
/ _ 

on colloid aggregation and aggregate ageing are feasible with cryotechnology. 

It is already evident that identifying individual colloids within a compact 

aggregate is not necessarily a serious problem for image analysis techniques. _ 

For example, work on the perturbation of globular Fe/P/Ga colloids, in the presence 

of other colloid types in the same sample, allowed one to visualize changes in 

aggregate morphology while permitting conclusive identification of individual 

Fe/P/Ca globules, even disintegrating ones. 28’70 
_ 

l

- 

For describing large complex shapes, in the case of individual colloids, 

one can employ the techniques of morphometry developed in the past for biologists 

and now being expanded for soil and clay scientists as they turn to the use of 

ultrathin sections. Automated analyses 24o'24l may be useful for some kinds of 

samples provided that sample preparation is compatible with a minimal perturbation 
. 

\

i 

approach. For large complex aggregates, HVEM and the use of multiple correlative 

microscope technologies present a difficult but feasible aid to data collection. 

To analyze the data of complex samples, systematic computerized approaches are 
with ‘ 

_ _ evolving rapidly to assistVthree—dimensional re¢onstructions,.EDS spectra and 

electron diffraction patterns. Also, a recently purchased electron microscope 

will arrive with a battery of useful computer apparatus and software. 

Despite the aid given by computerization, and the promise of a more highly ‘ 

evolved technology to come, photomicrography will remain the backbone of aquatic 

colloid descriptive studies well into the future. Since recognizing what to 

Qh9tQ§raph (within the myriad of images displayed by the microscope's viewing 

screen) is a-function of skill and experience, there will persist an "art" of 

particle analysis well into the future. With it will follow the great losses in 

time required to bring the skills of a laboratory up to the level permitting a
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competent practice of the art. There is an urgent need to break these skills 

down into their individual components and create systematic procedures'based' 

on them. In keeping with an urgent need to become more systematic, the colloid 

investigator must increasingly relate his interpretations to earlier works which 

included uncontrolled and unassessed artifacts. The urgency is heightened by the 

fact that data on environmental samples containing unknown distortions from 
. . \ 

/ ’ 

colloid unstability artifact is data employed to assess pollution problems 

which impact on public health and highly valued natural.res0urces. 

5. VALUES AND PARAMTERS IN THE LITERATURE 

5.1 The Point of View of a Biological Electron Microscopist 

The ultrastructure literature of cell biology is rich in information on the 

colloids within living cells. Chemically, these include proteins, nucleic acids, 

polysaccharides, lipids and mineral inclusions. Structurally, these include 

granules, membranes, fibrils, tubules and certain hybrids of these. Most of 

these substances and structural entities are readily degraded in surface waters. 

There is also a wealth of information on the colloidal components of extracellular 

structures, including refractory organic cell walls, mineralized cell walls, 

various coatings on small organisms, secreted scales, a plethora of types of 

skeletons of small plankton and the extremely fine layered walls of prokaryotes. 

The principle refractory molecules of concern to fresh waters are cellulose,
' 

lignin, chitin, pectin and perhaps the protein—polysaccharide and protein—lipid 

hybrids of prokaryote cell walls. In oceanic waters, the molecules derived from 

extracellular structures would include the principal algal polysaccharides. In 

addition, there are the tannins released by many kinds of plant and algal cells. 

While the cell biologists will take shortcuts with the minimal perturbation
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. 
> 

- 
. .1 

‘

. 

approach, they arrive at sound conclusions about colloid systems when they‘ 

confine themselves to their specialty. In the case of those colloids, both 

organic and inorganic, whose genesis as an extracellular material is directed 

metabolically, the picture painted by cell biologists is likely to be'a good 

one. Included in these comments on their literature are the closely related 

ultrastructure literatures of specialists in bacteria, protozoa, algae, fungi 
. 

‘ 
_ 

. _
- 

and the lower animals. 
_

i 

» - \ . 

5.2 Suggestions for Revising Values and Parameters 

The literature of limnology and oceanography is seriously distorted in its 
, 

< 

_ 

. 

_ 

> / 
considerations of colloidal phenomena. As.remarked upon earlier, this is a result 

of their-out~of-date Working assumption that all aquatic materials can be defined 

as either particles or solutes (no colloids) by causing natural water to flow
_ 

through\a standard cutoff filter of, usually, 0.45 um pore size (often without 

assessing flow rate'effects on colloid stability and adjusting the rate accordingly) 

There is great potential for an acceptance of colloids and an enlightened view of 

colloid behaviour making a valuable contribution to the limnology and oceanography 

of the future. TEM could play a lead role in making this contribution, both
I 

with descriptive work and monitoring work on water fractionation procedures. 

The literature of soil science is finally evolving in the manner of the 

literature of cell biology. Hopefully, it will be guided so as to avoid unnecessary
K

J contentious issues, Through the use of ultrathin sections it is leaping forward 

and perhaps now is the time to introduce Nanoplast techniques and freeze—etching, 
' Given the profound changes in technology produced in the past decade, one must 

question the value of past researches which impinge on our understanding of 

aquatic colloids. The mineralogists who contributed a vast literature on mineral, 

colloids have placed most.of their emphasis on cleaned minerals whereas it is f
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increasingly evident that mineral surfaces in an unclean (coated) state play 

major roles in the biogeochemical processes of aquatic ecosystems. The cell 
.- 

_ 

_ _ ‘\ 
»

_ 

biologists and their cousins in the biomedical fields did many things well; 
v , 

-' 

yet, despite their prodigious efforts, the picoplankton were ignored until 

the late 1970's and the abundance of aquatic viruses was not realized until the ’ 

1 

l 

- 
' ' 

' 

,
. 

late 1980's. With regard to the soil scientists, I have yet to see my first." 
. . 

» ‘ , 

view in their literature of a minimally perturbed,dehydration-sensitive,clay 

colloid photographed at high resolution. I 

V 

m' - -

" 

It would be wise to use the literature of the past as a guide, particularly 

the more highly evolved versions of it, but only asua general_guide to form < 

hypotheses. Every pbservation of importance to the success of a new research 

should be checked. Even publications which led to obviously correct conclusions 

may be in error with regard to specific details. Priorities for revising published 

values should_be set by the various specialists as opportunities arise to make 

a scientific contribution (with theexception of the high priority research on 

water fractionation already suggested for limnology/oceanography which should‘ 

begin.immediately). " 
_ 

'

\ 

6, ~ FUTURE NEEDS 

Science needs to create a proper literature on the structure, composition, 
. 

'

\ 

activity and behaviour of aquatic colloids in relation to the structure, function 

and quality of aquatic ecosystems. Specific attention in this literature should 
. . 

(- 
. 

' ‘~ 

be placed on the cellemineral interface and on those aggregation processes in 

the water column which lead to sedimentation and to occlusion phenomena. 
4 , r / _ 

Technical advances are-needed; and appear to be already forthcoming, for 

reducing the time necessary to survey sectioned samples; Time is currently the 

single biggest factor l inhibiting research on aquatic colloids, Reducing the
)

/

J
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skill components of analysis and interpretation to a system of standard 

routine procedures is needed to change the artistic component of electron 

microscopy to a more systematic one. Success in this endeavor will in turn 1 
» \ 

reduce the constraints to progress imposed by the excessive time requirements 

of the past. With further regard to standardization of methods, the approach 

of "tuning" the minimal perturbation technology to the specific properties 

of the natural water sample under investigation must evolve in sophistication. 

ulmediatelyg there should begin a reassessment of past "particle analysis" 

data and derivative-information currently utilized by environmental managers 

and modellers in the service (and potential disservice) of public health and 

environmental conservation. There are reasons why some pollutants are modelled 

'as solutes by some groups and as particleebound substances by others —-f and 
~ 4 . 

the reasons do not reflect well on aquatic scientists. This reassessment
_ 

should be followed up by a positive research effort to correct the basic 

problems. In this regard, the inappropriateness of the two fraction scenario 

in water fractionation schemes must be addressed; natural waters do contain 

colloids in addition to solutes and true particles. 9’229 l d 

Last but not least; the effect of native colloids on the bioavailability 

of toxic substances and nutrients should be pursued with greater vigour; TEM 
\, . 

can be a great aid to such research. ~ " 

' 

'

~

\

l

|

\

\

6

>

3



REFERENCES f 
. ¢)_ _ V,_ 

l. Vold, M. J. and R. D. Vold. Colloid.ChemistrX, the Science of Large Mp1eculesL 
Small Particles, and Surfaces (New York: Reinhold, 1964), pp. 1-118. _ 

’.
. 

2." Van Riemsdijk, W. H. and L. K. Koopal. "Characterization of Heterogeneous 
. Particles by Ion Binding," in Ibis Volume ’ 

-

_ 

3. Gregory, J. "Fundamentals of Flocculation," QKC Qrit. kevs. Environ. Control_
, 

" l9:l85-230 (1989). it ' ’ 

_ V
_ 

_4. Morel, F. M. M. and P. M; Gschwend. "The Role of Colloids in'the Partitioning 
It of Solutes in Natural Waters," in Aquatic Surface Chemistry - Chemical Processes 

JQC the Particle—Water Interfiace, W. Stum, Ed. (New York: Wiley and Sons, 1987), 

S. O'Melia, C. R. "The Influence of Coagulation and Sedimentation on the Fate of 
‘Particles, Associated Pollutants, and Nutrients in Lakes," in Chemical Processes 
in Lakes, W. Stum, Ed. (New York: Wi1ey—Interscience, l985), pp. 207+224. 

6. Ali, W., C. R. 0'Melia and J. K. Edzwald."Colloidal Stability of-Particles in 
u 

Lakes: Measurement and Significance," Wat. Sci. Tech. l7:701—7l2 (1985). 
. 

\
. 

7. Stumm,TW._and J. J. Morgan. Aquatic Chemistrz, Second Edition (New York: Wiley 
. Interscience, 1981), pp. 1-780.

. 

‘1 

.

' 

8. Tanaka, T. "Gels," Sci. Amer. 244(1):124—138 (1981). 1 

. 

\ 
-

- 

9.’ Buffle, J. "The Use of Filtration and Ulrrafiltration for Size Fractionation of 
Aquatic Particles, Colloids and Macromolecules," in This Volume

_ 

10. Mickers, M. A. H. and H. P. van Leeuwen. " namic Aspects.of Metal Speciation DY
, 

/ -
'

1 

- in Aquatic Colloidal Systems," in This Volume - 

"
- 

ll._ Sigleo, A. G. and J. C. Means. "Organic and Inorganic Components in Estuarine
_ 

4 
Colloids: Implications for fiorption and Transport of Pollutants," Rey, Enyiron. 

' 

. 
* 

» . 112=123-147 (199o).- ' 

> . 

-

\ 
Contam Toxicol, ow

A 

12. Geeser, G. G. "Microbial Exopolymerst Ecological and Economic Considerations," 
" ASM News 48:9—l4 (1982). u‘ to 

V 

l 
‘ 

- 

g

. 

13. Means, J. C. and R. Wijayaratne. "Role of Natural Colloids in the Transport of 
Hydrophobic Pollutants," $cience_215:968-970 (198Z§. _

, 

'

1.



. P 

14. )Lawler, D. F., C. R. O'Melia_and J. E. Tobiason. "Integral Water Treatment 
Plant Design — From Particle Size to Plant Performance," in Particulates in _ 

Water — M. C. Kavanaugh and 
J. 0. Leckie, Eds. (Washington, D.C.: Amer. Chem. Soc., 1980), pp. 354-387. 

I5. Leppard, G. G., B. K, Burnison and J. Buffle. "Transmission Electron Microscopy 
. 

‘ 

V 

\ ‘ 

of the Natural Organic Matter of Surface Waters," Anal. Chin. Acta 232:l07-121 
(1990). '. 

J 

f 
- / 

16. Lin; M. Y., H. M. Lindsay, n. A. Weitz, R. c; Ball, R. Klein and P. Meakin. 
v"Universality in Colloid Aggregation," Nature 339:360-362 (1989). 

.17. Meek, G. A. p;;QEi¢;1 Electron Microscogy for Biologists, Second Edition 
/(London: Wiley and Sons, 1976), pp. 1-528. 

V L 

l8. 'Goldstein, J. I., D. E. Newbury, P, Echlin, 0. c. Joy, c. Fiori and E. Lifshin. 
' Scanning Electron Mic§osc0PZ_and X:ray,Micr9analy§i§ f A.Iext for Biologistsg . 

Materials Scientists, and Geologists (Plenum: New York, l98l), pp. 1-673. 

19. Chandler, J. A. X-ray Micro§naly§is_in the Electron Microscope (Amsterdam: - 

North-Holland, 1977), np. 3l7-547. - __‘ - 

20. Beeston, B. E. Pi, R. W. Horne and R. Markham. Electron Diffraction and Optical 
_ 

Piffraction Techniques (Amsterdam: Elsevier, l974);,pp..l+?60. J 

21. Egerton, R. F. Electron Energy-Loss Spectroscogy in the_Electron.Microscope 
V 

(New York: Fiennn, 1986), pp. 1-410. - 

*
. 

22. Ottensmeyer, F. P. "Electron Spectroscopic lmaging: Parallel Energy Filtering 
and Microanalysis in the Fixedebeam Electron Microscope." J. Ultrastructnrkesn 

- -as;121-134A(19s4). 
_ 

J
. 

23. Crewe, A. V. "High Resolution Scanning Microscopy of Biological Specimens," in
_ 

New Developments in_Electron Microscogy, H. E. Huxley and A._Klug, Eds. (London: 
7 

The Royal Society, 1971), pp. 61:70.
7 

. I 
, - 

24. Xhoffer, C., L. Wouters and R. van Grieken. "Individual Particle Characterization 
by Different Beam Techniques," in This Volume _- 

25. Hearle, J. W. S., J. T. Sparron and P. M. Cross. The Use4o§_the Scanning Electron 
Microscgge (Oxford: Pergamon, 1972), pp. 1-278.‘ 

26- Mutt, L- E. glectron ago Ion Microseogy and MicrQanalysis;* PtinQiple§i§p§ ~ 

§RQlig§£iQé§ (flew York: Dekker, 1982), pp, 1-793, 
V 

" 

. 

'

_

-



.Brown, L. M. "Scanning Transmission Electron MicroscoPYi Microanalysis for
_ 

the Microelectronic Age," 1. Phzs. Fll:l—26 (1981).: , 

. 

) 
_

_ 

Leppard, G. G., J. Buffle, R. R. De Vitre and D. Perret. "The Ultrastructure 
and Physical Characteristics of a Distinctive Colloidal Iron Particulate 
Isolated from a Small Eutrophic Lake," Arch. Hzdrobiol. ll3:405-424 (1988). 

Colliex, c., c. Mbry, A. L. Olins, n. E. Olins eed~u, Tence. "Energy Filtered 
STEM Imaging of Thick Biological.Sections," §.;Mict9sc. 153:1-21 (1989). 

Turner, J. N. and C. W. Allen.'"Introduction to High—Voltage Electron 
Microscopy," EMSA Bull. 2o:1o4~1os (1990). 

’ 

A 

_

1 

Humphreys, C. "High Voltage Electron Microscopy," in Principles and Techniques 
Qf Electron Microscopy_- Biological Applications, Volume 6, M. A. Hayat, Ed. < 

(New York: Van Nostrand Reinhold, 1976), pp. 1-39. ~ 

Fischer, K. M. and Rn H. Bennett. "Environmental Cell for the Transmission‘ 
Electron Microscope — Applications in Marine Science," Eos 7l:l33 (1990). 

D. "Foundations of Environmental Scanning Electron Microscopy," 
§dv. Electronics qpd_ElB¢tron Rhys. 7l:l09—25O (1938). - 

Fukami, A., K. Fukushima, A. Ishikawa and K. Ohi. "New Side—entry Environmental 
Cell Equipment for Dynamic Observation," in Proceedings of the 45th Annual 
Meeting, Elect, n Microscopy Society of America, G. W. Bailey, Ed. (San ro l. .,.,.._. ..._ . . 

Francisco: San Francisco Press, l98]),_pp. 142-143. * 

Allinson, D. L. "Environmental Devices in Electron Microscopy," in PriQQiEle$' 
andWEechnigues,o£ Electron Microscopy - Biological Applications, Volume S, 
M. A. Hayat, Ed. (New York: Van Nostrand Reinhold, 1975), pp. 62-113. 

’ r 
_ 

. . 

De Robertis, E. D. P. and E. M. F. De Robertis. Cell and Molecular.BiQl9gZL 
Seventh Edition (Philadelphia: Saunders College/HRW, l980), pp. 1-673. ’ 

Lillie, R. D. u. J. Conn's Biological Stains - A Hand§9Qk_0Q_th€ Nature and 
Uses oilthe Dyes ElIlP.lQYQd11h€.Bi;QlQgi.C8.l Labqrat0ry_, E1-Shth Edith" 
(Baltimore: Williams and Wilkins, 1969), pp. l-498. 

V 

:_
7 

\_ . 

Hayat, M. A. Basic Techniques for Transmission Electgqn-Microscopz (0flafld0=, 
Academic, 1986), pp. l+4ll. -

. 

|
. 

Hayat, M A., Ed P "ciple§_and Techniques of Electron Microscopy — Biological 
épplicationg, Volume 3 (Nev York: Van Nostrand Reinhold, 1973), pp. l~32l. 

- \ . , . 

. g 
K

|

\



\ 

Arndt-Jovin, n. J., M. Robert*Nicoud and T. M. Jovin. "Probing DNA Structure 
and Function with a Multi-wavelength Fluorescence Confocal Laser Microscope," 
J. Mi¢IQSc. l57:6l-72 (1990). 

_

\ 
. I < 

Pawley, J. B., Ed.-Handbook of Biological Confocal MicIQ8copz,;B@Y§§ed Edifiiflfl 
(New York; Plenum, 1990), pp._l¢246.' V 

‘ 

"

- 

Jovin, T. M. and D.J. Arndt-Jovin. "Luminescence Digital Imaging Microscopy," 
Annu. Rev. niQphye.,5;eppye. them. 1s=271~3oa.<19s9). V 

Arndt-Jovin, D. J., M. RoBertrNicoud, S. J. Kaufman and T. M. Jovin. 
"Fluorescence Digital Imaging Microscopy in Cell Biology," Science 230:24Z- 
zse (1985). . »

A 

Russ, J. C. Computefiassisted-Microscopy — The Measurement and Analysis of 
Images (New York: Plenum, 1990), pp. 1-453.“ - 

Delgado, R. M., M. J. Fink and R. M. Brown. “Imaging of Submicron Ohjects with 
the Light Microscope," J. Microsc. 1s4:129-141 (1989). ' 

Misell, D. L. Image Analysis, Enhancement and Interpretation_(Amsterdam: 
Elsevier, 1978), pp. 1-306. 

_
f 

Mayfield,'C. I. and M. Munawar. "Microcomputer-based Measurement of Algal
V 

Fluorescence as a Potential Indicator of Environmental Contamination;P Bull. 
~Environ,'Contam. Ioxicol. 411261-266 (1988). 

4 
i

_ 

Mayfield, C. I."A Simple Microcomputer—based Video Analysis System and Potential 
Applications to Microbiology," J. Microbiol. Methoqs 3:61-67;(19s5). 

Stockner, J. G."Phototrophic Picoplankton; An Overview from Marine and 
Freshwater Ecosystems," timne1.,oeegn9;t.§s3=7as+17s (1928).

_ 

Pick, F. R. and D. A. Caron. " Picoplankton and Nanoplankton Biomass in Lake 
Ontario: Relative Contribution of Phototrophic and Heterotrophic Communities," 
.Caa. J. Fish. Aquat. 5:1. 44t2164-2172 (1937). 4

_ . 

' ~»~— --< -— 7
\ 

Barer, R. "Microscopes, Microscopy, and Microbiology," annu. Rey._Microbiol. 
28:37l—389_(l974). I 

Bron, c., P. Gremillet, D._Launay, M. Jourlin, H. P. Gautschi, T. Bachi and 
J.Schupbach. "Three —dimensional Electron Microscopy of Entire Cells," ‘ 

J. Microsc. 157:ll5-126 (1990). I 

A _

I



I 

Peachey, L. D. and J. P. Heath. "Reconstruction from Stereo and Multiple 
vTilt Electron Microscope Images of Thick Sections of Embedded Biological 
Specimens Using Computer Graphic Methods," J. Microsc. l53:l93=204 (1989). 

Leppard, G. G., A. Massalski and D. R. S. Lean. "Electron—opaque Microscopic 
Fibnils in Lakes: Their Demonstration, Their Biological Derivation and Their 
Potential Significance in the Redistribution of Cations,@ Protoplasma.92:289—v 
-309 (1977). . 

_ 

.- ' 
, 

-

4 

hweibeli E. R. and R. P. Bolender. "Stereological Techniques for Electron ' 

Microscopic Mprphometry," in Blinciples and.Techniques of Electron Microscopy e 
Biological Applications, Volume 3. M. A. Hayac, Ed. (New Xork: Van Nostrand- 
Reinhold. 1973), pp. 237-296, ~ ~ 

i

_ 

Perret, D., G. G. Leppard, M. Muller, N. Belzile, R. De Vitre and J. Buffle. ‘ 

“Study of Aquatic Colloids by T. E._M.: Minimally Perturbing Preparation of 
Specimens in the Field using a Water—soluble Embedding Resin," submitted 

Inoue,rT. and H.'K0ike. "High-resolution Low-temperature Scanning Electron 
Microscopy for 0bserving'Intracellular Structures of Quick Frozen Biological 
Specimens," J. Mitrosc, 1s6=137-147 (1989). 

.‘ g _
‘ 

Weilenmann, U., C. R. 0'Me1ia and W. Stumm. "Particle Transport in Lakes: 
Models and Measurements," Limno1.'0ceanogr. 34:1-18 (IQS9). - - 

- 
‘ 

I 
" \'.| 

Stumm, W., Ed. Aquatic Surface Chemistry - Chemical-BrQQesse§ at the Particle~_ 
Water Interface (New York: Wiley and Sons, 1987), pp. l—520.. -' 

' 

. 
_ \ 

0,Me1ia, C. R.,"Aquasols{ The Behavior of Small Particles in Aquatic Systems," 
Environ. Sci. Technol. 14=1os2+106o (1980), -

' 

Cagle. G. D. "Fine Structure and Distribution of Extracellular Polymerl.' " 

Surrounding Selected Aerobic Bacteria," Can. J. Microbigl. 2l:39S—408 (1975).
_ 

Gibbs, R. J. "Effect of Natural Organic Coatings on the Coagulation of Particles, 
Environ. Sci. Technol. l]:237-240 (I983). ' A 

»' 
'

’ 

Baccini, P., E. Grieder, R. Stierli and S. Goldberg. "The Influence of Natural 
Organic Matter on the Adsorption Properties of Mineral Particles in Lake Water," 

‘ Schweiz. Z. Hydrol. 44=9§+1ie (1932). 
' 

, 

'_ '_ 
'

_ 

Theng, B. K. G. "Clay-polymer Interactionsi Summary and Perspectives," Clays & 
\ Claz MiB§I8ls 3021-10 (1982). 

_
. 

“Tipping, E. "The Adsorption of Aquatic Humic Substances by Iron Oxides," 
Geochim. Cosmochim. Acta 45;191_.199 (1931), _

'

|



‘\ t 

Hunter, K. A. "Microelectrophoretic Properties of Natural Surface-active 
Organic Matter in Coastal Seawater," Limnol. Oceanogr. 252807-822 (1980). 

X . 

Neihof, R. and G. Loeb. "Dissolved Organic Matter in Seawater and the Electric 
Charge of Immersed Surfaces," J. Mar. Res. 32:5-12 (1974).

p 

Leppard, G. G. "Organic Coatings on Suspended Particles in Lake Water," 
Arch. HZdiQbiQl. l02:265—269 (1984). 

I 

"

, 

\/ .
_ 

Leppard, G. G. "The Ultrastructure of Lacustrine Sedimenting Materials in 
the Colloidal Size-Range," Arch. flzdrobiol. 10l:52l-580 (1984). 

n »\\
1 

Leppard, G. G., R. R. De Vitre, D. Perret and J. Buffle. "Colloidal Iron 
Oxyhydroxp—phosphate: The Sizing and Morphology of an Amorphous Species in 
Relation to Partitioning Phenomena," Sci. Tot. Environ. 87/88:345—354 (1989). 

Hayat, M. A. Fixation for Electron Microscopz (New York: Academic, 1981), pp. l=50l 

Robards, A. W. and U. B. Sleytr. Low Temperature Methods in Biological Electron 
Microscopz (Amsterdam: Elsevier, 1985), pp. 1-551, 

Nermut, M. V. “Freeze-drying for Electron Microscopy," in Principles and.Techniques 
of Electron Microscopy - Biological Applications, Volume 7, M. A. Hayat, Ed. 
(New York: Van Nostrand Reinhold, 1977), PP. 79-117. 

Benedetti , E. L. and P. Favard, Eds. Freeze-etchingplechnigues and_Applications 
(Paris: Société Franpaise de Microscopie Electronique, 1973), pp. 1—Z74. n 

Buffle, J. Compl§xation:Reactions_in Aquatic Systems3;An_Analytical Approach 
(Chichestert Ellis Horwood, 1988), pp. 1-692. - 

Davis, J. A. "Complexation of Trace Metals by Adsorbed Natural Organic Matter," 
Geochim._Cosmochim. Acta 48:679~69l (1984). 

Leppard, G. G. "Relationships Between Fibrils, Colloids, Chemical Speciation,and 
the Bioavailability of Trace Heavy Metals in Surface Waters - A Review," National 
Water Research Institute Contrib. No. 84e45, Burlington, Ontario, Canada (1984),

_ 

Buffle, J., R. R. De Vitre, D. Perret and G. G. Leppard. "Combining Field 
Measurements for Speciation in Mon—perturbable Water Samples 5 Application co_ . 

the Iron and Sulfide Cycles in a Eutrophic Lake," in Metal Speciation: TheorXL 
Afi5lySi$ and AQPliC§£i9H§ J.-R. Kramer and H. E. Allen, Eds. (Chelsea, MI: Lewis 
Publishers, Inc., 1988). PP. 99_124. »

'

I



79. 

80. 

81. 

~ 82. 

) 830 

84I 

85. 

86. 

87. 

88. 

89. 

90. 

91.

\ 
_ I

1 

Perret, D., E. De Vitre, G. G. Leppard and J. Bufifle. "Characterizing Autochthonous 
Iron Particles and Colloids - The Need for Better Particle Analysis Methods," in- 
Large Lakes: Ecological $trhcture_and Function, M. M. Tilzer and C. Serruya, Eds- 
(Heidelberg: Springer-Verlag/Science Tech, 1990) pp. 224-244.

4 

De Vitre, R., N. Belzile, G. G. Leppard and A. Tessier. "Diagenetic Manganese, 
and Iron Oxyhydroxide Particles Collected from a Canadian Lake: Morphology and 
Chemical Composition," in Heavy Metals in the Enyirongent, Volume,l, J. P. Vernet, 
Ed. (Edinburgh: CEP Consultants, 1989), pp. 217-220. ' 

Nermut, M. V. "Strategy and Tactics in Electron Microscopy of Cell Surfaces," ' 

Electron Microsc. Rev. 2:171s196 (1989). 
_ ‘V C 

Haschemeyer, R. H. and R. J. Myers. "Negative Staining," in Principles and
/ 

Techniques of Electron Microscopy - Biological Applications, Volume 2, C 
c 1 .. W c

, 

(Nep York: Van Nostrand Reinhold, 1972), pp. 99+l47. A 

V 

"

V 

Leppard, G._C., J. Buffle and R. Baudat. "A Description of the Aggregation 
Properties of Aquatic Pedogenic Fulvic Acids - Combining Physico-chemical Data 
and.MicfQscopica1 Observations." pare; Res. 2o=1ss-196 (1986); -V 

Burnison, B. K. and G. G. Leppard. "Isolation of Colloidal Fibrils from Lake 
g _ 

Water hy Physical Separation Techniques," Can. J. Fish. Aquat. Sci. 40:373-381 (1983) 

Nomizu, T., K. Goto and A. Mizuike. "Electron Microscopy of Nanometer Particles 
in Freshwater,"_anal. Chem. 60:2653—2656 (l988).‘ , 

Nomizu, T., T. Nozue and A. Mizuike."Electron Microscopy of Submicron Particles in
_ 

Natural Waters:-Morphology and Elemental Analysis of Particles in Fresh Waters," 
Mikrochimc,Acta 2:99—lO6 (1987). / . 

' 

_ 

_

- 

Nomizu, T. and A. Mizuike. "Electron Microscopy of Submicron.Particles i§'Natural 
Waters: Specimen Preparation by Centrifugation," * o him 4 1:65:72 (1986). Mikr c . Acta 

Frosch, D. and C. Westphal. "Melamine Resins and_Iheir Application in
r 

Electron Microscopy," Electron Microsc. Red. 2:23l+255 (1989). 
C i, 

1 
.

V 

Bachhuber, K. and D. Frosch. "Melamine Resins, a New Class of Water—soluble 
Embedding Media for Electron Microscopy," _J. Microsc.tl30:l+9 (1983). 

- '

v 

Frosch, D. and Westphal, C. "Choosing the Appropriate Section Thickness in the 
Melamine Embedding Technique," J. Microsc. l37:l77+l83 (1985). '

\ 

Spurr, A. R. "A Low—viscosity Epogy Resin Embedding Medium for Electron 
Microscopy," J. U1trastruct.‘Res. 26:31-43 (I969). V 

r 

2 .

/ 

\ 1
‘



.92. Cowley, J. M. "The Principles of High Resolution Electron Microscopy," in 
‘. 

- Principles and Techniqges_of;Electron4Microscog¥ j Biological_Agp1icationsL P 

_ 

Volume 6, M. A. hayat, Ed. (New York: Van Nostrand Reinhold, 1976), pp. 40-84.
_ 

93. Causton, B. E. "Does the Embedding Chemistry Interact with Tissues?" in The 
‘ 

Sciencetof Biological Specimen Preparations for Microscogy and Micrqanalysis l98S, 
u. Muller, R, P. Becker, A. Boyde and J. J. Wolosewick, Eds. (Chicago: snu 1n¢./ 

' 

AMT o'uare, 1985), pp. 209*2l4. '

' 

94. Baffle, J., R; R. De Vitre, D. Perret and G. G. Leppard. "Physico-chemical. 
Characteristics of a Colloidal Iron Phosphate Species Formed at the 0xic—anoxic 
Interface of a Eutrophic Lake." Geochim. Cosmochim. Acta 531399-408 (1989). 

\ . 

95. Frosch, D., C. Westphal and H. Bohme. "Improved Preservation of Glycogen in_ 
. 1 

_ Unfixed Cyanobacteria Embedded at -8296 in Nanoplast," J, Histochem. Cytochem.A 
35:ll9~l2l (1987). . 

_ 

'

. 

/ -

4 

96. Watson, M. L. "Staining of Tissue Sections for Electron Microscopy with Heavy ‘ 

Metals," J. Biophys. Biochem. Cytol. 4:475—478 (1958). 

97. Reynolds, E. S. "The Use of Lead Citrate at High pH as an Electron—opaque » 

Stain in Electron Microscopy," d._Cell Biol. l7:208-212 (1963). 

98. Wied, C. L. lntroduction to Quantitative Cytochemistri-(New York: Academic, 1966). 

99.. Slayter, E. M.@Qptical Methods in Biologx (New York: Wi1ey—Interscience,l970) 
pp. 1-757. '

' 

100. Simard, R. Cryoultr&microtomy,- in Principles and Techniqges of Electron . 

Microscogx - Biological Qgglications, Volue 6, M. A. Hayat, Ed. (New York: 
Van Nostrand Reinhold, 1976), pp. 290-311. ' 

'
V 

101. “Bancroft. J. D. and A’. Stevens, Eds. Theory and ZPract,i_'__c.e7of Histological 
Techniques, Third Edition (Edinbufgh=cnnrnh111 Livingstone, 1990), pp. 1-726. 

102. Gahan, P. B.'Plant;§istochemistry and Cytochemistr2,_an_Introduction (London: 
Academic,.1984), pp. 1-301.‘ ' 1‘ '

. 

103. Pearse; A. G. E..fiistochemistrX, Theoretical and A2plied,;Vo1dme 2, Third 
» Edition (Edinburgh? Churchill Livingstone, 1972), pp; 761-1513. ‘ 

104. Pearse, A. G. E. Histochemistry, Theoretical and AgRl§§d,,Y0lue 1, Third ' 

- Edition (London: J. &'A. Churchill, 1968), pp. 1-759. '

1 

105. Hanke, D. E. and D. H. Northcote. "Molecular Visualiiation of Pectin and DNA 
V 

by Ruthenium Red," Biogqlzmers 14:1-l7 (1975). 
' ‘i

' ~



106. 

107. 

108. 

109. 

110. 

111. 

112. 

113.

I 

115. 

116. 

117. 

118., 

119. 

\. 

Volume 1 (London: Academic, 1986), pp. l-306. "

. 

Luft, J. H. "Ruthenium Red and Ruthenium Violet. I. Chemistry, Purification, 
Methods of Use for Electron Microscopy, and Mechanism of Action," Anat. Rec. 
171=341;36a (1971), 

‘

‘ 

Bullock, G. R. and P. Petrusz, Eds. Techniques in Immunocytochemistry; 

Williams, M. A. Autoradiography and Imunocytochemistry (Amsterdamk Elsevier, ‘ 

1985), pp. 1-218. 
; 

. 

1

_ 

Shnitka, T. K.-and A. M. Seligman. "Ultrastructural Localization of Enzymes," 
Annu. Rev. Biochem. 40:375~396 (197l).» 7 1 

Zahlackis, E., V. Vreeland, B. Doboszewski and W. M. Laetsch. "Localization of . 

Kappa Carrageenan in Cell Walls of Eucheuma,alya;ezii var. tambalang with in situ 
Hybridization Probes," in Algal Biotechnology, T. Stadler, J. Mollion, M.-C. Verdus, 
Y. Karamanos, H. Morvan and D. Christiaen, Eds. (London: Elseyier Applied Science, .1 

_ 

_ _ 

I 
\ \ 

1988), pp. 441~449. R . H 1 

_ 

. _, 
;( _. 

I _ 
II

_ Vreeland, V., E. Zablackis and W. M. Laetsch. "Monoclonal Antibodies to Carrageenan," 
in Algal§Biotechnol0gZ, T. Stadler, J. Mollion, M.-C. Verdus, Y. Karamanos, H. Morvan 
and D. Christiaen, Eds. (London: Elsevier Applied Science, 1988), pp. 431-439.. 

Vreeland, V., E. Zablackis, B.\Doboszewski and W. M. Laetsch. "Molecular Markers 
for Marine Algal Polysaccharides," Hzdrobiologia 151/152:l55-160 (1987).

/ 
v 

.
» 

Vreeland, V., M. Slomich and W. M. Laetsch. "Monoclonal Antibodies as Molecular 
Probes for Cell Wall Antigens of the Brown Alga, Eucms," Planta l62:SO6—5l7 (l984).' 

Roodyn, D. B., Ed. Enzyme Cytology (London; Academic, 1967), pp. 1-587. 

Sabatini, D. D., K. Bensch and R. J. Barrnett. 9Cytochemistry and Electron 1 

Microscopy, the Preservation of Cellular Ultrastructure and Enzymatic Activity 
by Aldehyde Fixation," J. ce11 Biol._17:l9-S8 (1963). ' 

A

‘ 

Costerton, J. W., J. M. Ingram and K.-J. Cheng. "Structure and Function of the 
Cell Envelope of Gram—negative Bacteria," Bacterial. Rey. 38:87-110 (1974). 

Mason, C. W. Handbook of Chemical;MicroscopZ, Volume 1, Fourth Edition (New York: 
‘Wiley-Interscience, 1983), pp. 1-505. ' 

, .
- 

~ 

_ 
‘ I

. 

. \
_ 

Preston, R. D; The Physical Biology of Plant Cell Walls (London: Chapman & Hall, 
1974), pp. 1-491. ' ' 

_

1 

_ 
. . 

_ 
V 

, _ 

Malton, A. G. and J. Blackwell. Biopolymers (New York: Academic, 1973), pp. 1-604. 
n - »

’ 

- .3 . .

K

v



120. 

121 

122, 

123. 

124 

125. 

126. 

127. 

128. 

129. 

130. 

131. 

Saki, H. Organic Materials in Aquatic Ecosystems (Boca Raton, FL: CRC Press, 
1982), pp. 1-201. V 

Steinbrecht,-R. A. and K. Zierold, Eds. Cryotechniques in Biological Electron 
Microscopy (Berlin: Springer Verlag, 1987), pp. 1-305. 

Moor, H. "Recent Progress in the Freeze—etching Technique," Bhil. Trans. Roy. 
Soc. Lond. D 2s1=121-131 (1971). - 

_
. 

Steere, R. L. "Preparation of High=resolution Freeze-etch, Freeze—fracture, 
Frozen—surface, and Freeze—dried Replicas in a Single Freeze+etch Module, and 
the Use of Stereo Electron Microscopy to Obtain Maximum Information from Them," 
in Ereeze—etching Techniques and Applications, E. L. Benedetti and P. Favard, 
Eds. (Paris: Société Francaise de Microscopie Electronique, 1973), pp. 223-255. 

\ . Stevenson, I. L. and M. Schnitzer. "Transmission Electron Microscopy of Extracted 
Fulvic and Humic Acids," . l33:l79—l85 (1982). . 

I ~ 
_ $°?li§?1. I 

Ghosh, K. and M. Schnitzer. "A Scanning Electron Microscope Study of Effects of 
Adding Neutral Electrolytes to Solutions of Humic Substances," Geoderma 28: 
53-56 (1982).

_ 

Yaffee, M. "Visualization of Untreated Bio-macromolecular Structures: Development 
of Extremely Thin Nanoplast Embedding Films," Diploma Dissertation, Swiss Federal 
Institute of Technology, Zurich, Switzerland (1988). I

y 

Thurman, E. M, Organic Geochemistry of Natural Waters (Dordrecht, Netherlands: 
Martinus Nijhoff/Dr. W. Junk, 1986), pp. 1-497.

_ 

Beveridge, T. J. ”Ultrastructure, Chemistry, and Function of the Bacterial 
Wall," 1nt.TMey. Cytol. 72:229-317 (1981). , 

Siegel, B. Z. and S. M._Siegel."The Chemical Composition of Algal Cell Walls," 
CBC Grit- Rev. Microbial. 3:l~26 (1973). 

Hunter, K. A. and P. S. Liss. "Organic Sea Surface Films," in Marine Organic 
Chemistry - Evolution, Composition, Interactions and Chemistry of Organic Matter 
in_Seawater, E. K, Duursma and R. Dawson, Eds. (Amsterdam: Elsevier Scientific, 
1981), pp. 259—298. 

_

- 

Brown, R. M., W. Herth, W. W. Franke and D. Romanovicz. "The Role of the Golgi 
Apparatus in the Biosynthesis and Secretion of a Cellulosic Glycoprotein in 
,Rleurochrysis; A Model System for the Synthesis of Structural Polysaccharides," 
in Biogenesis of Plant Cell Wal1WPolysaccharides, F. Loewus, Ed. (New York: 
Academic, 1973), pp. 207-257. I

'



132. Colvin, J. R."The Structure and Biosynthesis of Cellulose," CRC Crit. Rev. 
Macromol. Sci. l:47+81 (1972). V 

133. Dodge, J. D. The Fine Structure of Algal Cells (London: Academic, 1973), pp. 1-261 

134. Lima-de-Faria, A., Ed. Eandbook of Molecular Cxtologi (Amsterdam: North—Hol1and, 

135. Breger, I. A. "What You Don't Know Gan Hurt You: Organic Colloids and Natural 
Waters," in Organic Matter in Natural Waters, D. W. Hood, Ed. (College, Alaska: 
Inst. Marine Sci. Occasional Publ. No. 1, 1970), pp. 563-574. 

136. Leppard, G. G. and B. K. Burnison. "Bioavailability, Trace Element Associations 
with Colloids and an Emerging Interest in Colloidal Organic Fibrils," in Irace 

’ 

.E1_.eju;ent Sp,e_\c_i_it,i~on‘i_1_1 Suliface Waters and ,i,t_s _Eco;1ogi_cal Implications, G. G. 
' Leppard, Ed. (New York: Plenum, 1983), pp. 105-122. » 

137. Leppard, G. G. "Transmission Electron Microscopy Applied to Water Fractionation 
Studies - A New Look at DOC," Water Poll. Res. J. Canada 20(2):l00-110 (1985). 

138. Jones, H. C., I. L. Roth and W. M. Sanders. "Electron Microscope Study of a 
Slime Layer," J. Bacterio1.99:3l6—32S (1969).

'

\ 

139. Friedman, B. A., P. R. Dugan, R. M. Pfister and C. C. Remsen. "Structure of 
“Exoce11ular-Polymers and their Relationship to Bacterial Flocculation," 
J. Bacteriol. 98.1328-133a.(19e9). ‘ 

‘ 

-

g 

140. Friedman, B. A. and P. R. Dggan. "Concentration and Accumulation of Metallic Ions 
by the Bacterium Zoogloea," Dev. Ind. Microbiol. 9:381—388 (1968). 

141. Dugan, P. R., C. B. MacMi1lan and R. M. Pfister. "Aerobic Heterotrophic Bacteria. 
Indigenous to pH 2.8 Acid Mine Water: Predominant Slime—pr0ducing Bacteria in 

A ' Acid Streamers," J. BacteriOl. 10l:982—988 (1970). 

142. Bowen, G. D. and A. D. Rovira. 9The Influence of Micro—organisms on Growth and 
Metabolism of Plant Roots,".in Root Growth, W. J. Whittington, Ed. (New York: 

' 

Plenum. 1969), pp. 170-201.
, 

143. Foster, R. C. "Polysaccharides in Soil Fabrics," Science 214:665—667 (1981)., 

\ 144. Guckert, A., E. Breisch and 0. Reisinger. "Interface Sol-racine - 1. Etude au 
Microscope Electronique des Relations Mucige1—argile—microorganismes,' 
Soil Biol. Biochem. 72241-250 (1975). 

145. Leppard, G. G. "Rhizoplane Fibrils in Wheat: Demonstration and Derivation," 
Science 185:1066—1067 (1974).



146. 

147. 

148. 

149. 

150. 

1. 

152. 

153. 

154. 

155. 

156. 

157. 

158. 

159. 

Leppard, G. G. and S. Ramagoorthy. "The Aggregation of Wheat Rhizoplane Fibrils 
; 

‘ 
-

1 

and the Accumulation of Soil-bound Cations," Can. J. Bot. 53:l729—l73S (1975). 

Ramanoorthy , S. and G. G. Leppard, "Eibrillar Pectin and Contact Cation 
Exchange at the Root Surface," J. Theor. Biol. 66:527-540 (1977). 

Lagerwerff, J. V. "The Contact-exchange Theory Amended," Plant Soil 13:253- 
264 (1960).. _h 

, 
_ , 

Leppard, G. G. "The Fibrillar Matrix Component of Lacustrine Biofilmfi." 
Water1Res. 201697-702 (1986). ‘ 

.
_ 

Geesey, G. G.,_W. T. Richardson,_H. G. Yeomans, R. T. Iryin and J. W. Costerton. 
‘Microscopic Examination of Natural Sessile Bacterial Populations from an Alpine 
Stream." Can. J. Microbial. 23:1733fl736 (1977). ‘» 

Massalski} A. and G. G. Leppard. "Morphological Examination of Fibrillar Colloids 
Associated with Algae and Bacteria in Lakes." J. Fish. Res. Board Can, 36:922- 
938 (1979). (t . 

Brown, M. J., and J. N. Lester. "Metal Removal in Activated Sludge: The Role of 
Bacterial Extracellular Polymers," Water Res. l3:8l7-837 (1979). 

Steiner, A. E., D. A. McLaren and C. F. Forster. "The Nature of Activated 
Sludge Flocs," Water Res. 10:25-30 (1976). _ . 

Colyin, J. R. and G. G. Leppard. "Fibrillar, Modified Polygalacturonic Acid in, 
on, and petween Plant Cell Walls,M'in Biogenesis of Plant Cell Wall Polysaccharides, 
F. Loewus, Ed. (New'York; Academic, 1973), pp. 315-331.

. 

Massalski, A. and G. G. Leppard. "Survey of Some Canadian Lakes for the Presence 
of Ultrastructurally Discrete Particles in the Colloidal Size Range." J. Fish.

V 

Res. Board Gan. 36t906—92l (1979). -

' 

Paerl, H. W., R. D. Thomson and G. R. Goldman. "The Ecological Significance of 
Detritus Formation During a Diatom Bloom in Lake Tahoe,_Ca1ifornia—Nevada," 
Verh. internat. ve:c;n,.Limne1. 19=a26~s34 (1975).

, 

Paerl, H. W. "Microbial Attachment to Particles in Marine and Freshwater 
Ecosystems," Microbial‘ Ecol. 2:73-83 (197.5). 

_ _ 

Paerl,H. W. " Bacterial Uptake of Dissolved Organic Matter in Relation to 
.Detrital Aggregation in Marine and Freshwater SystemS»" Limmol. Oceanogr. 19: 
.9e6<972 (1974). _ _ 

_- 
_ 

- 

»

- 

.Paerl, H. W. "Detritus in Lake Tahoe: Structural Modification by Attached - 

Microflora," Science l80:496=498 (1973). ‘

V

1



J 

\ _, 
- 

_ .
~ 

. 
_ _ » 

160. Burnison, B. K. and G. G. Leppard.'"Ethano1 Fractionation of Lacustrine 
Colloidal Fibrils," Can. J. Fish. Aquat. Sci. 41=3a5-388 (1984). 

' 

. ; 

161. Bernhardt, H..~0. Boyer, H. Schell and B. Lusse. "Reaction Mechanisms Involved 
' in the Influence of Algogenic Organic Matter on Flocculation," Z. Nasser- 

} I
. 

_ 
. 

‘ ‘ e~"' ‘ 18.18-30 (1985). - 

_ p 
Abwasser Forsch. 

X
_ 

162. Lusse, B., 0. Hoyer and C. J. Soeder. "Mass Cultivation of Planktonic Freshwater 
-Algae for the Production of Extracellular Organic Matter (EOM)," Z. Wa$ser- _ 

Abya§se;eForseh. 18:67-75 (1985). PA '

. 

163. Hoyer, 0., B. Lusse and-H. Bernhardt. "lsolatipn and Characterization of 
’ _Extrace11u1ar Organic Matter (EOM) from Algae," Z. Nasser-AbwasserjForsch. 

18:76-90 (1985). , 

_
, 

164. Brown, M. J. and J. N. Lester. "Role of Bacterial Extracellular Polymers in 
Metal Uptake in Pure Bacterial Culture and Activated Sludge - l. Effects of 
Metal Concentration,“ Water Res. 1s=1s39-1548 (1982). - - 

V 

165. Brown, M. J. and J. N. Lester.<"Role of Bacterial Extracellular Polymers in 
Metal Uptake in Pure Bacterial Culture and Activated Sludge — 2. Effects of 
Mean Cell Retention Time," Water Res. l6:1549—1560 (1982). 

-_ 166. Alexander. M. "Environmental and Microbiological Problems Arising from '

I 

Recalcitrant Molecules," Microbial Ecol. 2:17-27 (1975). 
V

.
\ 

167. _choudhry. G. G. Bumic Substances_-_Structural, PhptophZ§ieal,TPhotochemical and 
. Free Radical Aspects and Interactions with EnYi;Qngental1Chemica1s (New York: 

Gordon & Breach Science, 1984). pp. 1-185. .
" 

153- Giessiflg. E- T- Physical -and Chemical of .A..qu.aticHHumus. 
. 

" (Ann Arbor§ M1: Ann Arbor Science, 1976), pp. 1+12o. 
, 

.
. 

7 

169. Schnitzer, M. and S. U. Khan. Humic Substances in the Environment (New York: 
Marcel Dekker, 1972), pp. l+327.; .

P 

*
. 

-170. Ghosh, K. and M. Schnitzer. "Macromolecular Structures of Humic Substances," 
sp11 Sci. 129:266-276 (1930). - 

~

_ 

/ . f
_ 

1 171. Suffet, I. H. and P. MacCarthy. Eds. Aquatic Humic Substances - Influence on Fate 
and Treatment of Pollutants (fiashington, QC: American Chemical So¢., l989),p?.’l-864 

' 172. Caceci. M. S. and A. Billon. "Evidence for Large Organic Scatterers (50€200 nm 
diameter) in Humic Acid Samples," Org. Geoche 15:335~350 (1990). . m. 

1 173.‘ Rose, J. B. "Emerging Issues for the Microbiology of Drinking Water," 
“ 

_ WATER/Eng. & Map., July, pp. 23-29 (1990). .

_ 

1
1 

.
_

-



174. 

175 

176. 

177. 

178. 

179.

l 

181". 

182.

l 

184.
_ 

185.

l 

187. 

188. * 

. / 
/ . 

Payment, P. and R. Armon. "Virus Removal by Drinking Water Treatment Processes, 
Control 19:l5+31_(1989). A 

Miller, M. F. "Particle Counting of Viruses." in Principles and Ieohniqugsyqfi 
Electron Microscopy 7 Biological Applications, Volume 4, M. A. Hayat, Ed. 

(New York: Van Nostrand Reinhold, 1974), pp. 89-128. *- 
‘

A 

Bergh; 0., K. Y. Borsheim, G. Bratbak and M. Heldal. "High Abundance of Viruses 
Found in Aquatic Environments," Nature 340:467—468 (1989). ‘V

' 

Proctor, L. M. and J. A. Fuhrman. "Viral Mortality of Marine Bacteria and A 

C anobacteria " Nature 343:60-62 (1990) y ’ ~i"—,--— ' ‘ ‘ ‘

V 

Klut, M. E. and J. G. Stockner. "Virus-like Particles in an Ultra~oligotr0phic 
Lake on Vancouver Island, British Columbia," Can. J. Fish. Aquat. Sci. 47: 

725-730 (1990). 
D 

d 

_ 
o

. 

Palmer, E. L. and M. L. Martin. Electron MiCIOScopZ in Viral Diagnosis
_ 

(Boca Raton, FL: CRC Press, l988), pp. l—l94. / '

V 

Doane, F. W. and N. Anderson. Electron Microscopy in Diagnostic YlLQlQ§yi_A 
Practical Guide and Atlas (Cambridge University.Press, 1987), pp. l#192. 

Horne, R. W. "The Development and Application of Electron Microscopy_to the 
Structure of lsolated Plant Viruses," in Molecular Plant Virologzl Volume lt . 

Yirns §tructure and Assembly and Nuclei; Acid 1 Protein_lnteractions, J. W. 
Davies, Ed. (Boca Raton, FL: CRC Press, l98S), pp. l-41.. 

Maramorosch, K., Ed. The Atlas oi Insect and Plant Viruses 
Mycoplasmaviruses and Viroids (New York: Academic, 1977), pp. 1-478. ‘ 

Matthews, R. E. F., Ed. A Critical Appraisal of Viral Taxonoml (Boca Raton, FL: 
CRC Press, 1983), pp. 1-256. 

_ 

4 
A 

'

~ 

Stockner, J. G. and N. J. Antia. "Algal Picoplankton from Marine and Freshwater‘ 
Ecosystems: A Multidisciplinary‘Perspective," Can. J. Fish. Aquat. Sci. 43: 
2472-2503 (1986). 

V 

V 

V 

’ 

. . 

Sherr, E. B. "And new, 3.... is P1entiful,9 Science a4o=429 (19s9).‘ V V 

Lewin. R. "Microbial Adhesion is a Sticky Problem," Science 224:375-377 (1984). 

Sutherland, I. W.’"Microbial'Exopolysaccharides — Their Role in Microbial 
Adhesion in Aqueous Systems," pgc Grit. Rev. Microbial. 1Q=173-201 (L983). 

Van Loosdrecht, M. C. M., J. Lycklema, W. Norde and A. J. B. Zehnder. "Influence 
of Interfaces on Microbial.Activity,@ Microbial. Rev. 54:75-87 (1990). .



) . 

- 
. 

I 

‘ 5
. 

| -

_ 

189. Fletcher, M. and G. D. Floodgate. "An Electron—microscopic Demonstration of 
N -an Acidic Polysaccharide Involved in the Adhesion of a Marine Bacterium to 

Solid Surfaces," J. Gen. Microbiol. 7423259334 (1973). 
_ 

.
- 

190. Marshall; K. c., R.fStout and R. Mitchell. "Mechanism of the Initial Events in t 

. the Sorption of Marine Bacteria to Surfaces," J. Gen. Mierobiol. 68:337—348 (1971) 
. K . 

l9l. Johnson; P. W. and J. M. Sieburth. "Chroococcoid Cyanobacteria in the'Sea: A 
8 

Ubiquitous and Diverse Phototrophic Biomass," Limnol. Qceanogr.-24:928—935 (1979). 

192. Munawar, M., I. F. Munawar and G. G. Lepoard. "Early Warning Assays: An Overview 
of Toxicity Testing with Phytoplankton in the North American Great.Lakes;" 
Hzdrobiologia 188/l89:237—246 (1989). ' 

'

_ 
‘ 

_ 
* ' 

1 » -
, 

198. Leppard, G._G., D. Urciuoli and F. R. Pick. 9Characterization of Cyanobacterial ~ 

'_ Picoplankton-in Lake Ontario by Transmission Electron Microscopy," Can. J. Fish, 
Aguat. Sci. 44=2173-z177,(19a7). - 

W 

I" ‘ 

, .
, 

194. Beutelspacher, H..and H. W. van der Marel. Atlas of ElectrQn_Microscogy of Clay 
Minerals and their Admixtures: A Picture Atlas (Amsterdam: Elsevier, l968), 

. 
? pp. 1-333. 

\ 

' 

- 

_~ 

' 

.

" 

195. Yariv, S. and H.iCross. Ceochemistry of Colloid Systems for Earth §cientists' 
(Berlin! Springer-Verlag, 1979), pp. 1-450. ' ' 

196. ,Swartzen—Allen; S. L. and E. Matijevic. “Surface and Colloid Chemistry of Clays." 
Chem. Revs.~74:385—40O (l974).‘ '

. 

197. -Bennett, R. H., K. M. Fischer, D. L. Lavoie, W. R. Bryant and R. Rezak. "Porometry 
I and Fabric of Marine Clay-and Carbonate Sediments: Determinants of Permeability," 

Mar. Geol. 89:127—l52 (1989). ‘ 

V

'

. 

l98.' Beveridge,_T. J. "Role of Cellular Design in Bacterial Metal Accumulation and 
-Mineralization," Annu. Rev. MicrobiO1. 43:l47—l7l (1989).

_ 

l99._ Poole, R. K. and C. M. Gadd, Eds. Metal - Microbe Interactions, Special Publs." 
Vol. 26 of the Society for General Microbiology Cfixfordz Oxford Press, 1989) 

_ ‘ 
. . 

pp. 1-146. ' 

V 

. 

' 

> 

. 

"
" 

‘ 200. 'Ghiorse, W. C. "Biology of Iron—and,Manganese—depositing Bacteria," Annu. Rev. 
'

/ 

V §;g;gg;9;;_3s=s15-550 (1984). - 

' 

A 

t 4 

201. Lowenstam, H. A. and S. Weiner. On Biomineralization (Oxford University’Press, 
1989), pp. l—32#;_ - 

I 

C

“
V



202. 

203.

2 

205. 

206. 

207. 

208.

2 

210. 

211.

2

2 

214. 

04.

O

1

l 

9. 

2. 

3U 

Oliver, R. L., R. H. Thomas, C. S. Reynolds and A. E. Walsby. "The Sedimentation 
of Buoyant Mihroczitis Colonies Caused by Precipitation with an Iron—containing 
Colloid,"_Proc.>R._Soc.?Lond. n 22a=s1i-528 (1985). ‘ 

Sukenik, A., W. Schroder, J. Lauer, G. Shelef and C. J. Soeder. "Coprecipitation 
of Microalgal Biomass with Calcium and Phosphate Ions," Water Res._l9:l27-129 
(1935). 

Avnimelech, Y., B. W. Troeger and L. W. Reed. "Mutual Flocculation of Algae and 
Clay: Evidence and Implications," Science 2l6:63—65 (l982).

' 

Mayers, I. T. and T. J. Beveridge. "The Sorption of Metals to Bacillus Subtilis 
Walls from Dilute Solutions and Simulated Hamilton Harbour (Lake Ontario) 
Water," Can. J. Microbiol. 35:764-770 (1989). ‘ 

Wetzel, R. G. Limnology (Philadelphia: W. B. Saunders, l97S), pp. 1*743. - 

_Stone, A. T. "Introduction to Interactions of Organic Compounds with Mineral 
Surfaces," in Metal Speciatipn;;Iheory, Analysis and AEplication,_J. R. Kramer 
and H. E. Allen, Eds. (Chelsea, MI: Lewis Publishers, Inc., 1988), pp. 69-so. 

Davis, J. A. "Adsorption of Natural Dissolved‘Qrganic Matter at the Oxidel 
Water Interface," GeoChim._Cosmochim.VActa“462238l42393 (1982). - 

Ghiorse, W. C. and P. Hirsch. "An Ultrastructural Study of Iron and Manganese 
' 

Pedomicrobium—like 
Budding Bacteria," Arch. Microbial. l23;2l3—226 (1979). - 

I

. 

Deposition Associated with Extracellular Polymers of 

Mantoura, R. F. C. "0rgano—metallic Interactions in Natural Waters," in Marine 
Organic Chemistry 5 Evolution, Composition, Interactions and Chemistry of Organic 
Matter in Seawater, E. K. Duursma.and R. Dawson, Eds. (Amsterdam: Elseviet 
Scientific, l98l), pp. l79—223. 

Leppard, G. G., Ed. Irace Element Speciation in Surface Waters and its Ecological 
lmglicatiofis (New York: Plenum, 1983), pp. 1-320. 

Florence, T. M. and G. E. Batley. "Chemical Speciation in Natural Waters," 
CRC Ctit. Rev. Anal. Chem. 9:219-296 (1980). ‘ 

Singh, S. K. and V. Subramanian. "Hydrous Fe and M Oxides - Scavengers of Heavy 
Metals in the Aquatic Environment," CRC~Crit. Rev. Environ. Control 14:33-90 (1984) 

Belzile, N., R. R. De Vitre, G. G. Leppard, D, Fortin and A. Tessier. "Physica- 
chemical Characteristics of Natural Iron and Manganese Oxyhydroxides Collected 
from Canadian Lakes," submitted



215. 

216. 

217. 

218. 

219. 

220. 

221. 

222. 

223. 

22 

225. 

226. 

227. 

228. 

229. 

Belzile, N., R._De Vitre and A. Tessier. "In situ Collection of Diagenetic Iron 
and Manganese Oxyhydroxides from Natural Sediments," Nature 340:376—377 (1989). 

Davison, W. and R. De Vitre. "Iron Particles in Freshwater," in This Volume 
Laxen, D. P. H. and I. M. Chandler. "Size Distribution of Iron and Manganese 
Species in Freshwaters," Geochim. Cosmochim. Acta 47:73l-741 (1983). 

Tipping, E. and M. Ohnstad. "Colloid Stability of Iron Oxide Particles from a 
Freshwater Lake," Nature 308:266=268 (1984).

_ 

Tipping, E., D. W. Thompson and C. Woof. "Iron Oxide Particulates Formed by the 
Oxygenation of Natural and Model Lakewaters Containing Fe (II)," Arch. 
Hydrobiol. l15259@7O (1989). 

De Vitre, R. R., J. Buffle, D. Ferret and R, Baudat. "A Study of Iron and Manganese 
Transformations at the 02/S(-II) Transition Layer in a Eutrophic Lake (Lake Bret, 
Switzerland): A Multi—method Approach," Ceochim. Cosmochim. Acta 52:l60l~l6l3 (1988).7 
Schneider, W. and B. Schwyn. "The Hydrolysis of Iron in Synthetic, Biological,-and 
Aquatic1Media," in Aquatic_Surface Chemistry — Chemical Processes at the Particle- 
Water Interface, W. Stumm, Ed. (New York: Wiley 6 Sons, 1987), pp. 167-194. 

Fortin, D. and G. G. Leppard. Unpublished results (1991). - 

Combes, J. M., A. Manceau, G. Calas and J. Y. Bottero. "Formation of Ferric Oxides 
from Aqueous Solutions: A Polyhedral Approach by Xéray Absorption Spectroscopy: I. 
Hydrolysis and Formation of Ferric Gels," Geochim. Cosmochim. Acta 532583-594 (1989) 

Blakemore, R. P. "Magnetotactic Bacteria," Annu. Rey. Microbial. 36:217-238 (1982). 
Frankel, R. B., R. P. Blakemore and R. S. Wolfe. PMagnetite in Freshwater ' 

Magnetotactic Bacteria," Science 203:l355—l356_(l979). 

Matsuda, T., J. Endo, N. Osakabe and A. Tonomura. "Morphology and Structure of 
Biogenic Magnetite Particles," Nature 302:4ll-412 (1983). 

Tonomura, A., T. Matsuda, J. Endo, H. Todokoro and T. Komoda. "Development of a 
Field Emission Electron Microscope," 28:l~l1 (1979). J Electron Microsc.

_ 

Mann, S., R. B. Frankel and R. P. Dlakemore. "Structure, Morphology and Crystal 
Growth of Bacterial Magnetite," Nature 310:405-407 (1984).

A 

Buffle, J., G. G. Leppard, R. R. De Vitre and D. Perret. "Submicron sized Aquatic 
Compounds: From Artefacts to Ecologically Meaningful Data,"'Proc. Amer. Chem. Soc. 
30(1):337—340 (1990).



$Cience 232:2ll—2l3 (1986). A 
~ ,- -

' 

- 240. - 

Sharp, J. H. "Size Glasses of Organic Carbon in Seawater,"-Limno1..0ceanogr. 
l8:44l—447 (1973). ‘ 

e 
4 _‘ » 

Lean, D. R. S. "Phosphorus Dynamics in Lake Water," Science 17926785680 (1973). 

Francko, D. A. and R. T. Heath. "Functionally Distinct Classes of Complex - 

Phosphorus Compounds in Lake Water," Limnol. Oceanogr. 24:463—473 (l979)% 
Persson, G. "Characterization of Particulate and Colloidal Phosphorus Forms in 
Water by Continuous Flow Density Gradient Centrifugation," Verb. Internat. 
Verein. limnol. 22=149-154 (1984). . _ 

Ridal, J. J. and R. M. Moore. "A Re—examination of the Measurement of Dissolved 
Organic Phosphorus in Seawater," Mar. Chem. 29:19-31 (1990). _

' 

Morse, J. W. "The Surface Chemistry of Calcium Carbonate Minerals in Natural 
Waters: An Overview," Mar. Chem. 20:91-112 (1986). ' '

4 

Bae, H. C., E. H. CotaeRobles and L. E. Casida. "Microflora of Soil as Viewed 
by Transmission Electron Microscopy," Appl. Microbiol. 23:63?-648 (l972).' 

Bisdom, E. B. A. and J. Ducloux, Eds. Submicroscopic Studies of Soils, 
"AGeoderma (Special Issue) 30:l5356 (1983). 

Bennett, R. H. and M. H. Hulbert. ClaZ,Microstructure (Boston: Int.-Hum. 
Resour. Dev. Corp., 1986), pp. l-161.,

_ 

Sonnenfeld, R. and P. K. Mansma. "Atomiceresolution Microscopy in Water," 

Bernard, P. C., R. E. van Grieken and L. Brugmann. "Geochemistry of Suspended 
Matter from the Baltic Sea. 1. Results of Individual Particle Characterization 
by Automated Electron Microprobe," Mar. Chem. 26:155—l77 (1989). -phat

~ 

Bernard,-P. C. and R. E. van Gfieken. "Classification of Estuarine Particles 
Using Automated Electron Microprobe Analysis and Multivariate Techniques," 
Env. Sci. Technol. 2or467-473-(1986). - - 

_

"

1

\
\

.-



Leppard 

FIGURE“ LEGENDS
_ 

' 
» 

V - . 

Figure 1- An °VefViBW Of methods for the preparation of natural aquatic colloids/ 
Particles for visualization by TEM;-Part l, reprinted with permission - 

from Perret et al.-56 
f 

._ - 

i_
’ 

3F18Ur€ 2. -An overview of methods for the preparation of natural aquatic colloidsl 
particles for visualization by TEM; Part 2, reprinted with permission - 

from Perret et al. 56
p 

Figure 3. . Varieties of fibrils sampled from lakes; Figure 3a shows some of thee‘ 

thickest fibrils documented to date. It and Figures 3b,c,d all show 
fibrils in counterstained ultrathin_sections. Each micrograph was 
reprinted with permission from Massalski and Leppard ¥S§ where details 
of preparation may be found. The bar and all subsequent bars represent 
0.45 Em, which represents the pore size of the traditional filter used 
by 1imnologists/oceanographers to separate particles from solutes. 
Note that fibril length cannot be measured in ultrathin sections; 

- a fibril_has enough curvature to move in and out of the section. 

Figure 4. Fibrils, fibril components and fibril aggregates: their potential impacts 
on geochemical, physico—chemical and biological processes in natural 

- twaters. Quantification of theseiimpacts is in its.infancy; some will be 
important at least some of the time. Reprinted with permission from‘ 

- 

J 

Leppard.137 ‘ ' 

I ,
p 

( V 

Figure 5. Microbial biofilms. These and all subsequent micrographs show counter- 
stained ultrathin sections unless stated otherwise. Figure 5a shows a “ 

fibrillar biofilm matrix.in which the fibrils form direct cross-bridges 
‘ F 

i between adjacent bacteria. Figure Sb, reprinted with permission from 
' Leppard,68/ shows a bacterium residing in a cavity whose boundary is 
I, made of oriented fibrils‘ in a locally differentiated portion of the 
V fibrillar matrix," ‘ 

V

_ 

Figure 6. Lacustrine humic substances; For Figure 6a, the humic substances were 
' concentrated before being embedded, so as to aggregate them. Note the 

H 

weak fibrous aspect which is commonly seen. Figure 6b shows undegraded 
fulvic acid, concentrated prior tosembedding to provoke colloid __ 

formation._This fulvic acid, whose smallest granules are ca. 6.0Q2(pm 
.\in diameter, was isolated from metal contaminated water; no heavy1metal 
counterstain was necessary for this preparation.\_ t 

‘ 
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" 

)
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F Figure 7., Microcrystalline organic cell wallsiwhich can degrade to submicron 
‘size fragments. The wall of a healthy algal cell prepared according V 

to ref. 54 is shown in Figure 7a, while Figure 7b shows a recently 
discarded wall prepared in the same way. Figure 7c shows a degraded 
wall fragment aggregated with minerals and fibrils, reprinted with 
permission from Massalski and Leppard.l55 .- 

Figure 8. Extracellular patterned wall layers which can become detached from cells. 
' Figure 8a shows patterned fragments of wall from a lacustrine microbe, , 

' reprinted with permission from Massalski and Leppard.155 Figure 8b - 

reveals an analogous situation for.a eukaryote alga. -

' 

Figure 9. ~Some examples of the large variety of protein—rich materials encountered 
" in survey work on surface waters. Figures 9a,b,c present,in order,some 

“biological membranes, a relatively undegraded bit of muscle and some 
differentiatedextensions of bacteria. In_a quantitative.sense, these 
are minor aquatic components. Figure 9c is reprinted with permission

_ 

from Massalski and Leppard; 151 its colloids of interest are describeda 
' in detail in ref. 134. 

V 

' ’ 

Figure 10- Partially degraded extracellular skeletal structures. Figure l0a is 
4 

F reprinted with permission from Massalski and Leppard.l55 Figures l0b,d . 

were prepared according to ref. 54. Figure 10c is_a whole mount preparation 

Pigufe ll. 
4 

Viruses aggregated within the fibrillar matrix of a slime particle. This 
' 

_ 
virus aggregate, prepared according to ref. 54, was sampled from the 

V

F 

water colum of a lake. Included are several incomplete viruses. 

4 
Figure 12. Pelagic picoplankton. Figure 12a shows a cell with a distinctive type of 

wall, reprinted with permission from Leppard et'al. 193 Figure 12b reveals

\ 

different aspects of the cell contents of'a prokaryote picoplankton by 
, showing different section planes through a given species prepared ‘ 

according to ref. 84. 
' 

i

' 

Figure 13. Amorphous iron globules from the oxic—anoxic interface of a small 
eutrophic lake. Figures l3a,b owe their electron opacity entirely to 

- the native heavy elements within them, and are reprinted with permission 
. 

* 28 
- from Leppard et 8l- 4A typical spectrum from the globules in Figure, 

13a is presented in Figure 13c. The principal Fe peak illustrated is the 
K¢< peak centred near 6.4 keV. P is near 2.0 and Ca is near 3.7 keV.



\ 

Figure 14.
/ 

Figure 15 

Figure 16.

\ 

V

1 

Leppard 

Size classes of_iron-rich globules. globule aggregates and globule 
parts found in an iron-rich lakewater fraction originally isolated 
on-a 0.45 pm filter. This Figure was adapted from ref. 28.

_ 

The fragmentation of the silic0n—rich cell walls of diatom algae. 
.A whole mount of a fragment of frustule with its EDS spectrum is 

. 
.‘

' 

presented inFigure 15a,while Figure 15b shows a frustule in an early 
stage of fragmentation. Compare the whole mount of the dead cell of 
Figure 15b with that of the sectioned "live" cell of Figure 15c. 
This latter Figure is sectioned so as to show the overlap of the 
two frustule walls when encasing the algal cell contents. Organic 
polymers are visible at the outer frustule surface in Figure lSc

V 

but the section reveals very little of the geometric pore structure. 

Clay particles. Figure 16a illustrates the detail that one can 
document in a whole mount of a suspended clay particle near the 
colloid—true particle size overlap. The inset shows its EDS spectrum 
with obvious peaks for Al, Si and K. Figure 16b shows an aggregate‘ 
of submicron particles, including clay colloids, and is reprinted 
with permission from Massalski and Leppard. lss 
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Biological podulation of the local 
external ~ailieu '

\ Colloid formation A 
-

. 

(non-fibril types) 
, 

' 

~ 
_ 

' 

Ilicrobial gr-ovtll\_ 
- n iaulation 

Polyaaccharides ' Colloidal Organic Fibrous adhesives 
and associated, Fibril _and surface coatings

V molecules ' 
~ ~ ~ 

Promotion of floc 
1 

Klteration of the ' 

' 

format ion 
_ 

surface chemistry \ l 

of oineral _partic_les 

' Modulation of organic particle 
nobility and sedimentation rate, 
i_ncl_udin; organic pa__rt:icles 
carrying heavy petals (thin 
modulation»!!! Ilro svvlv lb 
mineral colloids) .

' 

Catalytic action on local environment. 
(enzyme activity, template activity) 

l

' 

. 

l _ 

Metal scavenging and pollutant binding a_ctivitial_ / v 

Production of natal-carrier and.pnllutant- 
A ' 

P carrier colloidal coiapleaes which can ' 

ajodulate the fate and environmental 
distribution of the carried substance’ 

, _/

\

I 

Figure 4. Fibrils, fibril components and fibtil aggregates: their potential 
impacts on geochemical, physico—chemical and biological processes 

It in natural watens. Quantification of these impacts is in its 
infancy; some will be important at least some of the time, 
Reptinted with permission irom Leppafd (1985). 

1 
.

_

\

r

>



\_/ 

>4’ 

'.. ._ ¢ . 

,7 W11‘ -1 ‘.' 

.1, 

'--,- 

:/on 

X. ./ ._

‘ 

_Y,_ . 

I "J! 
I 

-"_:§:;l._.'a\ 
0 ._ |'f'_'- ;'__':'.’." 

J. - <\ 

< 

,__ 

l

_ 

‘Y 

- 

;£_<.~f." 

/_. 

.4’;- 
£‘ 

I ~; r' '_ ~-'“.“. 

‘k ‘ 
L 

‘ ~\ 
. 1 

‘ ‘ Q: 
$ L

* 
| 

' ' 0 ' 

r17,"/‘I 1: ' l‘ ‘ ‘ 

\ 
-,5. l‘ A 

‘ 
U.,._‘; __-A

1 
-0 

,-V 

Zn.‘



\

3 

~_J‘m_V__; 

H 

_€

_ 

5 
:'_‘_'_g|1_ 

____ 

an 
A_____

X 

'9 

‘ 

__

d 

_

f 

g
>

_ 

_

_ 

“_

\

§ 

,_ 

H

_ 

_ 

_‘ 

‘___q%‘. 

__ 

_‘ 

_ 

_‘ 

D‘ 
_ 

‘
V 

_’_

_ 

"V:

_ 

_ 

V 

'___

_ 

__

_ 

id)” 

_Mb_*_hl 

_'_ 

‘_ 

3__?_ 

MUN

_ 

V‘ 

kt’, 

_ 

j._ 

_

_ 

j___

>

I 

A_ 

__'_: 

__ 

_ 
4_ 

W 

__1____, 

'_';h_ih 

__‘*_ 

_ 

____ 

__ 

__,_A__~““______w_~ 

_______" 

!______J 

__5 

_b____l5 

’ 

‘
_

_ 

'9_h|___ 

_ H 

"'_U__‘_ 

_'

_

~ 

_) 

______ 

_____

_ 

___‘_ 

_,_ 

M
_ 

___”A__ 

L 
_x 

__

‘ 

_ 
A_ 

v'_ 

w
I 
If 

>_'__ 

& 
_ 

V 

___,__fl_ 

___ 

__ 

“T 

_____ 

V 

‘__ 

W 
___ 

__ 

'_“_"’__‘_. 

__(

_ 

,_ 

_________ 

_ 

up

_ 

‘IL 

_F 

_ 

\_ 

__ 

__ 

_“ 

T 
___ 

_"_,__ 

J, 

(____!_ 

___

v

_ 

_

' 

_

_
_ 

__ 

___>_r‘ 

__‘ 

k‘m__‘fi 

_ 

__} 

> 

__

‘ 

_(~_'_u_fl'_ 

‘>4 

_._

_ 

J3 
___ 

__w_F,'m‘_\__ 

_ 

_H___h 

1 

__ 

4_

V 

‘_ 

I

_ 

__

_ 

_ 

_~_ 

___ 

__

_ 

__

; 
V

_ 

_‘ 

_\v__

"

_ 

_ 

‘Hm__‘__ 

H

_ 

'._,>a&’ 

L‘?

_

_ 

_____ 

4_J_,__‘__H‘_Mw___ 

__ 

___'_

> 

J 

__‘_x__‘;_“‘_ 

’_ 

__‘ 

__ 

_‘v 

__

V 

L‘ 

V 

4‘ 

_"___“ 

‘ 

___‘_~ 

Aw 

>_x__/_ 

__’

'

H 

I

_

_ 

_ 

_ 

{ix 

rd} 

S?

S

_ 

*3“ 

>h'_H“_&______q_

§

f 
‘)1 

_ 
‘

_

F 

' 

Ly 

&,

I 

‘ 

_,‘ 

L 

*4‘ 

n 
__

_

- 

_ 

r_

_ 

_‘

W 

_ 

_* 

_ 

__‘__ 

___l_,‘ 

v_ 

V 

_

) 

4‘__/_ 

__H_fi\_l 

‘_“_|v__”'_ 

_v'_:h_ 

__ 

» 

jg 

my 
W

E 
'_

_
_

V 

‘ 

.

I 

_ 

'_

4 

M 
hum 
W K __ 

__ 

‘,“vr_LW__W‘___W_:_r 

HW__“A¢__A

' 

M 
\ 
a

‘ 

W 

_H_ 

_>“”___‘

_

3 

__ 
L7 

mf
_ 

__ 

I

_ 

:,__ 

w‘__ 

__

V 

_I| 

I» 

_‘ 

_

_

‘ 

__W__,u 

__

_

_

‘ 

__ 

HI 

p; 
\ 

"_ 

; 
H

_ 

_‘ 

‘"5 

’___ 

I__b_

_

‘

% 

_Q_AA_A‘_M_£ 

‘R 

_ 
__ 

_ 

_I 

A

‘ 

_ 

______I__T___‘_w$___q_"__~_Wh__ 

_ 

__

‘ 

V 

(_*

V 

t 
_

_ 

,‘_ 

0

‘ 

‘ 

_

V 

’_____ 

_‘__“> 

_l

_

’ 

_

' 

'1 

E, 

_ 

_\_

' 

__

‘ 

'

_ 

_“__%___ 

*“

n 
__ir*i 

J 
_H_M___’ 

__ 

_x‘A 

__y 

_‘ 

7_%_3~_ 

_3 

lg

‘ 

Hm 

’_ 
I 

M 

_v 

MW 

_H_Ll___“ 

"__ 
H 

_

‘ 

__ 

_

~ 

4_ 

_

_ 

/ 

_m_@___8__\___ 

__‘/HH___vw_____

_ 

H) 

*>\_ 

‘
J 

\_~_’__ 

Cm

L 
’i 
__ 
MM 
NU 

_J_ 

X 

____&__'

_ 

_

_ 

_~I 

__r 

vi’ 

__ 

I

_ 

___ 

____ 

IN 

'_ 

___‘__ 

_

‘ 

_ 

4“

‘ 

__ 

_._ 

._ 

____m 

_ 

__‘_____ 

_

_ 

_\_ 

‘_“‘_____‘__‘__‘ 

an“ 

I: 

u1___I_’“__’___‘_U 

‘WT 

'>_>_“_____ 

_‘ 

___ 

_’_v‘_‘

_ 

_ 

___

_

A 
i 

‘_ 

G 

‘_4 

__\“ 

r>~‘Mg 

~?§

I

V

_ 

J 

L‘

I 

an

’ 

_

r 

:_1__

_ 

_
_ 

r_\__~‘_ 

V_§i__' 

____ 

__" 

___A 

J
1 
#1 

*_ 

MJ 

__ 

3 
‘ 

Q’ 

Y‘ 

_

3 

5

y 

am 

W’
, 

‘N 

\ 
_

_ 

’_ 

_)_ 

__ 

__

1 
“_ 

___‘_ 

“MA

_ 

_ 

_,___W___ 

p 

___~ 

__

_ 

__‘_ 

W__~ 

___ 

__ 

“K 

if

_ 

Ly,’ 

I 

__J_q__ 

H‘ 

' 

__|_n_~‘ 

lav} 

u_’____:‘_q"__’_‘A 

’ 

‘_ 

‘T 

;___N

M 

‘ 

>_ 

H 
__{Hu_____ 

__ 
___

_ 

_ 

_bL 

_‘& 

_| 

ma 

‘I 

U%L___" 

__ 

_‘____‘:_‘N

I 

N 
_b

_ 

___r___$'fii 

___%__ 

__,_‘_ 

uflyhlvh 

‘ 

__ 

‘_ 

‘

2 

$ 

_

_

_ 

>

‘ 

_' 

_’ 

_“ 

4 

»_ 

“_h__\_v_

L 
1 

__' 

"M 

__“ 

_“__v__'M_ 

____ 

_‘

N 
v 

__ 

_V“ 

V 

>

_ 

__ 

_'_' 

‘3 
‘ 

§_ 

__' 

7
U 

____ 

_

_ 

M 

___4

1 

&_ 

v_ 

__

A 
_ 

_I 

h__"__~_ 

,_

V 

_

I 

_ 

r 

3 
\_ 

_ 

rifl 

L! 

__ 

_ 

‘~_‘ 

__n'w$&‘_A__\ 

“W 
A

_ 

':vu____'¢IV_vw,'_V_ 

__~_ 

"H 

>_J”PVv¥’

‘ 

__ 

______“___' 

Ififiw 

,_k“__“ 

r___‘__~ 

N’ 

__H'___ 

L,‘

k 

)

J 

__§_

_ 

__‘

J 

J 

_' 

_
_

v 

‘aw 

__ 

$0? 

___1V_?;V 

"€__,~ 

_‘ 

__‘ 

7:’: 

_\

V 

W
_ 

_ 

‘i 

__v

_ 

‘V 

1
V 

_v__'_V 

_ 

‘__>‘_____m_‘\

_ 

_______t 

‘> 

"_ 

UH 

M_‘_‘€ 

___¢ 

___“;

V 

_ 

_

V 

_‘

_

_ 

J_-_"

_ 

P 

_H‘

I 

J 

__’ 

‘_ 

__ 

_

_ 

_K__ 

__ 

_

’ 

‘KM 

;_§___V 

_’v_Hv',%_I 

V__ 

_ 

“M

_ 

_ 

_£1__ 

;____ 

_'_'____’_v___ 

Y 

_

V 

_~__fl§\ 

\

J 

V 

_ 
__‘ 

~v__‘: 

‘J

_ 

_ 

_w_ 

b__ 

___ 

In”

_

’

_ 

‘

_

‘

_

.

‘ 

>

a 

__

_ 

/H

_

‘ 

___ 

’_ 

___"__Q 

W

_ 

__fi“ 

> 

E“ 

"_"_"_W___________ 

N 
_ 

J? 

_"__$ 

‘

_ 

__________ 

_?‘ 

Y“ 

I 

4

K 

I 

__

~ 

Q‘ 

“I

‘ 

5 

‘ 

‘H

_ 

‘ 
‘

_ 

2’ 

‘__

_ 

._~‘v_“_ 

-
_ 

, 
f 

__ 

at‘ 

Q

_ 

__

Q 

I 

~ 

,

_ 

-AL.

' 

Q 

-_‘ 

_

_ 

" 

‘Ll 

I.’ 

" 
_‘~ 

_’ 

'_¢ 

'- 

_'

L 

_&VV__>',__ 

mI‘v““_h__H_‘~__‘“ 

_H___‘“»_> 

JV 

'__' 

__ 

;w;_y 

_ 

___ 

_ 

__ 

‘___ 

_ 

.________ 

'___ 

3

_

_ 

'__&_‘% 

H__ 

1____,h_m_‘M~_____n"__‘,__m_% 

_T___k' 

_ 

"vM_w_4__‘_____w’_“_V”__v_v_‘L 

n__?_ 

_nK_d‘|__'W’H_p“ 

___’

' 

gm 

__, 

_H 

_>‘__w__vm____ 

_ 

“__ 

,_

) 

V_ 

\"_ 

I 

__ 

>~ 

I

_ 

__

, 

I 

_ 

_,

,

_ 

My 

i_4__'___A 

_ 

Ah 

_

( 

ff‘ 

__ 
___"_, 

__'_h'______r 

__m‘ 

__ 

9* 

__ 

_4'_v__‘_r,:_, 

_’ 

fllfl 

V 

A_ 

_
\

V 
_ 

~_w__ 

_‘~x_" 

‘M 

i_

_ 

~_U__>__‘HH 

__ 

ab 
I 

_~__‘ 

_w__‘

5 
_“__‘___\__ 

ha 

AVI¥%_HW'_vh__’Q_ 

:_"___ 

’_____¢Hflwr_’_H*_‘,__T_wH

> 

_ 

Q 
__ 

H“

_ 

Wu 

_fw___W 

¥__F_H___

K 

QM
_

_ 

-%_____ 

_:__;* 

("___‘_‘~__‘_____‘_

‘ 

._ 

4“ 
_ 

_

‘ 

>

H 
: 

‘__u/>___U 

F” 

__I___A__b:__ 

_“_'fl’w’m~*{__~" 

__n_~ 

_ 

>‘

‘ 

"2? 

}‘ 

_v 

u__r,_I 

'_ 
' 

‘_"_( 

K1 

_‘_.v__'4\ 

L‘.

‘

_ 
_

_ 

__ 

>v_‘____{ 

__

‘ 

_‘ 

>h=§_

‘ 

__J_.___@_______

J 

_H 

_\'__.___‘ 

*1 

M_ 

‘Q 

_
A 

H_h“‘ 

__A_____ 

_ 

‘__ 

b\_‘___-_“___ 

\q__

T 
__U 

"__M'_-&g.w‘_‘I 

’_;J__ 

‘M
_ 

xw 

éfi 

__vP__\_;

I 

gr; 

‘MM 

3 
‘J 

__ 

____V 

fl__J_fl_% 

61_m~

_ 

__U_ 

_' 

__ 

‘M 

_ 

__

_ 

‘

n 

_>
_ 

m__ 

__ 

____'_ 

__~_Yv_““_ 

’__%___“ 

I 

“‘vh_ 

__fi_ 

___r‘___‘ 

___"_‘__4 

__:__‘_ 

__"__ 

’4__”v 

“VJ 

M‘

A 

) 

fa 

__§___ 

_,_

8 

“_

_ 

_

_ 

~(&HJ,hq~%%L_H“

Y

1

\

)

DRAfPELC _G _‘_I_



\ 

r
‘

\ 

v‘__

_

I

'

r 

6‘

_ 

_
'

_ 

___ 

_r 

__

_ 

'_‘ 

'

_ 

_ 

I 

_‘

\ 

L‘, 

‘
_

l 

"‘,_ 

_‘._,___

_

1 

_‘___ 

‘_ 

‘II 

l

~ 

V.

_

' 

__'

_

Y 

_

‘ 

_ 

‘
_

\

-

'

\

‘

\

_ 

_._ 

____

'

_

I 

’

Q 

_\>

'

' 

F_ _ 

_ 

_r 

_’“ 

’_,_7 
_u

_ 

K

5 

\
I 

A

_

I

_ 

_®_& 

‘

I 

C
a 

\

l

_ 

7*

. 

‘_ 

.\ 

K" 

\

‘

;



‘_

‘ 

___‘_V_ 

Av 

fin“.

_ 

: 

J‘

. 

*2 

_ 
“MU 

%____u_. 

‘\

4 

V’. 

U.

_

X 

_

‘ 

6

A 
I 

‘___'_ 

_r' 

_,___‘::_

A

_

\ 

_ 

_‘ 

___ 

_ 

X

_ 

_‘__:_% 

‘I 

‘I 

é

_

_ 

. 

’_."_‘d___ 

_

_

.

_

g 

I

_ 

'

_

'

\ 

__~_ 

_,

x

. 

’A 

iv“ 

_

‘

‘ 

_‘ 

rt 
‘_

t 

'

_

_

H 

_

_ 

'”;v_>__ 

_

: 

__

~ 

_ 

‘_l‘_H' 

_ 

> 

;‘_ 

‘

‘ 

_ 

_ 

'_

‘

_

V 

_ 

__'|;__) 

_fl_

_ 

2“ 

'_ 

_ 

_

_

I

L 

an
_

_ 

\ 

_

V 

___:1 

_

‘ 

_‘ 

V"

I 

__ 

,_ 

____ 

w 

__ 

__

\ 

H 
U
_ 

.7 

___ 

____ 

__\ 

_.

_

‘ 

~_*__mv 

_

_

_

I 

_"_l‘_V{‘ 

_ 

_

> 

__>_WtH‘_m__

I 

4 

_. 

_ 

‘
_ 

'“_’P_H_>

_ K 
_. 

_ 

_‘_

_ 

v_‘_

V 

'_ 

____ 

h_

_

_

‘ 

V

_ 

___*

’

_ 

J: 

_

_

_ 

\_$
_ 

\ 
_"_ 

mu 

__ 

>

I 

4 

_"v_ 

_ 

__ 

__

) 

_‘__”__“___ 

__‘h

_

_ 

_ 

I/_.Q__ 

11$, 

>__;_‘_ 

_v

_

_ 

H 

__ 

_

A 

‘____|M__"__~ 

;“_“W_4_U_U 

> 

_ 

A 

>_M_»____‘fig>___“H<_z‘r 

__

_ 

__ 

_

'

_ 
’i 

__“_ 

v»__a_%_"_‘H_{_"‘_‘__ 

___ 

_1_

H 

_ 
Y 

'__H_____V 

_

_ 

‘

‘ 

4 

__ 

>\____‘_~ 

_'__ 

_'

‘ 

__ 

____N 

_~____ 

l‘

_ 

_U_~‘

_ 

__ 

Mk;

‘ 

_rvv__|___">

A 

_J______'_ 

__

_ 

_ 
____‘_ 

>__

_

_ 

___'_.__ 

__‘"_'>_w__V‘ 

‘hw 

‘II 

_ 

,_ 

vf 

_

> 

_
_

A 

M
_ 

“_:_____Jg_ 

__ 

_

_

_ 

‘_ 

_A 

_ 

__ 

_‘¢ 

_' 

\_ 

_

V 

‘_

_ 

‘_"__‘_‘_ 

_

I 

__ 

T_£_ 

:____g'____>

_ 

v_ 

.___ 

_" 

___I_

I

_ 

Q‘ 

}:____

> 

__

W 

_\ 

_ 
V‘ 

\___ 

Q 
_____;

_ 

~’_,__,_______

_ 

b 

A? 

l

_

F 

v_ 

‘_ 

_

_ 

__ 

‘__ 

_~ 

.
_ 

)_

E

\

K6Ir



h

_ 

S

_

I 

N‘ 

_> 

_ 

_‘ 

__

’ 

_

_

f 

‘_ 

I

_ 

. 

_'

_ 

~'__

" 

4: 

' 

’

_ 

I_ 

It 

_

_ 

I 

___ 

,‘___'€

T

.

_

.

‘

I 

__ 

“P 

I

_ ’_ 

-__ 

__' 

‘_

_
_ 

~__ 

___| 

A’

_ 

’_ 

__

‘ 

'

1

_ 

__ 

I‘ 

‘__>_____\H__‘v_L__'___h__Ni__ 

_ 

v\_

> 

__. 

‘

‘ 

._

' 

_ 

‘_

' 

_ 

_ 

‘*_

_ 

__+_w 

Y1”: 

”_

_

V 

U_______‘__ 

___,___ 

‘

_ 

' 
_‘_ 

'

I 

__U

_ 

M 
_____ 

__'_ 

4* 

__ 

__ 

‘st

_ 

I 

_

i
_ 

:_. 

‘,3’. 

‘ 

_,_"_~__ 

__ 

__ 

__Md_V_m,___H_;_,>__‘

I 

___ 

_

‘ 

'

_

~

V

_ 

’

_ 

_ 

_

I 

‘ 
‘ 

__

I 

"_ 

__

_

_ 

_____c_' 

________’_",__H 

4 
_‘ 

D_ 

_ 

I‘

_ 

_ 

_‘

_ 

;_ 

_ 

__‘_°__‘__. 

I 

‘

_

b 

'

~

~ 

M 

“

4

_ 

_u 

V3‘

_ 

‘I 

*‘ 

’_‘\ 

I 

'_
I 

Y
' 

’q. 

,(.__'

I 

_ 

\

_ 

.

_ 

l

_ 

_

__ 

_ 

N 
.1

I 

__
‘ 

‘_

_ 

r 

v 
1! 

l 

'

'

r

_ 

_

_

\

I

‘ 

‘h

_

N 

_ 

_‘

_ 

X 

_ 

,_ 

_ 

__

_

' 
_

_ 

'

I

'

'

_

J 

__

_

. 

.

_

~ 

V

‘ 

._ 

_

D 

_

_ 

Pl 

\ 

as 

_ 

__'_L 

t

.

qGI



_ 

X 
___ 

/J
_ 

_

1 

_

_ 

)_ 

_( 

_ 

__v 

___

_ 

_

'

_

Q

‘

.

I

l 

I

‘

O 

4
I 

_ 

,‘_‘____ 

I

d 

1
_ 

_

'

' 

.' 

“____k__ 

"_.‘>*

‘ 

J_

_

_

i 

'

; 

_

‘ 

_

’

J 

.

_ 

._ 

_

_

~ 

‘_

,

_ 

_b.‘." 

I;

\ 

/"‘_v\___

‘ 

__ 

i 

___v 

__ 

. 

‘* 

If 

‘ 

fi. 

I‘) 

i 
I

_

_

‘ 

’

‘ 

Y

' 

"~#_‘ 

_ 

‘_ 

'

’

_

I 

9 
>

’ 

__

_ 

"__

4 

_

I 

___’ 

'

_ 

1.

_ 

‘

_ 

1* 

M

_

_
_

U
_ 

' 

_ 

_fi‘ 

H 

_” 

.

_

_

. 

\

‘

_ 

. 

\§ 

f 

yr 

‘ 

._

_ 

O

_ 

__

1 

_

_

1 

. 

__ 

_ 

_' 

__“ 

‘___

_ 

___’

_ 

I

'

. 

N 

‘

_

_ 

'_‘_ 

_/‘_ 

_

' 

:7 

_‘

H 

V.

I 

_ 

__ 

_~

I

_

_ 

_

‘
_ 

_~ 

I_ 

‘& 

_\

_ 

__ 

._ 

'

I

_ 

_L____‘_J‘

_

. 
_ 

L

_

. 
V 

__ 

my

'
_ 

. 

l___ 

‘I 

_

‘ 

~___ 

_

V 

,__ 

’_ 

__ 

4l 

“___ 

/I 

__ 

_'__

_ 

_‘

I 

_ 

_L.4_

E 

if 

___

¢ 

_ 

_ 

,__~ 

_’ 

U

_

v

_ 

;__)_______j__ 

V_'_ 

__

_ 

Y 

__J___'____~

_ 

J? 

fi_’_'_'__ 

N 
‘_ 

'

_ 

v_:"'”"J‘ 

J_ 

_>_ 

_1_ 

_ 

___’ 

P 

___ 

I 

’ 

__

_

_ 

k 

_ 

_, 

__ 

__ 

Q‘ 

'

~ 

'

'

. 

W___?*_

_
_ 

A‘

‘

V 
_ 

_ 

]J~___ 

/r, 

‘F 

fli

I

_

U

‘ 

' 

’_____‘_

_ 

‘)

_ 

N,

_ 

/ 
x‘ 

H
‘ 

\ 

_v_ 

¢__

_

,

5 

_ 

b 
_!h 

(

i

W 

”_ 

V_. 

w

_ 

1” 

_ 

__ 

V_V___C|_ 

___’X_ 

K’ 

‘

_ 

Q 

_

F 

I

/
C 

f 
__‘

_ 

I

_ 

‘

_

M

_ 

_

_

A fuiC



|/

\

\ 

L L;~ 

E’ 

_:> 

is ‘C1 

_"\~ I-.. 
"

_ 

f ...¢ >. ¢

\

1 

\ \ 

\. 

\. 
r ".7; 

‘,1 J .‘£“r £.' E‘ 

- ~ 
.

‘

¢ 

s

¢ 
/I

Q 

wp

" 

_€ 

.- 

. 

C. ‘_, 

r.

- 

L.‘

) 

.. 

,-

.

s

w 
.“

‘
‘ 

‘

' 
I I 

\' 

‘_

. 

‘E
_

. 

J; 

\$1.= 

'. 

. 

‘

‘

. 

1

H 

A
. 

4’ 

s't@'.' 

I

,

' 

"..§ 

-. 

’ ~. - =:_"v,-_: - 
. ". ~- -<- -.

' 

-v, ' 

- 
' - _:,\ —_ . __ » j:.. ._ 

' 
» ' 

‘ 

~; -*-is?" I 
H 

wt . 
3' 

., §‘.‘~,1 ' 
. 

- 
'- ' 

, 
‘_ <_§I;j*&1‘.-1‘ 2' »_ . 

sgli _! 1-. .r'- ~',:"'- ' 

‘_I=-='f.-.i 
V TA

‘ 

_" ' ‘-\ 1 ' . - _‘ 
‘ 

._ 
I 

, __ 
II _

_ 

’ _. 91;}; _ \‘ _f ._ '. :_ .._ _ ." .'\ _ 
- 

_ . 
' 

0 ~:. ~ -. 
‘ 

> 

{"1 _ 0! In 
- 

-‘ ' 

' ' 
__v,h, 

' 

_ ..__ 
,‘ " ., ‘ J1 

. 
I’ 

cm’--' '_' 
_‘ ~_‘ 

‘ w; ,. _ 
< -._'~ -' 

- .' 1 I . 
‘ -'. ' 

-' 
_ 

5' ‘. ;.‘.._'.. 
' \ .0 ' 

L - . -. _ u“ 9* , 

/~-- ‘- 
_ . 6 H \ 

0_ . .:/' ' -_-/ ‘ I 

~ r -. » ~
- bf 4 

‘ .. 

-I.’_.*~'
‘ 

\ _(»__1 
> 

¢ -, . _ 

v A __ _‘ -I. .' ' 

‘.1. 

J‘ 

I‘\ 

_.

. 

\_ 
-a I ‘,

- 

-,\.

. I .

. 

-I s’ "1 ‘

\ 

-2‘ p '- 

QQ.’ 

,\ 

‘P
. 

1|

. 

v 
-'*.

Q 

V;-. f.7-I;.;_,- _ 
. _ 

" - I 

L ‘ _.~'-*\ 
_ 1+ ‘>,~- ./~‘. W '~=~

I 
_., 

>
1 “ \* 

;4 _ _ 
_ 

i 
) 

... 

'x}v"é=\~A§.. " =\‘ 
‘A’ 

v In 
:-».,~'

‘ 
.\ 

'

‘

)

1

/ 1



‘(G I’) 1'; 

I)
, 

\ 4 

‘ e 

. ,_-1%.,-->_;§4‘*" 
Q‘ -. ‘ \ 

' 
, -a qt

' ' '--~ 
\ 

' r-D '_ 
I -3

. -. 

_ 
_~. > _ ,4 86 

0- 

' 
'“.sG '

/ 

I K

/ 

D
, 

L; 
r.) 

—'\ /\ 
"1 

'3, 3'71 
’ 

;’ " 4:-1"» :_'§,'5f»'-i 51:‘?-» .v _.: 
~";\s_. ' 2”"" \ ‘ 

C: \- -

§ 
r‘._ ..'§ / 

. 

{*5 ;‘1-_~/a1’».;_»»_.- 7-‘ 
~ » ..-$1:-. :-;1~‘; ’~ 

» .~~,~

4 Y, 

, 
.¢‘h;.._”_i'-VI W ‘ " -39" "

. 

_ 1 
\ .§, Q '1 . 

» 
- -Q ‘\'~"F;l~‘.’é~¢¢ 

' ' '

/ 

' 
‘ *1 ' 

-id
t 

‘H “ .: 
_ .7 .. - 

. . ‘Q 
q~'.- ‘I;-.:,-3. _ 

1 "-

. ~ 
' 

, 

- 
_ if ,j.i§‘,’.1; 

- -; ~'_~.',.\,.~= I ,_ 
- - J. ~ ~~* ‘-1 -

* ". - -A -- -.; - -_ I’ 
I -,'.:-= 

" -ifi»-is ' 

. 
- =¢--‘-'~ " "fr _v I .1‘ ‘ ’ I . _‘,. ~ .,.r_.-.-_ ,,_._ .__‘_,. ',\ 1-‘ 

_ ._ 
4 )7 _¢_; h;.‘.;.' _ I -_ -_; - - 

-. 

" -1;’ . --- > ’ . . . 
\\~ . ~ -;,-; ,» .- --_~_£"‘~.1,. Q1: - 1.‘ :1‘ ';' 

‘,_ 
' ' . :' ' \ ' » :. .7 . 

‘ -
' 

"1 
‘ ‘-ii > “ 

- 

j 
= 

_j<;.,;:;,1__>:-_g;;,;>;,( 
, - >_ ., - .\-. 

H.‘ . 
, ..‘ .. .

- A >7 ‘>1 - 

. 

_ vi H 
- ._ !_',- 

V 
_ .

. b ~ 

’ ~ = = *~ 
v

- 
. 5 . _ 

‘ ‘K . 
' I

\ 

rs ,;_ . 1 
' 

I 
‘ 4. ‘ 

“Q ,1’-.", 
/u \-43-\- 

~ 
. . 

'~'-.-w- " '1\ _ ¢ ' 
~~‘a7"It;;¢'~.*=: > 

'- \ 
,A .., . ,,. .. _

, Va 
\\ 

" 
' ' 

1*. '



Q ‘ -Y I VT’; 
' 

Q‘

4 

“N; 

~. , I I .|,. I . .. 
~ ll ;z_;.,l, . 

. 1.0 , :10 0:0 u.|‘ 
» 

"—'* ' ____ N REV (KEV) ’ 

__

Q 

7 L€(’._r’A(HZ V



TYPE’ 

OF 

ENTITY

\
/

I 

/
.

J 

an/1 /vuzss 

ATTACHED 
T uoauasrs T 

'

\ 

1N11vI0u4L, 
< 

_‘ GLOBULES 
‘ F-_*-*P*——-1

\ 

TIQHTLY PACKED GLOBULE 
‘ AGGREGATES . 

F 
\ 

‘I-OOSELY PACKED 
/ 

‘ 

" 

- AGGREGATES 
-A .- - _ f.__

I

V

I 

=|j T 
I 

’ 

T » 

3 -=1 ~0T 1 
T 

* diameter (pm) 
1 .

1 

‘ I 

b le a regates and globule Figure 14. Size c1_ésse_s of iro/nr—rich,globules, glo u Tgg 
H ‘parts found in an"iron-rich la_k'ewater' fraction origi_n_al1y- i_s01a_te_d 

o"n_ a 0..45 pm fi’lte1f.' This figure was ‘adapted from -reference 28. 
. . 

V \ 

. ‘I ,_{
O



‘
J

‘ 

Q
_

_

‘ 

' 

I‘ 

'_

_ 

_k_l_

\

‘ 

_V

A 

_ 

_%‘

L 

_ 

__ 

‘

‘ 

__’. 

{"9 

\_ 

_ 

‘AH 

W 

_|_ 

__ 

4Q"‘“ 

‘
_

Q

. 

Y’

I 

‘H 

__‘ 

v_ 

_>__ 

_‘__ 

__ 

_

_

>

>

_

‘ 

,9 

i 

_) 

V 

____ 

_ 

H_‘_‘_‘_,_‘

’

l 

_ 

_____ 

V‘

_

W 

__

,

. 

‘_ 

'_ 

\\ 

\___ 

mh 
vi 

/_ 

_~J_H 

V 

__ 

__ 

/Y 

’
’ 

,

‘ 

‘ 
Y 

__ 

_ 

_\_ 

_4_\__ 

‘ 

_‘ 

__

M

Z 

_

_ 

'_ 

_ 

__ 

'1‘

_ 

I?‘ 

A

_ 

>

> 

.

‘ 

‘
I

> 

_

, 

V

> 

__ 

___

_ 

_“_ 

‘H

_

A

_

_ 

_ 

\&.”___‘__U__4_>_ 

‘k 

_

_ 

5

‘ 

V 

‘_, 

if 

in 

JV! 

“_

Q 

_ 

,_ 

_____‘_'HH_H_h4__ 

k
_ 

_ 

/m2£$;fi;kH&H 

’~

_

' 

O 

_ 

4)___’_I___ 

&_U 

___’ 

w"’___!¢'

_ 

‘

‘ 

_ 

IA 

~$___ 

_

I 

5 
3 

_ 

_

_ 

H 

__

‘ 

V‘ 

__h_>_v_1‘___{_ 

H__H_ 

. 

‘M

_

_

_ 

_,_.__’__

_ 

i

. 

__ 

/__,

_ _

\ 

V

‘ 

__ 

_‘

_ 

7| 

_‘ 

__\‘___ 

'_

_ 

"A 

__ 

__

_ 

__

‘ 

_ 

__ 

‘~__ 

_‘ 

_v 

_v 

_

I

I 

_ 

_

W 

u 

_

v

_ 

_‘ 

\ 

%_ 

I;

D 

| 

__ 

_ 
_>

_

2A 
ptf

. 

‘

_ 

_H~

_ 

W

H 
_

_ 

A 

_,

Q 

_

. 

I 

7;

S



Q

U

v

‘

Q 

‘

,r 

y

G

I 
_{ 

n

V

A

.

.

'

_ i

‘

\

_

_ 

n 

Ii 

F 

___ 

M
' 

a

’ 

E 
__ 

_w 

__
_ 

fin 

a_ 

kn’

Q

_ 

I

’

‘ b
> 

’

f
9 om.W P‘ PbL WeOG /?|



GmHMVH _____ 

n” mm 
mmo 

flm 

rs 

JW5 

"3 

m

0 
ml’ 

mm1
IIINIIIIH IIII

_ 

‘_

0155 o_ 9”3



‘ .. . . . 

3% \/1- 

~.~.'~»<»¢_.<§ *
/ 

~;§»;3=~l 

»§;:,§‘ 

‘Q Wv ww $5,“! ww ~§,,@§ ,9,‘ § ,/vi“; ‘ V 

§N_. ~ $19»-u-»-4: Q>w“»=,~q;~‘~; Ml, J3) V $5 . M qi W4 3,, ‘ 
\ 

,%‘,“""’M .-.._ » C 2;~t'¢~( 1N 4~‘r£#Y 5»: 
fif r Q/<:@;;%,?;¢.Z»~‘§‘*~'% ,, Q 

,.¢1w ,4,§,L.5,g 4};,<§»W@w;§ fig gm; X;gAb$%,§;<% 'p; ~ “L532: $‘:»~§Z"?;?w>€, I, _ 

A 
_ 

J 
,‘ m _. _ * ,_;‘_§_*w§;MM”€w?’§;)_éK 

} » ~ -~
» 

“ Kt“ 1 ~ ~ 
4 

> > § ‘ Q ?°7 
"\ " ' 

- * 6" W »~,~~,@.»¢ l " °*’~ 
\ 

‘*"* ’ ”‘ 
_ 4 ,, . Q ,- x/fyygy V‘ ," ~*~~~ ‘»»» 1 W 

» ~ yx, . 

kg , Q 
‘<9 , , 1,’ 

~ 
,:~ 

fw 
*‘*'“%? 

» & 

w 9 , ) 
4» A Q?" 

*

1 
* ‘ ' 

w*w“’s*“?‘*' ®'é>;»»¥1»~x~;»~ 1 ’ 7 
T‘ 

5 
"f 

7 :3" * 
v Q‘ H um V 

sf ,' 
‘ '§'“§°’~i'? ‘@471\@'n*1;vz1/L€l!w§<‘€@~*i:~,§~¢~»3ix.w.§»;%m igw», ‘Q; “3~=**’**‘$‘ 

$3? ‘?§;<w@a\»~§: 1 v ,9 1 ¢wM§ ,_,;_,.»~ ,, -“.~. 
, 

~~ » A ,_§\\~. - , »».4, ,,M ‘ 

. *‘$¥~i*' 
Wk""§’l"'“§@-7»};,¢2§‘¢fi-¢;§@$§i;11fi:>11nf$§,<,§k,1§X,é> 

,'>' 
,7 

*** 

an “‘ ‘ ‘ * "' 
1 

” ‘ 
V _ 

~‘é;i‘§§~’= ?'~.:il‘~*"=?*¥ QM »»»~@~~£<<vi».»:w~»@L _,; 

J W” 
.~ 

. »‘ , 
_ 

~ 
. 

> 

Y7 2 ,YV!_ 
' 

I 

" 
,

" 
J \ . ,., W \ AW ,,,.@~.\,,9,,‘ 

- ~. »U,»,~n;..»,‘.» ‘ Na‘ st, I V 

~ 

Q 

X 
-V2 

. 
_.. 2,4 ..@ w 

l ~ If 

6% 

,;

a 
$5 

$53.“ 

52' 

§< w 

.,.,A 

,3 ‘ 
\ ~vzn¢,M@\ ».g,\,.,,;w€»,;§ V WWW: V9, ,\ , §;,.“x ¢ ¢ W‘ X 

,§>&¢gc ;%;,;% .¢,;@;,;\,,§;,M,,@; 3%,.‘ , ,~_4,:"i,,T’,’ f‘ .~ ¢ Q/‘E “?§"‘%‘ '“.§"*@"<;*i§"%~§};~~¢=€*w~{§»=~%* »r§Z>F:_@*.12¢~fi<@~,@;1;».;a;vz¢mq.,m,i4 _, , 
§; 

5‘ § ' 
‘W?/“=»\¥'»‘f=»=§ 1? Y ‘ ~

"

Q 

, 
_ 

‘ 
1 ~ 

Q‘ 
Q

H 

’g 3' 
i 

g k W \

i 

flf‘ J“ ‘ ‘ ~ 
. 

” 
i»

‘ 

"$5 

*1; 

§;§§$>¢ 

“I 

W8? 
wan" 

fi!~ 

;>

W 
5?-1 

MaW *%'~~‘ 

45% 

,,\ 

~.

W 
~50

~ 

DZ‘ , 1"“)! k 
7 I ‘V _ 

_ _f 1 ,“ * 
_ 

_ 

‘~,a~\~1’*!~1w~$?a,~».‘§.@»', Jag-»E ’ A" “ gg‘ ~>1w»%@ 

W 1? 
¢ '<*> q$~:$~W§§wWW» »»;»f§~§v§ ""‘W"§?’“1* ‘*i'§“?"”W 

g g u 

kg b ,, , , ~; 
“ ‘* gm <* 

. 
* .' »- >1 K1‘ Y» - h~¢* ,; 1, 5 , 

* 
~\ 

, ,4 - ~* '9 *~- ’ .»*“‘»;* 7:» 1»~~=v- w/1x_ . mm M / 3 , 

K‘"m%W<=~i*%*~s@>,m».,mw%§§;1 , @A.‘,€fi@:?‘§“"‘3“I?“ 

~w= szwé f E /;».§< 
5%‘? w ~ @~ tygkfi‘ »" ‘W ”‘~“‘§“?§ 4‘ 

via 
. 

wwwzflw,4 >1 NW 

1; 
~v,m><.>'-.s~~a1;~§.@3m* 

*"K@~*~;~:I§ 2 ; QM 

W“ "M W ¢ ,1 é 
4% 

‘ii

W 
11? 

35¢; 

‘hf 

(EM 

*3i§ W3 
*4 

¢t 

{*2 
~é 

1 

,§mr 

éwzé 
“ 

*":§?< 

”*é‘ 
fig‘ 

‘\ *§"rY“§¢€=» » mas», ~41 ,, Y~ ¢ \
‘ 

~ » -~> *~ W x - 

17/ wgw M»-@ aw 
1% 2% 

m~*§W, "4 
9 my I »_ 

W":-_ ; 

‘ w""\'”‘ ', T wfi \z§~*=§»‘w'~'»¥fx:';T¢{§;-~‘§u_' 

'*‘ M --> m W KP. ~ »'g~x- 
. 

if-,§', 53, 11 ’: Q»: *1 F3"? 3* 

fig W:§'>*;~¢~»»% 8*» ‘v‘€’§§%7"’;3}"§”1“§-§3,Fr><<5fl,1 ¢<_;,,4;,,;~, .\ ;, fi~ ‘ “Ii °'*""*““‘f'§3§§*‘i§‘ 5‘?"’%“$”*“1*"“?*‘§**’i:?»:1a%"@1»§;;www. 
egéfiw, W2‘ V w1<§{,%,,»$a§;w",@Rm§&%1%4 figwgwyg ~,w W sl 

, ¢ ’_ if »§,»§*»z¢>»g~§~»»i, MW, 1, &;:>,-3»; 
*§§¥g1*~g1*::;»=*§»Y~§~;m,:>v'@<<;M;fl-Wm;;.,;@MQ5 $35» *1 ? ;< 

* 
i ,§~@;a W‘ ‘y/_e;:.'- » 

“ '~'"” "~ .»“§’%* ‘flywx ‘ K - /K ,, <, 4 
‘1 .- 

, 

~ ~ 
“ 

~ 
>1 

~ 

R“ 
$3; ._<§$;¥‘¢;-,g;;\§ ‘ Y -, 

‘M5,. Q {Kg ii 
X‘ W '%°?”‘”"“‘. 

~ i'.l=“§‘:’>f 

94;; yiwv » 

' 

?5,2<»§>~;@ 

“W3 

‘ii %¢E~ 

sfi

.

? 
v 
ax

2 
v 
2.1 

9* 

Q? 

W,

, 

“ii 

5“ 
‘ "’$.$\%%”f"KQ\;1,»@‘Y;~;§'§§<’~Qei4~,<>v~ - 

,~L‘_,3;’ W , 

" 

_
» 

’

, 
"E3 Q“ G‘ Q -, \/1;: '§<\3v):>$‘;l:A@§~$ W5» 3-.4<W,,§W@,, I19.Qgy1@>§5v\~>//gvq"~§;;j$,,q§:,,;$u§éA);§§,&%$7&3?‘ ,f§@&, _%}§h§;i _ 

* ‘W <5 

§ ‘ " *’¥€1'*@‘*@‘§*‘<W° *§ ~@,:§ M» KQQWWKA @\,,a;<‘,%@ 5 

¢'~~“'>; ~2‘3%>~_»'§§~*z=*:§¢§v¢~x§ vgw, .§ Q); $5 A ~ ~ 
A“ 

»,~= 

31$ 

»§=~%

% 
9%

Q 5» 

‘E 

“av 

~32 
1*” 

36 @. 

5“ 
gsmer’

E %*:»@
@

1 W .1“, A 1 
r WA 

7' 
NAiflW“A@@@s= I13 

A , 
» > 8 

. ; 
$5‘ 

»@gf§.;*' §,,f*:':, i“j€fF”'*‘f§;*Ti§*"‘w§~§§¢%%a»= :*~m§ Q‘ @= is ~12 w,@.@~§ W 
~ X ‘"'% Jm )

w <§ 
“'3 

V»: 

" E v W 1/~ M4! 

rs‘ 
.i,, V7 ‘G, i 

n~ xx. iv‘ “$~

.

R 

x» 1;. Q. 
X . .1 kl‘ >7.

v

@

a 

§“f§§‘“ *>w~m"w>x w~‘.:‘,:Mw ,~ X
" 

y W X 
J “ A »¢§Vl41$":lt,z'{l‘§<1’?v'—1‘!/"7! w Mg. ,/ , 

‘ . , wT;:,\>_,{ A 
’ 

‘§:_,(¢~*”’§ E‘ ~“*:“°""*%?”f»q§_~=1>w§»~?w5<M§» v»2M>~$ 21 *3 5; & , »4.- . , ,, t , ,. 

‘ 
‘ ~ » 2-,a_“?‘;, Q,‘ 

A 
-, ~ . 

“ v*€,""4”@"§"“““‘§““* 
X 

<:» "J 1* g ~* M4» 1,» . 7/ 4' ¢,, i L 1) U \' Q X? I D ’ 

Q» ~ at-» ‘ 

4 
“ 

1;
' 

5» ‘L 

xu 
M) Q 

4§YrI/v » 

w.

g 
1» Q

r 

1» 

W?" \ 

‘ 

. .. 
' 

1. 
~» W §>1I-m~é@5>* > 

3 M ‘ “K . é ., X 1 V ,°*~‘ 
~, 

, 
I 

, 1 W 
~ WW '1§K’E¥‘<1§,;7A3§,‘1b» , .> ,§ ~% 

»@= &» 

-7 - 
¢"‘%< 

5&3 
Mm!/" w ‘$i»Aé@,“:fiA < 

538% *;*f§w ;q:sm;;?~,;@ 
3; “\-\i;~»m aw: 

* * Q" Y» <~ eww ,7 " *“‘ <~ k A ~ - ;,. \ \u»m1q~»( 
~ >‘»~ isvwx‘ 

‘ ¢'_ _;,fi';* 
U » Q ) t W 1 Y: » . W . 

l»’& #211“; >~ { < Y _, §$¢, 
~»1,4,‘1,;.,;L_ » 

§ , 
‘ 8 

‘ *‘~>-$z_~;<‘z‘,~¢1,.~m~M§»,ix: ,;:¢, Q; 3%
" 

gm. ;f4[y"|1bv,(> N“ Q -gyxgfyfl 

M<.>»g§». 
. N. 
xi’ €§ 

mm ,4 
V M§¢w1'N 

Pi‘! 

Y 

V 

Think Recycling! 

. I
— 

Pensez d Recycling! 

w k s’ 4» 

-, _,_f - -


