NWRT Conk 41-55 ‘

¢, cCiw |

JUL 26 1991

 LIBRARY

226
N87
No. 91-
55
c. 1




RRB 91-12

T : . ) . :
_For the Monograph "Samp1ing and Characterization~of
-Envifonmenta1 Particles", a project of the’commiSSion

on Environmental Analytical Chemistry, Division of

"Analyticdl Chemisfry of IUPAC, 1990-1991 second-stage manuscrﬁpt A

EVALUATION OF ELECTRON MICROSCOPE
TECHNIQUES FOR THE DESCRIPTION OF
AQUATIC COLLOIDS

by
G.G. Leppard
Lakes Research Branch
National Water Research Institute

Canada Centre for Inland Waters
Bur]ington, Ontario, L7R 4A6

, MARCH 1991 A
NWRI Contribution 91-55



MANAGEMENT PERSPECTIVE

. This review evaluates ‘thé various electroh mitroscdpe “tech-
nologies for . their capacity{to provide realistic charaCterizations of
aquétic colloi&s.' There is_a fosUS on quantitatively important col-
loids which,/before 1990, were cohsidefed too unstabie to be prepared
for réalistic}descriptions. .For this-review, a colloid is defined as
‘_,a particle with a least dimension_betWeen 1.0 and 0.001 micrometres,
an& reference is made to:specific roles of colloids in fhe'strUCtUre,
function and health of both surface water ecosystems and water tfeate
ment systems. Minimal perturbation techniques for samb1e breparatfoﬁ
and multi-method approaches to ana]ysisﬂars described and assessed
with regard to their contributisn towards]improved'eharacterizations.
The state-of-the-art is defined and some positive future develOpments
are prediéted. Accompanying the review is ‘a photo atlas of common
aduatic‘colloids revealed ih.a state as close fo the natural as is
possible; This document was prepafed at - the request of the

International Union of Pure and Applied Chemistry.



PERSPECTIVE. GESTION

~Dans 1a présenfevétude, on évalue les différentes teehniquesvde
micfoscopie éléctroniqﬁe au niveaw de ‘leur eapacité de caractériéer de
fagon réaliste deé{co]lo?des aquatiques. On vise les colloides dont
la quantité est importante et qui, avant 1990, étaient jugés.trop
1n§tab]esApour €tre préparés en'Vue d'dne‘description'réaliste. Aux
fins de 1a présente étude, un colloide est défini comme une part1cu1e
mesurant entre 1,0 et 0,001 micrométre, et on mention des rdles
~particuliers des colloides au  niveau de la structure, du
fohctidnnément etAde 1'état dé santé‘des écosystémes d'eau de surface
et des Systémes’de traitemenf des eaux.- Des techniques de preparat1on
des échant1llons peu perturbatrices et des ~approches selon plusieurs
methodes_poun 1'analyse sont décrites et évaluées relativement,& leur
apport en vue d'une meilleure caraétérisation. L'état des
_connéissances est .défini et quelques, progrés .positifsv futurs sonf
prévus. L'étude est agcdmpagnée d'un étlas ‘photographique de
colloides aquatiques cduraﬁtS'présentés dans un état s'approchant 1e'
plus possible de 1'état naturel. Ce doéumént'a été préparé d la

- demande de 1'Union internationale de chimie pure et appliquée.




ABSTRACT

Transmission electron microscopy (TEM) can now be used
profitably, ih 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
Hm). ‘Morpho]ogiCal observations can be extended to analyses of
coiloid'aggregation behaviour and verified in a multi-method approach
by independent compiementary techniques. | In some cases, size énd
shape éna]yses~ of individual colloids can be supplemented by (1)
electron. dfffraction 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 fof
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

particles" is delineated for use by aquatic scientists.



RESUME

La microscopie électronique par transmission '(MET) peut
maintenant €tre utilisée de fagon fructueuse avec des techniques: de
pféparafion peu perturbatrices appliquées sur le terrain pour étudier
des colloTdes aquatiques natifs de n'importe quel diamétre de toute la
plage de taille (0,001 & 1,0 um). Des observations morphologiques
peuvent €tre élargies aux analyses du comportement d'égrégation des
colloides et vérifjées d 1'aide d'une approche a plusieurs méthodes
par des techniques complémentaires indépendantes. Dans certains cas,
des analyses de la taille et de 1la forme‘de chaque collo7de peuvent
€tre complétées par 1) des analyses de diffraction des &lectrons et g
‘par 2) des analyses de la composition en &lément par spectroscopie &
dissipation d'énergie. A i1'aide de coupes ultra-minces d'échantillons
de collofdes inclus dans une matrice en plastique, i1 est possible
d'améliorer la qualité des mesures mentionnées ci-dessus et, de plus,
i1 est possible d'effectuer des analyses microchimiques en utilisant
des contre-colorants qui sont sélectifs pour des composants chimiques
particuliers et qui péuveht €tre visualisés de fagén non équivoque par
MET. L'identification des artefacts, VIeUr- évaluation et 1leur
minimisation peuvent €tre 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 colloneS aquatiques et présente de nouvelles
informations de la MET sur des @ana1yse$ de particules" antérieures
qui peuvent €tre erronées. D'aprés les récentes analyses de MET, la
fine pointe des connaissances en ce qui concerne la caractérisation

des ‘"particules colloTdales non stables" est réservée aux

scientifiques du domaine aquatique.



.l. INTRODUCTION AND CONTEXT FOR ASSESSING PROGRESS
1.1 General Context

Colioids can be §0n$idered_as "papgicles" having a least diameter in the
range of about 0.001 to 1.0 um.l The significance of fhe submicron size range
is ;haﬁ-(l) an aépreciable,fractionaof the molecules of a colloid is located
at the boundary fegiOﬁ between particle and aquatic milieu, apd that (2) a‘
miéfoscope\investigation»shoﬁld emﬁloyAat least one michSgope whose resolution
bérmits analyses of the smallest colloids ahd their‘surfaces. In addition tq
'their'smallvsize;colloids Have a'"glue-;ike" or adhesive aspect which gives
them compléx properties in water.‘Cbnsidérations of ;heSe'propefties from
diVersé scientific points of view, including coagulation/flocculatipn an& ion

binding, are available iﬁ the literature. 1,2,3,4,5,6,7,8

As is increasingly evident, 4'5’9’10’11’1?’13’14 colloids play significant
multi-faceted roles in the structure and function of aquatic ecosystems and
water treatment systems, both healthy and-p011Uted. From the point 6f view of
huméﬁ needs and frailties, colloidsvcan be major factors in modﬁlating the
‘quality of natural waters, piaying-roles both positive and negative. To better
understand these roles, improved methods of_chéracterization are.a necessity.
Electron microscopy (EM) in its variOus-fbrms is prdviding an essential
technology for réalistic'descriptions of aquatic célloids of all'kipds. This
critical review will show that, as artifacﬁs become more r;adily identified
and minimized, EM is»increaéingly useful in the characterization of colloidal
matgrials previously considered too artifact-sensitive for realistic analyses.
A The focus will be on the teghﬁiqués of transmission ele;tron microscopy (TEM)

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

~



heterogeneity, crystallinity and colloid—cplloid_asSociations. As well, TEM
is being adapted to permit‘increasingly sophisticated;microchemical aﬁalyses,
inclpding‘some for reactivity,and_EIemenFal'composition analyses;

Among the qUantitatively important kinds of colloid under scrutiny by
recent technology transfer into the aquatic sciences are the following:
(1) oxyhydroxides of iron and mangaaese; '. h | /
(2) fibrils, or linear aggregates of biopolymers rich ih.polysaccharide; :
(3) aggregated fulvic acids; ‘ |
(4) clays; | '
. (5) waterfborne viruses;
(6) picoplankton, or living cellular organisms of colloidal sizei
(7) refractory skeletal materlals, both organic and mineral.
All of these are treated here, as are some of their natural assoclations
as revealed by minimal perturbatlon studies, Some of the smallest colloids |
yield Tittle ultrastructural information on an individual basis, but TEM analyses

of their mode of aggregatlon can be reveal:.ng.15 ;6

!

1.2 Electron Microscopes

The conventional transmisslon electron microscope17 is currently the most
useful kind of microscope for morphological analyses of collo1ds and aggregates
of colloids; The TEM 1s 51milar in purpose to the classical ‘light microscope
but w1th a much greater resolving power; it can provide clear well-defined
images,qflobjects which are ca. 1000 times sﬁaller than the smallest objects
resolved by a conﬁehtional 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 recordingvdevice. Because iaaging depends orethe peaetrating power of

-




| .eléctrons and because this penetrating'power‘is low for the Goitages used in
a_cqnventioﬂal igsﬁrument, én object for study in the specimen plane cannot
be thick (less than 0.1 um is preferred). As a cbnsequence of this limitation,
most objects are sectioned fof examination and an ultrathin section is placed.
in the specimen piane. fhe teéhnolqu for achieying this‘is 6utlined.in a
later sectién bgiow. |

In an up-to~date, well-funded TEM labo;atory,'there‘will be a TEM with a
resolution better than 0.001 um: Consequently, tﬁe choice of.which kind of
TEM to use for a particqlar‘tybe of éamﬁlg should be based on factors,such_
as (1). the variety and quality of accessory equipmént, (2) the ease of operation,
(3) the completedess of the laboratory with regérd ﬁo speciaiized electron
dicroséépe'techniques, aﬁd, last but notbleast (4)’£hev1eve1 of skill displayed
by the teqhnical.persﬁnne1~ |

The laBora;dry chosen Should‘have.accessories which can be coupled to thé
TEM to permit énalysgs beyond the'purély morphologicél.~0ﬁe very useful accessory
is the increasingly $ophisticatéd enefgy—dispersive sﬁectroscopy or EDS. 18,19
It allows X—réy microanalysis of celloids, prQViding ihformatiOn‘on elemental

composition for those elements of atomic nuﬁbe: greater than 10; EDS.is_applicable-.'
- _ . :

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

~17,20

other useful accessories are the apparatus of electron diffraction for

examining crystalline colloids, and the apparatus associated with electron

energy-1oss spectroscopy or EELS. 2;’22 Electron diffraction in association

with a field emission scanning electron microscope or FESEM (see Crewe 3'for
an introduction to the technology) can be especially useful in analyzing colloids

at the lower limit of the size'range. EELS ié explored elSewhere in this vdlume.z4

; . X : X ' 2 e
The conventional scanning electron microscope or SEM 3 can provide a useful |

correlative technology when used in éonjunction with a TEM. A conventional SEM -

~.




has a resolution which’is'not so good'as,that‘ofﬂa TEM, but it has a,muchv
fgfeater depth of focus and requires 1eas complication‘in specimen prepaiation.
These latter positive features‘preaent some advantages relative to‘TEM ‘(and
its requirement for ultrathin specimens)_especially‘in orienting the analjst
within large heterogeneous. aggregates of colloidsfnhefe.some of the colloids
‘are many times'larger“than the thickness of an ultrathin aection. This problem
of the'disposition in three dim&nsiOna_of colloids within aAlatge aggregate
and the need for correlative microscopies to pfovideiorientation is discussed
; more fully below. The capac1ty of the SEM to analyze extremely thick specimens
is a result of the nature of its 1mage formation which is different from that :
‘of TEM. In a. SEM, a narrow beam of electronS'ls focused onto the surfacevof
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
inage on a viewing screen and/or camera. |

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

electron microsCopes'or ST-EM.26’27 Some are relatively 1nexpens1ve in comparison

with a high quality TEM and can be fitted with EDS'to prov1de a versatile

1nstrument for the, elemental analys1s of colloids in the upper part of the size

\

range.28'0ther accessories are contributing to the use of STEM for analyzing
relatiVely (ca. 0.5 um)‘thick‘sections. 29

While a conventional TEM is restriCted to analyzing ultrathin sectidns, it
is p0581b1e to use TEM to analyze colloids in thick sectlons through the use of
its big brother, the hlgh-voltage electron microscope or HVEM 30 31 whose
electrons have extra penetrating power. An HVEM Operated at 1000 keV can achieve
fthe same reaolution as a TEM operated at 100 keV Whenvdsing sections 10 to 20 |
times the thickness permitted by TEM.'Specimens ofAseveral micrometres thickness

can be imaged on a routine Basis,,but'since-the'images represent volumes; they

reduirelspecial recording and display methods. Because these special methods




are being improved, HVEM has considerable potential as an instrument for the
aﬁalysié of aquatic colloids, despite its.coSt.

An instrumeiit of the future having fascinating possibilities is an electroi
microscope adaptéd to the visualization of colloids in water through thé use of
an environmental device (sample compartment) placéd within the microscope

¢olumn. 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 iead‘to the formation of settling particles
ip aquatic‘ecosysyems,‘it can be necessary to employ a battery of ¢orrelative
microscope technologies So éé 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). Thé lighf microscope can provide a resolution of ca. 0.2 umvwhen used
nature or from controlled experiments. Examinations of gross features can be done
directly without aﬁy 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

36,37 38

materials in contexts where the artifact contribution is known. Hayat
provides a related guide to the differential staining of biologicai macromolecules
in TEM sections.

Theré ére many useful variations on the theme represented by the standard
light'micrdscope which permit improvements/refinemeats 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

40,41,42

developed confocal laser microscopy and high resolution digital imaging




42,43

microscopy. Attempts to extend structural analyses well into the submicron

range are becoming increasingly more successful through the use of image

44,45,46 Some of it is being developed specifically to

processing technology.
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 phototrophicAofganisms in the submicron size range 49 through the use
of epifluorescence microscopy 0 on these "living colloids". |

A systematic approach to bridging the gap between the near million-fold
difference in resolution above (naked eye vs TEM) becomes essential when one
wishes to study: (1) the fine detaiis of the thrée dimensional disposition of
different colloid types'and their associations in a natural aggregate; (2) the
subunit'5tructure/microheterogeneity/porpsity of an individual colloid; or (3)
fhe'formation of heterogeneous aggregates in experiments. In theory, serial
sectioning of embedded colloids would allow one to_carfy 0pt such TEM morphological |
étudies unaided by accessory microscopés of 1owgr_resolutidn. Practically, however,
a blend of correlative technologies is often a neéessity and always a blessing to
the completion of a successful analysis.51 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 tﬁe esséntially plana; images of ultrathin
sections, and ao it within a reasonably short time frame.

Let us assume that, to analyze a certaih kind of aggregate effectively,
one must take sections of 0.050 um thickness through embedded aggregates.of
100 examples to draw a meaningful conclusion. Let us further assume thgt the
pu;pose‘of the study is to relate details of aggregate morphology to physico-
chemical factors, thus requiring 5 different egperiments in at least 2
replicates. Thué, in a relatively modest project, one finds a requirement

for a photographic documentation of each of 100,000 different sections. This




is clearly a formidable task and one which is attractingbthe'attention of

innovators. who strive to make the task easier through TEM modifications,

new accessory technlques and novel methods of 1mage analysis. 52, 53

A more feasible research strategy, and one which can incorporate 1nnovations»
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 téchnology which allows one to look at the entire volume
of each 5 um aggregate, evenvthough the resolution may be relatirely low (e.g. by“
1ight?microscopy);’ |
(2) then one can look at finer'components with a technology which provides a
hlgher level of resolution while still permitting an appropriately varied
selection of views relating to the entire volume of the aggregate (e.g. by SEH),
(3),then, properly oriented with respect to volume; one can employ a selective
_sectioning approach 24 to provide essentially‘planar specimens for TEM analyses
of all fine details of interest. | |

This strategy permits an appronimate reconstruction of an aggregate which,
with an.appropriate selection of preparatory techniques for each microscope
technologyremployed, will be close to realistic. One can repeat the work using
a different selection of preparatory techniques in a multi-method‘approach and
analyze techniqde—specific VariatiOns in detdil for anm assessment of artifact.
Also, one might wish to employ a TEMébased 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

pre paratory
manneéthrough the minimum perturbatlonYtechnology currently in development for.

1 . ) .
TEM 3536 and for SEM.57 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 electtron microscope techniQués for a realistic
‘ : i N : .

H

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



‘(1) an evalﬁatidn of preparatory techniques (especiallleEM preparétory téchgiqﬁes
‘transferred from the biomedical sciences); and (2) aﬁ evéluation of strategies |
vfér seléctiﬁg.the ﬁost effecﬁiQe blend of p;eparatory techniques and ﬁicrbséope
.acceSSOtfés for a givén research goal. The 1étter evaluation was covered in part
in the section above (1.2 Eieétron Microscopes) and its coverage Vill‘bg'completed
in later‘sections. An evaluation of preparat§ry techpiqueé was the subject of a“-

recent review 15 .nd thus will be treated briefly below.

1.4 Preparatory Techniqﬁes

1.4.1 -An Overview of'the'“Art" of Sample Prepargtion

| One cannot aptomatically assume that g-specific colloid will be altefed
adversely byva.perturbing ﬁode of preparaéibn. Howeyef;.ituis certainly‘wise to
prebare'an incompletély_known.specimen (or .aggregated mixtufeé/fiocs of known
and unknown ‘colloids) iﬁ a-miﬁimally perturbing way-if one's gdal is te initiéte'
‘a new literature, ;hat of the ﬁharacteriza;ioﬁ of aéuatic colloids. The fact

‘that many aguatic-colloids show instability in natural watens has been amply
| 6,58,59,60 i

cbnfirméd by physico-chemical investigations. It is also evident

,that.the'cqlloidal 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 tb'choice

of preparatory technique. 12,15,61 Natural ofganicAcoatings, which form on

A

particles spontapeously in surface waters, can modulate partiéle chemistry and
behavioﬁr;l62’63’64’65’66’67 thus,»inteféctions at the particle-wafér interféce
are of séecial intereét when p?eparatory téchﬁique is of high.enough qﬁality té
pérmit morphdlogieal analyses néar the extremé.ldwer size limit for coiioids.
'The fact that the pursuit éf suchxén extrgme-level’of-detail_ié.feasiblevis

’ 68,69

attested by recent observations of fibrillar surface coatings and on the

bore structure of the colloid—waper interface material of a hydrated iron
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oxyhydroxy—phosphate. 70‘

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 manyklimnological materials with regard to structural-
stabillty, espec1ally stabillty changes related to degree of hydratlon. Because
of this concern, there are two guldlng pr1nc1ples whlch one must con51der in
transferring EM technology from a base in blomedical sc1ence to the analy51s
of aquatic colloids. These prlnclples, which wili be developed in a historical
context below;.before enunciation, give insight into the ﬁart"'of‘selecting'the
most appropriate preparatory"techniques for a given goal.

The'best techniqoes were deveioped, on a trial}and-error basis, by and for
xbiologiSts for facilitating the analysis of unstable organic-rich materials,
such as parts of living ceiis. Some are readily adapted to the ultrastructural -

ranaiysis‘of.colloidal gels and‘coiloidal aggregates rich in minerals; as well
as to.individnal'colloids, hoth inorganic and organic. 15 Ordginally, they were
developed in response to a need to: (1) stabllize complex blologlcals for
examlnatlon of spec1f1c features under the harsh dehydratlng condition of the
-high vacnum requlred by the specimen chamber of a conventional TEM; and (2)
reduce the thlckness of many kinds of spec1mens s6 as to permlt an optimal
transmission of the electron beam at the acceleratrng voltages used routlnely
in the third.quarter of this centnry.'The need for stabilization led to the
deveiopment of modern,chemical fixatives 7} and technidues for physical fixation
.based on rapid freezingp 72373’74 and -also to sophisticated combinations of
these two general approaches. The restrictions on thdckness,of specimen led

to the‘development‘of embedding'resins which retained‘the integrity of the

three dimensional disposition of (at the tlme 1ntracellular) c01101ds while

permitting the cutting of ultrathln sectlons by ultramlcrotomy. 38



ALarge numbers of scientists from manj disciplines participated with the
Biologista for decades in>the deVelopment of EM preparatory-technology and.
in ref1n1ng ‘each variatlon of it for artifact recognitlon, assessment and
minlmlzatlon. As a consequence of their hlghly successful efforts, we have a
‘literature on most of the colloids present in 11ving cells and present as
extracellular materials on the snrface‘of living cells, as well as a-literature
on the»artifacts‘createdAby'the application of‘perturbing preparatory tecﬁniques.
Additibnaily, there are scattered contributions in the literature‘of the earth
-sciences (see ;ater section for selected contributions) which provide useful
ultrastructural information on minerals and on refractory organics much altered
from thelr biologlcal precursors, even though the artlfact problem is usually '
}addressed 1ncompletely. In contrast, many of the ontogenetically 1ntermed1ate
. co1101dal substances/mater;als in natural waters (ones nelther‘fresh;y synthe31zed/
exposed nor altered/degraded.to a final refractory form) and their natural aquatic
associations nave-no propervultrastructural literature at all. Thus the'situation‘
‘weth regard to the descrlptlon/characterlzation of- aquatic collqu is one.of
hav1ng to employ dlfferent levels of technological effort and skill for any
given research, dependlng on.the background knowledge already extant for the
material(s) to be investigated. ihose who cannot develop well the "art" of

_ o , P : .
technique.selection and Blending will'tend to use time and‘resourcesvfar-in
excess of the needs fotr their research.

The'hiStorical conte#t abOVe and the uneven way in wnichttecnnology has
‘developed for the characterization of "unstablef colioida leads to two useful
principles to be applied.simultaneously;

s

(A) the literature, especially the literature of cell-biologx,-can serve as an

excellent guide for_suggestiOns on how best to analyze a given kind of sampie

and on’ how best to seek out and minimize artifacts; but
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(B) investigations on most natural aquatic colloids/aggregates,.despite

assistance from the literature, will have to be completg ;e§g§rghgs<in

themselves, including a.state—ofétheeért treatment of‘the artifact problem,
régardless of‘incréased‘cost and diffiCulﬁy, for some time into the future:

The stringent requirements imposedybn those who wish Fo ﬁroduce realistic
ul;réstructural descriptions will follow mainly frém the specific problems
 below related to colloid stability, problems which must be addressed now to
provide a framework for future-résearch: - \ B |
(1). fresh bioiogiéal colloids, once removed from their normal cellular milieu,
will ﬁndergb a Variablé series of chemical and physicalIChaﬁgés at varying
rates, as well.as\changes in their associations with solutes;

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

N
\ \

éoatings on ne&ly arrivedIparticles/cdlloi&§, coatings whose physical nature

must become better known for an improved understanding of nutrient and contaminant
disﬁersion in surface waters;5’76’77
(3) iméortant aquatic mineral colloids in their natural .state have been

5’78Vand morphology?0’79’8O

incompleteiy-documented with respect to both’reaCZivity7
A note of‘caution isthecesséry for thosevaquatic‘scientists who Chopse to
wérk in direct collaboration with cell biologiéts, Those glgrastructural cell
biologists involved in perfecting the "art" of artifact minimization will often
be found selecting (but deiibgracely and with good reason) a highly perturbigg

73,81,82 This is because they know

approach for preparing certain specimens.
theif specimen so well (from the literature and by'experience) that théy can
predict (and verify later)vthét their colloid of interest will be visualized
realisticaily, despite the harsh technique; while ailowing 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 becauée it.prOVides for a
. possibility that short cuts may be'permitted in thé,aquatic.colloid analyseé'
~of the future. The drawback is that it méy encourage one to take unwarranted
and premature short cuts

To comp;etelthis overview of the "grt".of sample preparation, I present
Figurég i and 2; Thy illustrate an overview of methods for 'the preparation of
natural aquatic colloids/particles for visualization Ey TEﬁ. Scheﬁes 1 and 2
D 28,83,84

of Figure 1 have been presented in detail in the literature. Scheme 3

of Figure 1 has been discussed by the Nomizu grOup.85’§§’$7 Schemes 4, 5, 6 o
aﬁd 7 of Figuie 2 have fecently been developed in a paﬁér 26 in WhiCH a

" comparison of all sevep'schemes may be found.‘Fdr optimal effectiveness, any
SChemg chosen should be applied_to saﬁples‘which were:perturbed minimallyk'

- B ,
prior to their receipt by the electron microscopist.

’ t

1.4.2 Ultrathin Sections o

/

The'basic problems of samgle stabilization and thickness reduction Were
.solved decades ago thrbugh'(l) ﬁhe usé of cheﬁicalifixatives Zl which p%esérved
colioids/aégregafes:in é natural state and (2) through gently replacing the
watg} of the fixed specimen by moleculés of resiﬁ monomer which ¢ould be
polymerized to produée a hard block of resin?embgdded specimen/for ultrdathin
sectioning. The most widelf)used resins until recently were ﬁydrdpﬁqbic resins
which imposed an extra step.in processing; Fhe water»of fixed speciemens had ﬁd
be reélaced by an organic solventsmiscible with‘ﬁpth water'and resin @oﬁomers,38
-with the solvent being replaced in turn by the resin, thus increasing the level
of extraction‘artifact~andiexacerbating any értifaéts of dehydratiop.

The availability of a High-quality hydfophilig resin, Nanoplast FB 101,88’89

)
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apbropriate to the embedding of aquatic colloids,15556

has improvedlthis latter
situation and opened up new oppoftunities iﬁ the minimal berturbagion approéeh.‘
For extracellular organic éollbidé and colloids free in.the aquafic;milieu,

both organic and inorgahic, the need for.chemical'fixation is removed through
"the use of Nanoplast FB 101. fhué; embedding in such a hydrophilic resin can
begin in the field immédiately,after the_&ater sample has been.takeh. 56’89
For comparative analyseé invoiviﬁg seVgral embedding:media, both hydrophobic
and hydréphilic, with and withou; chemicél fixation,_oﬁe can conéult published
str‘ategies,ll5 The Nanoplagt formulations of Bacﬁhuber and Frosch 89 pernmit

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

for high resolution morphological analyses. 20 This melamine resin has such a

fine-grain stfucture that it permits a‘.practical résolution in ultraﬁhin
‘séctions of ca. 0.001 um, which is.several tines Better ﬁhan that of thé/moéf
widely used epox?.formulatibns of the cell biologists, including that of Spﬁr:.Q‘
The clarity of image produced by this.impfovgment in practical resolution is
helpfﬁl buﬁ taking fﬁll'advéntage of it is difficult because of physical effects
in the specimen.plane which interfere with the'interprepation of morphology for
details 1n the size range near 0.002 um. 92'Du‘ring the polymer»izzatipn process, |
theré is aiways a possibility of adverse interactions between the molecuies of
the embedding medium and the specimen; consequehtly, any artifacts produced by 1
this interaction are‘continually analyzed and docﬁménted. 88,93 |
Morphological analysés are not the only ‘application of a melamine resin
for aquatic colloids, Its'ultrathin sections are stable eﬁough to permit refined
.EDS'analySeé %% in conjunction with either TEﬁ or STEM.,Furthéfmore,\it is |
suiﬁablevfor use with sdmé cytochemical techniques’(éée'next‘sectiOn) which

permit identification and localization of chemical components. ?5 . o
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When eections are”viewed by TEM, localized'concentrations of heavy elements
in the specimens appear darker than the background ﬁatriﬁ of.the embedding, d
medium; This is because of a superior-electron scattering power (greater
cpntrast/electron opacity) relative to.that.of the light elements making up
the resin}'This effect has been utilized inrthe development of counterstains
(s6lutions 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 oifferential coloring of sections to be vieweamln the optical nicroscone;
through the use of TEM‘counteretains, different colloids rich in light elements
~receive an artiticial increaée in electron opacity for improved visualizatién
(and also may become dlfferentlated one from another by taklng on different :
shades of grey accordlnglto counterstain uptake)- Two of the most useful
elements for;dlfferentlatlng'blological colloids are uranium 96 and lead; 7
they are often used by cell blologists in conJunct1on with chemical flxatlves
which contrlbute other heavy metals to the 1mage to refine further the level

of élfferentiation. In addition to their general use, counterstains (and also
stains employed-with flxatives) can be deslgned ao as to be specific to certain
families of chemicals and then used with sections which have receivedan'

~artificial inputs of heavy metal, an experimental tool net to be neglected in

" the analysis of organic colloids as shown below.

- 1.4.3 Technolfgy Transfer from Cytochemistry

Technology transfer from cytochemlstry should provide many advances in the
characterization of’organic particles. The potential of this biomedical technology
is great, especially yhen applied to sections'in,cdnjunction vith'the improved

f

correlative optical techniques\noted earlier and with EDS.




16

Cytochemistry is the identification and localization of chemical components

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

in a‘morphoiogical context. 36’71’9§ Individual techniques can be either

chemical or physical and can be applied to either sections or entire particles/
. colloids mounted on a.transpérent»supﬁort'(whole'mounts); The physical analytical

techniquesbcan be either optical or electron-optical 99 while physical preparatory

71,72,100

techniques tend to revolve around rapid freezing. The chemical

localization techniques can be conventional, immunochemical or related to in situ
38,71

and.they can be applied to specimens prepared either

enzymatic activity
’ \

chemigally or physically. All the TEM-~based cytochemical technolagy has its
drigins in methods which are,related”to the SCience.Qf'hiétocheﬁistry, the
localization of chemical components on a tissue level. Thus it is based oﬁ
ﬁethodslfof optical microscopy 10;’102’103’104 which are adaptéﬁlfor TEM analyses
as peeded in an'éngoiqg process. In histochemistry,. the idéal requirements fo;
quantification of a localized éubstance are as follows: . ‘ w
(1) the substance to be measured must be kept in situ;
(2) the flﬁids into which the specimens must be paséed mus£ neither_extract‘the
substance nor'damage its chemical reactivity to the subsequent idenpifyihg reaction;
(3) the reaction used to identify the localized substance shoﬁldiinvolve a
reaction with ali of the suBStanée of interest; | ’
(4) the newly "1abeled".substaﬁqe.shouLd;be readily quantifiable,

There are some stains in general use, both counterstgins 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, Examples‘afe: the '.\

use ofulan;hanum as a marker for mucopolysaccharides and glycoproteins; the

use of rutheniud as a marker for polyanions such as acid polysaccharides rich
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" 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 knowléﬂge of the ‘cytochemical
literature and some knowledge:of,the approximate composition of the sample. .
The ianthgnam;and ruthenium formulationéﬂgre‘appliéd to the wet séﬁple prior
to embedding'38 whereas.the'silver formulagions are‘appligd to sections.

Ruthenium stains émploying the mineral dyé rutheqium red 105,10§ have been

t

especially useful in the description of environmental colloids having a

.polyanionic character.

Immunocytochemistry or immunoelectron microscopy, -a blend of cytochemistry
and'immunOIOgy,81’lO7’10$ has shown some potential for the characterization of

aquatic colloids. Coilqids COmposed‘of or enriched in sugar polymers containing

certain sequences of monomers can act as antigenic' determinants. Such colloids

ipermit an immunologist to make antibodies which can be modified to accept a,

!

heavy ﬁepal 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 enzyme's 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 gelliﬁg phycocolloids produced by

marine algae. 110,111,112,113 The pfogréss of this work in moving from fluorescent

markers (for optical miecroscope oEserva;ions) to heavy metal markers is awaited

) . .
with interest. For living c¢olloids in the submicron size range, principally

with medically impoftant microbes, the jump to the highest resolution technidues
employing heavy'metal markers has been a successful ongoing process extending
beyond the sc¢ope 6f'this critical review.

N

Enzyme cycochemiStr& 71f109’114’115‘can‘become.a tool for assessing local
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"aqua;ic impacts of protein-rich cell pa:ts recently derived from 1iving ceLls,
eSpeciaily parts which ¢contain active phosphatases-capable of altering the
nutriéﬁf chemistry of aquatic microniches, 77 Techﬁiques for identifying and
localizing énzymes inﬁédlloid'aggregates are based dh.the incubAtion of the
sample with an appropriate substrate in a specially designed artificial medium.
For ex;mplé, in one method‘fqr phpsphatase, phosphoric gsters of glice;g; argn
| uSed as the substraté. As a result of the selection of chemiéals in the
incubatioﬁ;medium, the phosphate ion liberated by hydrolygis is éonvgfted into
an insoluble metal compound at the si;e of enzyﬁe aétion. The\buildupbof ﬁetal
at that site can be controlled so that it is large enohghbto be an obvious
marker but small enough to allow a localization in terms pf the finest units
of morphology. The incubatibn is‘dOne di?éctly<with the wet sample, usually
after application of é chemical fixative. After ;he'émbedding, the three

dimensional distribution of the marker metal is analyzed in ultrathin sections

with respect to overall morphology. This techndlogy 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

bacteria, 1L6a direct literature is already extant.
Despife the exciting potential of technology transfer from the biomedical

sciences, one should not neglect the fact that chemist¥y itself has evolved a

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 micfoscopes for apélyzing 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 has

\
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contributed to our understandlng of the colloidal structural polysaccharides

of higher plants, algae, fungl. 1nsects and aquatic invertebrates, 118, 119

,espec1ally those likely to enter surface waters as refractory debris partlcles

in significant quantlties. 75 120

1.4.4 Cryotechnology I

time-consuming and costly freeze-etch technique.

PhysicalifiXation’by rapid'freezing was mentioned in earlier sections as a

sometimee useful alternative 73,81,95,100 to chemical fixation for the TEM or

SEM preparation of c01101dal materials. While useful in the hands of skllled

¢ell biologists 1nvest1gat1ng well known blological 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
' 74,121,122

Ereeze-etching consists of freezing a sample rapidly enmough to vitrify it,
mechanioally generating a fracture plane throuéh it and then making a metallic
replica of the fracture surface tuéua11y following'a pre=set level of etching),
all the while maintaining the vitrifled colloid-rich sample below the.
recrystallization temperatureﬁlThe etching consists of a controlled sublination

; N . . .
of bulk water from the fracture surface, so as to place individual colloids in

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 bEIOW”the recrystallization temperature. This,replica,
when placed in the specimen plane of the TEM, yields a topographlcal image o%
a collold or colloid aggregate, unperturbed by chemical agents or the physical

separation phenomena associated with rapid freezing at a rate inferior to
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l0,000.K;s-l_ 122 This‘metallic replica will revéal détail with a resolution

as good as that of an ultrathin section made with a hydrophobic resin, and
will be more faithful to feality. Because the replica is topographical rather
than planér and because tﬁe fracture plane may changeAlevels,within the sample,
image -analysis can present complications. 123 Despite its overall comﬁlexiﬁy
and high cost, however, the freézejetch technique is ap ideal altermative
.confirmatory technique, uéfelafed to the major standard p?eparatory techniques
normaily devoted to particle analysis. Used as part of a multi—méthod approach
in conjunction witﬁ ultrathin secgion anal&ses, it can permit conclusive
decisions to be made about the shape and size and porosity of hydrated colloids
Qhén other combinations of particle analysis techniques have been found

inconclusive.

L.4.5 Whole Mount Preparations

A whole mount preparation is one in which an entire colloid (or éggregate)
is visualized by being placed in its entirety in the specimen plane of a.
microscope. For ;he SEM, this.presents no difficulty but one is iimited to
a view of.the_particle surface; one can fracfure 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 éxamined
effectively by transmitted electrons, thus 1imi;ipg 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 preﬁaration,
some progress has been made, most recently by the laboratory of Nomizu.85’86’87
It is noteworthy thdt studies of ;he aggregation bghaviour of soil fulvic acids

received an impetus from whole mpuntipreparations. 124,125
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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; 36 with it, the smallest native colloids can be added
to a fresh Nanoplast resin preparation in such a way as to form a supporﬁ
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 fhat
achieved with ultrathin sections. Such a technique for realistic descriptions
of aqudtic colloids has to be considered promising from the point.qf view of
minimal perﬁurbation. This is beéausé:'
.(1) it can be applied in the field directly to a sample freshly taken;
(2) it avoids the appliéation of chemical fixatives to the sample;
(3) it avoids air-drying artifaéts and the dehydration artifacts which can
‘occur with traditional methods of who;e 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 FREQUENTLY ENCOUNTERED AQUATIC COLLOIDS

The most frequently encountered aquatic colloids thus far described
represent a compromise between what actually is common and the specialized
interests of the investigator. It is likely that some common colloidal

materials have been ignored.
2.1 Non—living‘Organic Materials

Alchough the most common organic families of molecules in natural waters

are known 75,127 and the more refractory components of the organisms at the

base of the food web are known, ;20’128’129 there is a lack of detailed

knowledge about the extent to which specific molecules relate to given types
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of natur31'Water$. 75’127’130‘Concomitantly, whilé some qrganic colloidal

materials can be tentatively identified on mprphologica} 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

131,132

found among some crystalline organics and .certain cell parts if

visualized at ofvbefore the earliest stages of breakdown..For a. compendium of
cell pérts, some general references Se:Ve as a good stérting poigt. 128’133’134
Structure, functioﬁ and chemistry meet at a resolution near 0,001!um and some
‘aquatic colloids have éhqwn themselves to be inherently interesting from ‘
ultrastructural, ecological and biogeocﬁemical points of.view. When.éonéidering,
thezpoteﬁtial significance of colloidal aqtivity in surface waters two decades
ago:‘Breger 135 showed profound inéight in the title of his paper used as a
closing address to a symposium on aquatic organic -matter, "What you don't know
can hurt,you:‘orggnic colloids and naturél waters". Since that time, a strong
12 ’

.economic interest has also developed.

Vo

2.1.1 Fibrils (fibrillar extracellular polymeric substances)

. Judging from the volume and variety of literature‘publishqd, the ﬁost
interesting of thg aquatic organic colloids appears to be the‘aimost-ubiﬁuitous
ethaéellular "fibril". This elongate organie colloid rich ina high polyﬁers 12,54
is readily recognized in TEM imagés by its distinctiVeufibbonelike aspect and
greatly increased electrén Opacity“fo;;qwing heavy metal.staininé.136 Individual
fibrils, whether branched or not, have ‘a diameter typically in the range of
0.002 to 0,0l0 um; the most common examples are-ébmposed at ieast in part of
polysacchafides whose monomeric\compositidn tends to be rich in ufonic‘acid
ineﬁies (sugar acids With a projecting carboxyl group). Examples of‘some;
morpholdgidal varieties, taken from lakeﬁaters, are shown in Figu:é 3. ié is

unfortupate that studies to relate fibril morphology to fibril chemistry have

AN

yielded little information.
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(1) slime layers in streams, in association with microbiota;’
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?otential impacts 6f~fibrils oﬁ;adﬁatic ecosystems are outlined in Figure 4
whose context can béIEOUnd in feference 137. There is evidence that all the
phenomena showﬁ do occur, but quantificatién of their significance hasvnot yet
been achieved (with the exception that fibril roles in bibfilm‘formation/
micfbbe‘colony formétion are vifa%ly iﬁpdrtapt, axtopic to be deyeioped later).
The value of TEM for the description of fibrils (and the resultant insight inte

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

essential. '

‘Although fibril research has not progressed as rapidly as had been hoped in
the’past two decades, enougﬁ is kﬁown to pfesent a detailed case study pertinent
to this'criticai reciew. To begin,‘it is given that fibfils.represent a family
(or families) of morphologiéally and cytochemically similar colloids which share
many .common propertiesf The most gvident of these are a biological derivation

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

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

similarities is extremely-écattefed but gdides to much of»it can' be foﬁnd in two

12,77 . s R .
older referencés. > Despite generalized similarities, however, it must be"

kept in mind that fibrils do differ in details such that differences in function
and reactivity might be considerable.
Fibrils were noted on the surfaces of a variety of algae and baéteria in

>4 During this decade, they were also documented as a component of:

; ' ' 138

(2) orggpic flocs taken from contaminated waters; 139,140

(3) higﬂly acid mine ﬁaters; 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 °

(
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interface between theruter.surfape of_a plant root‘and ghé mineral particles
of the soil solution. It can be-a:zoné of_high metabolic_activity, especially
when micfobes are present, and it influences thé chemistry of chevadjacént'
soil zone. 142 The realityiof rhizoplane fibrils was demonstrated by both’
structural and cytochémical analyses of ultiatﬁin\sections:143’144’145 énd by
'free;e—ecching; 146 thewaére'shqwn through the use of axenic root éulture_
(no bacteria present) to be produced by root cells, 146 although in nature
one ﬁould expectraisé a cpntribution of fibrils to the rhizéplane by soil
- bacteria. At this time, fibrils'weré aléo identified as the likely agents for
contact caﬁion éxchangesbbetQEen mineral.co;loids aﬁd plant cel;s, ;47’148
a role whiéh finds an Analogy inllakebwater. 24 Thus came'the ;ink between
fibfils and nutritién.

Also in the'1970's, fibriis we?e shoﬁn to be: _
(1) a ﬁélyﬁeric/bfidging étructure within many microbial biofilms,-lag’lso'
‘regardless of the biological speciation within the biofilm 12’ a'bridging
structure which-coﬁld éither éross-link microbes or encapsulate thémlaé éhown
in Figure 5; | |
(2) a natural adhesive promoting pelagicbassociatiéns of algae and bacteria
~in lakes 151, including thedir associations with'suspendéd ;biotic paft?éles;
(3) a funétionalvcpmponent of activaﬁed sludge flocs, although the evidence -
tended to be‘circumstantial; 152,153 |
(4) a secretion pro&uCt of higher plant cells grown as Suspension cultures in.L
mineral media, and used for a brief time as a source_of'sufficient.quanéifies
of fresh fibrils forvwet,Chemical anaiyées; 154
(5) a common coﬁpdhedt~df many Caﬁadian lakeﬁaters,'being detected in lakes éf
various trophic states and sizes a£ aii levels of the water column from surface

microfilm to bottom sediments. 34,136,155



‘ then became focused more intensively on fibril roles in flocculation.
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One can reaSQnably assuime 69 that fibrils comprisedithe_fibers shonn by .
'the relatively'low'resolution éEM images of the 1970's to be a major component
of the fine dehris of lakewaters. Since those,fibers appeared to bind together
the individuglicOmponents of heterogeneous debris particles, then one can infer
" that the fihrils within them helped to nediate‘particle aggregation in 1akes._
Convincing SEM studies of these fibers can be found in the innovative

ecological researches of Paerl. 156,157, 158 159 .

In the 1980's, some attention was placed on quantifying fibrils in lakewater;
84,160 | ’ :
levels up to 7 mg/L were recorded. Research on water treatment: systems
161,162,

163,164, 165 In keeping with the increased emphasis on env1ronmental pollution,
especially with regard tolrecalcitrant organic contaminants, “1 ' some research
emphasis is being placed on possible roles of aquatic flocs as natural

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

the flocs per se,‘however, rather than on the interactions of the fibril

A}

component with organic pollutants. - S : ‘

'2.1.2 Humic Substances

 Another group of aquatic organics of interest from ultrastructural,

ecological and geochemical points of view is the group, humic substances.75 167,
{

168,169 They have become increasingly interesting because of researches in the ‘

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

,parameters. 83 124, 125 170 Their great abundance, refractory nature and -

interactions with organic pollutants 167, }71-demand a greater understanding of

_ o . Vo : ‘
their colloidal behaviour. Their nature as colloids, when aggregated, is
increasingly amenable to analysis by TEM., ’

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

" structure of soil fulvic acids which showed that their colloidal structure was
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a dynamic feature controlled by thrée 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 amendble to study by TEM, These findings, based

on whole mount prepérations, compared favorably with those obtained later in
analyses of ultrathin éec;ions.83 The large colloidal aggregates were composed
of granules in the ca. 0,002 um siZe_rénge, organized into dynamic strﬁctures
as attested by theifact that they could pass ultrafiltration membranes even

| when the aggregate size was much larger than the pore size. 83 The presence.in
soils, lakes and groundwaters of moderately large colloid aggregates (0.035 to
0.20 um scatterers) of humic écids has been confirmed by photon correlation
spectroscopy. l7? The meaning df these observations is:

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

(2) uvltrafiltration is not always a simple process when applied to waters rich
in humic substances and it could become an uﬁreiiable one if induced aggregate
formation is no£ controlled.

Further confirmation of the size and shape of humic substance colloids

74,121 and by Nanoplast embedding techniques 36

should be done by freeze-etching
in association with experiments on the mechanics of aggregate formation. Soil
fulvic acids already present a.context for'such confirmation and behavioural

studies. 83 Some aggregated humic Suﬁstances are illustrated in the ultrathin

~section views of Figure 6.

- -
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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 grOundé; these are (someiimes unique) combinations of size
;nd shape and electron opacity coupled wiﬁh specific indicator details such as
surface sculpturing or a geometric arrangement of subunits. Charécterization
on this basis is especially informative for a varietyof refractory.skeletal
materials, algal cell walls and protein-rich cell.wall appendages of small
orggniSms. At the eariiest stages of degradation, some protein-rich cell parts
 (e.g. flagellae and complex organelles) of decomposing organisms are readily
classifiea provided that the fragment's least diﬁension 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 bioiogy for their characterizations and descriptions pérmitting
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

128’133’134'Fj.gures 7, 8, 9 and 10 illustrate some organic and

some time ago.
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

noén-living organic materials, a~subject which is in its infancy. ’
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 algaé, and (2) the eukaryotes, such
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as the true algae and all other cell types. A full{treatment of living colloids
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 11) and the

v plcoplankton (Figure 12). ' ’ , i |

| Despite the'roleyof viruses as agents of;human disease via water supplies,

173,174 and despite»several decades of devéldpment of particle counting

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

~environments was not fully explolted until recently. 176 Using a new method for
>>quantltative enumeration, the group of Bergh 176 found up to 2.5 x lO8 virus-like
particles per ml in natural waters. Their counts showed viruses to be present in
numbers 103 to lO7 tlmes higher than was prev1ously reported. Con31dering the
virus species which attack and lnfect bacter1a? those with a head size of 0.060 um
predominated,'smaller than what had been anticipated.

'vathe viruses are active, the inpliCations 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 thelecological control of‘such cells/organisms, and‘ln
turn of.their effects on water Quality.‘After this'd{scovery, additional TEM.
technology was devoted immediately to a search for morphologlcal correlates of
~viral ‘action on other living colloids in lakewater. 177,178

Recent‘atlases of viral ultrastructure show TEM views of both whole mounts
and. ultrathin sections of common viruses in general. 179,180 Works specialized
in TEM examinations and identifications of plant.and insect viruses are available

181 . : i |
181,182 as are reviews of literature pertinent to algal viruses. -’’’ 178 4 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 blologlcal processes of surface waters than had been belleved
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until quite recently. 49,184 Understanding their physiological roles in the

‘ metabolism of surface waters and their relations to viral predators are
how;important.goals of the biological aquatic sciences.llaé Moging from
physiology and disease to microbial ecology, anotherigoal'is concerned‘with
the secretion of oolloidal adhesives (often fibrils) by bacterial picoplankton, -
adhesives which permit organisms to attach themselves to debris and m1neral |
particles. 186,187, The importance of this attachment is great; in general,
aquatic bacte;ia are more active in biogeochemical processes after attachment
to a surface, 188 The sequence of prooesses whereby attachmeht‘influenceS/
metabolism, and the subsequeat ecological cohsequences,‘is an important focus
. of aquatic mierobe_tesearoh.‘The mechanios ot the attachment pfocess, iﬂcluding
the positioning.of.stgbilizing oolloids and eross-linhing bridges involved in
biofilm formation, have been amenable.to TEM ahalyses for decades. 189’190‘
-_The'speciation of the algal picoplankton in the submicron raageiwas begun
a little more than a decadeiago. 191 It can be continued only with the aid of |
TEM. Concomitant with the TEM-based speciation researoh, 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 speclfic environmental stresses. Some picoplankton

<
with distinctive morphological features 193 are shown in'Figure 12,

2.3 Mineral Golloids’aqd-Mineral-Organio Associations

‘Mineral colloids have been studied extensively'and well by microscopy for
decades. lgé The general literature on mineral colloids is large and readily
‘aécessible. 195,196 However, its EM literature is essentially about the minerals

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

,o% particles of a pure mineral which had no aquatic oontext. The experience of
o ! . . .



this‘author in examinations of'surfaCe Water colloids is that the minerals are
typically eroded/coated/irregularly fractured/aggregated with dissimilar colloids
to a con31derable extent, such that their classical features are not always
evident in samples which have been perturbed minimally. Whlle the focus of this
critical review is on realistic descriptions of both individual colloids and

natural c01101d associations, it must adhere to its theme of descriptions/

characterizations ofvigyatic colloids in their native state in aquatieaecosysgggg;
, 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.parametersArelated to the growth of hydrated colloids into
hydrated "conventional" particles including crystallinity changes:

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

'EDS analyses of minimally perturbed samples, w1th electron diffraction and

cytochemistry as useful adJuncts. In response to recent transfers of high technology,_

~ the aquatic sciences are creatlng a literature on such topics. The s1tuation with
‘ ' 28,94
respect to unperturbed mineral colloidéhas deflnitely advanced for both water

"and sediment samples 80, 197 The necessary concepts_and technology for continued

15,56,78,107,121,198

¢

prOgress are increasingly'refined and there is no lack of

interesting experiments to do and hypotheses to test.

Two topics of potential interest worthy of mention are: the genesis of

mineral colloids in water by biota; 198,199,200 the synthesis and organization

of mineral-rich skeletal Structureshbyfbiota. 201 However, they take us far

enough into the biological’literature to extend beyond our.Scope; studies of
natural associations between mineral colloids and microbes are readily accessed

in the bacteriological and phycological literatures. 138, 199 With regard to

~
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mixed inorganic/organic flocs, there are good experimental systems available
to analyze the mineral contribution to mutual floeculation between minerals

“161, 202 203,204

and cells/organlcs. Increa31ng1y amenable to TEM-based analyses

are molecular_interactions'at the mineral-microbe interface. 198’205

DisCusSed below are some specific studies on mineral colloids in their
approx1mate native state in aquatic ecosystems. These studies were chosen
jbecause they involve various combinations of improved sampllng, improved
preservatiOn, selective staining and the use of EDS or electrOn d1ffractlon
-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

2.3.1 Inorganic Assoc1ations With Organic High Polymers

| In 1988, Stone'207 made the follow1ng statement in reference to the
interactions of mineral partlcles with surface active aquatic compounds of
high molecular weight.'"Whether such.organic cdmpounds are spread over entire
mineral'Surfaces or areufoundvin patches on mineral surfaces is not known. The
‘nature of this surface covefage can be expected to have an important impact on
the availability of mineral surface sites for chemical reaction." In mahing
this{statement,'he-is,providing a-comment.on thevlimited capacity of COnventional
‘chemistry to detectethe detailed distribution of a coating material at a mineral
‘surface. There'is,'however, a microscopical/1imnologica1 techndlogy.which does
not have-this,limitation, at least-for the case‘of organic fibrils (Figures 3
and 4). The p0351bllity of elucidating the dispos1tlon of fibrlls on various
particles in mixed aggregates,-us1ng TEM, was demonstrated some time ago, 68,69

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 to an
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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, >4 the facts above are relevant.to

the fipding of Davis 208 that acidic functional groups on nafural ofggnic :
matter are important in complex formation at the mineral’ surface. TEM ciearly
has‘potential to assist.the efforts of environmental énalytical cheﬁists in

' the analysis of high polyﬁe; organi¢ coatings.

The relaﬁions.bétween metals/mineralization in an aquati; milieu and active

~ biopolymers- (extracellular enzymes and/or‘secreted collbidal ion exchangers)

77,209

as studied by TEM
198

is a specialized field which is growing in sophistication.

.Considering the enormous variety of organo-metallic-sbecies in natural waters
75,210 211,212

and their aniéus reactivitiés with respect to biota, ‘TEﬁ should
play a larger role ;n describing the-relatiOns between metalé,.biopolymgrs and
mineral formation.

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

is a subject of interest to many scientific disciplines. In aquatic environments,

the abundant hydrous iron and mafiganesé oxides can act as scaVengers. of (and

7

: e&entual sinks for) heavy metals 213.inc1uding toxic ones. In a pollution COnteﬁt,
suéh incorpbration.of inorganic substances by mineral sufﬁaces is a scientific

' field'connected to SOQio—pblitical issues. In this cqntext; some:novel
attempts to analyze iron and manganese oxyhydroxide célloids have begun using

TEM and STEMfEDS 80 applied to diagenetic colloids collected in situ from

sediments and embedded direcﬁly in Nanoplast for ultrathin éectioning. 214,215

. J
While the genesis of inorganic coatings is an important research area Qn,its
own, such genesis in the presence of organic coating agents should become a

major research topic within the area.,



Iron-rich particles in freshwaters have become much better understood in
recent years.‘z;6 Concomitantly, the growcb of hydratéd,mineral particles f:om

molecules is increasingly amenable to microscopical.analyses. While investigating

the iron-=rich materials of lakewqtefs,'LaxenTand Chandler 217 found stable iron-

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

t

able to assess the colloid stability of such partioles. This put a focus on
describing the genesis of ioon partioles in lakes 78 and the speciation{of suoh-
particles;'zs’zla As a result, through the uso of minimally perturbing techniques
‘and a moltivmechod approach, the formation of a minerol colioid‘and its
aggregation "growth" into "orue" partic1es was analyzed in detail for an amorphous
iron-rich material found in the redox transition boundary layer of a lake. 28,70,
78’79’?4 In this study, near-sphefical iron-rich colloids_(globules),in the range
oflb;OS to 0;31 um wofe shown to be composeo of'subunits in the nanometre oiZe
rango. Accessory techniqueslzzo showed the'ironICQmponent to be close to one-half
‘Fe(II)., A provoked flooculotion of coiloierich lake water showed the ifon;rich

\ . . .
globqles gs_participaots-in the formation of loose aggregates which were well
into the‘size_range-fof true‘pafticles (by sticking to each_othér and to other
oolioids, both orgaoic'and inorganic).Some examples of the globules are shown in

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

relationships between globuies and their aggregates is diagrammed in Figure 14;

. . 3 .
globule subunit structure was recently investigated with regard to iromn
70

'partitioning‘phenomena in relation to filter fractionation.

EDS showed individual iron-rich globules to contain also the elements Ca
and P (identified_as PO4 by laser mass spectrometry microprobe analysis) in
the mean molar ratios CA:Fe = 0.19 and P:Fe = 0.25. As a generalizatien,

r

individual globules came in three morphological varieties, one of which was
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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 Fe/P/Ca/Si/Al and others to be Fe/P/Ca/Si. However, the Si/Al and Si
components of the mixed colloids involved could be shown to he inadvertant

i

associations. 94 Individual Fe/P/Ca globules,'with or without adhering clays

or silicates, in turn could be part of larger heterogeneous aggregates containing

recognizable patches of organics, clays, caleium-rich colloids and silicon—rich

structures (some of which were identifiable by their morphology as bits of the

silica frustules, or mineral walls, of diatom algae). The globules, either alone

or in aggregates, had a surpr151ngly restricted size range; however,. the lower

limit was a function of anomalous filter behaviour. 0 The cutoff filter, a

standard filter of 0.45 um used by limnologists would retain globules down to

a diameter a little less than 0 05 um but would pass: globules smaller than 0 04 um

at the filter flow rates used at that time. This phenomenon was investigated‘in

"detail.sobas to useklow rate comparative studies as a tool to analyze the |

behaviour of iron colloids,7p a suhject treated in detail elsenhere in this

volume, 9, To summarize, in gldbule-rich samples, colloidalrirOn of average

dimensions much‘Smaller.than 0.04 um was found in experiments not based on

. capture 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 internaloporosity_of.globules. In this context, it is.r

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

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 c01101ds; despite'the tight association of globules in

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

such, Thus, the effect of perturbation was to increase the size of the _apgregate

but not the size of 1ndividual globules.
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Figure 13 illustrates part of e compined morphological-EDS analysis of
amorphous iron colloids and makes evident the ‘separation.effect" gainedrthrougn
. “the use of ultrathln sections tollocallze and 1dent1fy individual c01101ds
within an aggregate.lln this case the section thickness'is less than the.
thickness of‘most of the colloids of interest, and, of course, colloids,aooye
and below those of interest have a mininal contribution to‘the complexity of,
the ;mage (by being in preceding and succeeeding sections). Those coiioids 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-

, 1

n(sometimes) through the applicetion of counterstains. 28 The combination of
spectfal'andlmorphological detail»achieved'through'the use of ultrathin sections
.cannot be achieved in analyses of muitimdcron—sized‘aggregateS'visualized as
whole mounts., / I . o R

| Crystalline compounds of iron, and amorphous iron?rich naterials containing
crystalline components'inlthe lower part of the colloid size range, are amenable
to analyses by a eombination of TEM, EDS?and'electron diffraetion, Such snalyses
are currently being pushed to their limits 222 and promise to. extend our knowledge'
of crystai nuCI?ati°“ in.natUrai waters., They should also help to refine our
understanding of the "amorphous" stete‘for iron coﬁpodnds, a subject of growing
interest..223 Sectloned iron compounds from aquatic environments have permltted
a morphological resolution of ca. 0.001 um in NanOplast 7? »222 ‘and permit hlgh
grade . spectra from colloids as small as 0.04 um diameter during routine use of
TEM-EDS. lefractlon patterns potentlally useful for "flngerprlntlng can be
-_obtalned from iron-rich. crystals with a dlameter below 0.005 um.222 This last
figure mayvseem surprisingly good to some, since electron-dlffraction paraliels‘
X4ray diffraction, bnt one must remember tnet electrons‘interact about 106 times

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

. . B \ .
nanometre crystals in an ultrathin section is not difficult).
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Even with variable mixtures of several different iron-rich compounds in a -

N

complex organic;m?trix, oneyhas‘a possibility to selectively identify specifié
crystalline iron compounds in samples whose'size is extremélyISmall«in relation
" to the sample size requirements of-conVencioﬁal wet chemistiy. This Eapacity of
TEM-based technology for research on microcrysﬁals'within gomplex mixtu;es
‘certainlyimerits further exbloratioﬂ-and‘has élréady been well ﬁtilized in

. N ' . - \
studies of iron=ritch magnetosomes, the crystalline colloids of magnetite found

224,225

within the e¢ytoplasm of some aquatic bacteria. These intracellular

~crystals of cuboidal=to-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 possessfﬁg 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 structute of individual |
e 226 . . . o o 227

magnetosomes was analyzed "~ using a field emission electron microscope.
Each colloid was determined to beha single crystal with a Héxagonal prism shape

truncated by (lll} planes; the lattice spacings agreed with- those of magnetite.

8

. A ™~ "
A subsequent study in 1984 22 by high resolution TEM with electron diffraction

226

on the‘growth é9d deﬁelggmen; of magnetosomes revealed that the 1983 story
was not complete. In the later study, direct evidence was presented for both

crystalliné and ron-crystalline phaséé within individual magnetosomes. It led

\ .

to an interesting hypothesis on the mechanism of biagenic magnetite formation,
one whereby magnetite crystallization involves hydrated iron (III) oxides as
non=crystalline precursors,

The isolation and detailed characterization of native iron colloids is

' intiﬁately tied to an_improved_understanding of minimal sample pérturbation.
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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. The basis for this is found in colloid

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

(méinly 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 thev(iﬁcreasinély pisleading) dogma/that the 0.45 um cutoff
filter of 1imnologists;séparates particles f;dm solutes, regardless of colloid
instability probiems (and_in a conceptual frameﬁork'oftenloblivioué to the
'existenge of cdlloids)} Thi§ "particle creation" artifact is treated in depth
in another-chaptér of this volume. 9 A brief ;nd to-the-point commentary on the
cutrent use of 0.45 um filters by limnoloéiéts/oceanographers (éppliééble also

to the 0.7 um filters of water quality~analysts) was published in‘l9§0.'229

Well-presented arguments for considering colloid ffaétiOHS'sepafately ftOm

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

230 When this concept finally takes hold in aquatic science laboratories,

progress in research on iron colloids, and colloids in general, should leap

1970's.

forward.‘As a final comment on the need for cqnsidef}ﬁg colloids as entities
presenting special problems in characterization and definition, look at the.
magnification marker in the-figu;es showing phqtomicrograﬁhs. It shows_0.45;um
as a'ba; which is larger than the colloids of interest, thus defining'thémras-

~

solutes by conventional limnological/oceanographic thinking.

2.3.3 Manganese Oxyhydroxides .

Research -on/manganese colloids in sediments is being done in parallel with

. : N . . . f s .80,215
investigations of iron-rich colloids in the same sediments. ?

One of the
SR e e e . : o
goals is to ascertain just what is meant by the term "ferromanganese colloid"

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

/
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composed of colloids rich in Mn plus Fe, or is it a tvo-component system

consisting of Mn colloids coexisting with Fe colloids? There has been some
. o o 14,222
technological success at achieving the means to make such distinctions.zla"
. | R o .
In concert with this effort, there has been some success in demonstrating a

partitioﬁing 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

I4
trace elements. Despite thelr obvious importance, llttle has been learned of
Vtheir native colloid structure and physico—chemical properties, 215 This lack

of information is a result of (l) their dilution-in the sediment matrix coupled
wlth (2) the lack of a minimally perturbing separation technology for 1solat1ng.
them until 1989. 80,215 At present, one can effect an in situ collection of |
diagenetic'Mn colloids, spatially Sepatated with respect to Fe colloids and
readily'dissociated from muchvof the otganic matrix, through the use of sheets
of an inert material inserted ve:tically'into_seoiment, 215 aﬁd left thege for
verying periods of'time. The oreparation for TEM can be initiated directly
after removal of a sheet,via Nanoplast embedding applied to the Mn-rich film
‘adheting to the sheet; 80,214 The narrow, minimally perturbed film is large
enough to be split into subsamoles/for multiLmethod'analyses involving optioall

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

. chemistry.

\

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

200
~Through the use of bacterial cultures capable of making colloidal Mn from -

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

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

formed in as$ociation with the fibrils, apparently‘thrOUgh enzyme action.



2,3.4 Colloidal Phosphorus J

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

o , | 206
one, which can be a contaminant when too abundant in surface;waters. 06

Changes in the avallabllity of P to biota can cause dramatic alterations 1n

aquatic eCosystems. Nearly, two decades ago, L,ean'z3 demonstrated that a

. . - /
colloidal phosphorus material, rich in an organic -component, might be significant
- T : ‘ ‘

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

promising physical technology for the separation and. characterizatlon of
phosphorus—rlch collolds 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 fractlon to comprlse 20 to 50% of the total "dissolved"

organlc 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 vifuses and somé¢ nucleic acid—rich.picoplankton all qualify'as colloidal
i} y .

P (and even in many laboratories as "dissolved"“P when»they-paSS 0.45 um filters).

‘

2.3.5 Biogenic\Calcinn;andygi;icpn‘ | v

The hiogenic nature of much of the abundant kinds of aquatic particulates

206,235 - 133,206

tich in calcium ’ or silicon, and the concomitant variations in

ultrastructure, complicate morphological analyses of submicron-sized versions
of them. HoweVef,'the importance of Ca and Si activity to the modulation of

co e e .. 201,206 i e
biological processes in aquatic ecosystems merits a greater research

effort- on their aquatic colloidal species. Descriptions of the most abundant

particulate species of Ca and of si, inclnding some-biogenic,kinds, can be
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found in mineral atlases for earth scientists; 13 some are distinctive
morphologically but their distinctive aspecté tend to disappear for eroded
fragments in the lower pért of the eolloidal size range. They are readily.
analyzed by EDS, however, because both eleménts Have peaké in EDS spectra
which are distinguished readily from each other and from the most abundant
"heavy" elements whose particulate species are sampled from surface wéters.
Their natural associations with mineral colloids of distinctive appearance
are currently under anélySis by minimal perturbation teéhniques.

Colloidal CaCO3, calcite,,presenﬁs a mineral surface in natu;al-Waters
which is effectivé in adsorbing many organic compounds. Photosynthetic cells,
through removal of CO2 from tﬁéir immediate aquatic-milieu, can precipitafe
calcite at the cell-water interface and initiate the formation of calcium-
riéh particles whose fresh calcite surfacés are readily exposed to secreted
organic molecules. Some roles of organics in determining the nature of mineral

. . . o : . . . 235
species formed at the surface of coated calcite are reviewed in Morse.

Analyses by TEM»andﬁEDS of these phenomena can contribute to: their understanding.
Silicon, in terms of the compohnd silica, is rélatively untreactive chemically

in many surface waters. HoweVef, Si is important in the cycles of (often

abundant) diatom algae which assimilate it for the synthesis of their mineral

133,206 5i11con occurs in soluble forms (silicic acids)

cell walls (frustules).
and in particulate forms as well as adsorbing to/cgmplexing with other substances.
In the author's experience, silicon-rich materials sampled from freshwaters are
difficult to recognize in the lower part df the tfue particle size range when
identification is based purely eon 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 aré readily identified by their regular geometric aspect (prqvided

that the. fragments are not too small)., Figure 15 illustrates frustulées in
different sﬁages of fragmen;ation/deg:adation,.includiﬁg one app;oaching
colloidal dimensions and accompanied by ;té EDS Spectrum.‘fn the case of the
living exampie shown in cross section with its cell structure intact, one can .
see evidence, at the frustule-water incérface, of the high polymer organics

which are usually associated with frustule mineral. whilé diatoms are the

most noted examples of single—célled organisms which make silicon—fich
structures, they are not alone. Of rele§ance to this critical réQiew, there

.are examples of aquatic bacteria which can precipitéte silicon-rich materials;

some examples are summarized briefly in Beveridge. 198

' 2.3.6 legyJMinerals

Fof several decades, there has been a literature available on TEM descriptions

194

of mineral structure per se and much of this has featured clays. This f

literature contributed to an uriderstanding of both the ultrastructufe and

activity of clay colloids. 196 However, the literature was not concetned with
minimal perturbation téchniques, having little need for them in descriptions of
rigid materials and having only recently developed a need tq ?isualize better

the coatings on minerals, and other colloid-colloid associaﬁions. SimultaneOUS
>with this TEM contribution to mineralogy, theré devéloped a biological literature-
focuséed on clay-microbe-fibril associations, The researches were concerned
with the effects of the soil environmént én the morphology of submicron biota,

236 and with the spatial relations between clays, microbes and high polymer

organics, 14s'including cytochemical analyses of ultrathin sectionms. 143

Submicroscopic studies of so;ls 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_eﬁbedding resin and plaéing emphasis on correcting problems of
sample pefturgation, the Bénnect group 197 have made considérable information
~gains througﬁ TEM analysis of clay;sediménts iﬂ ultrathin sections. They were
able to shoﬁ, for sediments of unconsqlidated high—porosicy marine clays
visuaiized ét high resolution,‘chat the pote pfofiles of these,sediments had
‘ aSpeCt'ratiqé wﬁich approach'l.o. The poréfpfofiles of consolidated low-po:osity
clays weré Characterized by aspect ratios (length-to-width ratios) which approaé¢h
infinify. Their data suggested tﬁa;\sediment fabric ‘is a function of Bbch the
chafédteris:ics of the constituent particles and the physicallqhemiéal
"ehvironments of depésition. They'had somé success with compute?ized image
analyses carried out on SEM and TEM micrographs of sediments. Initial resﬁlts
appeared promising for quantiffing fabric parameters and pfoviding a scatiStiéal
basis fof fabric descriptions. An extensiqn'of this reSeafch 32 emplpyed a TEM
. environmental'device'35 in a preliminary way as a tool for the analysis of
hydrated glay colloeids. This innévative.appfoach may soon be complementéd by
new deVelppments in scanning'tunneling microscopy which permit atomic resoiution:
microscopy of surfaces immersed in water. 239 Adding to all this fecent technology
transfer are the initial attempés to analyze clay colloids epbedde& in hydrophiliec

resins. An example of a minimally perturbed clay particuize is shown in\figure 16

accompanied by its EDS spectrum. : _
3. WHERE ARE WE NOW? — A SUMMARY
3.1 The Behaviour and Interactions of Aquatic Colloids

Individual colloids within‘ag,aggregate‘and individuals which participate in
experiments on aggregation can be charactérized on the basis of shape, size,
~ native electron opacity, internal heterogeneity, porosity and elémentél composition,

Some organics can be further characterized with counterstains and molecule-specific

\
N .



"markers", wﬁile égYSCéls cén be further characterized By electron diffraction.
Aggregates can be cléssified aécording to shape, size dis;:ibﬁtibn; proportion

| of minerals, proportion of crystals, evidence of biota bresent, degreé of

packing, natufé ;nd frequeﬁcy of non-cellular bioiogicals, evidence of 6c§1usion
phenomena and the‘frequeﬁcy qf‘asSociation between'nuﬁericaliy-iﬁpbrtant cplloids.
‘An expanded tréatmethéf aggregate suﬁstructurevfpr organicsvwés published |
recently. 15 1q énalyzing aggregation, one i§ not ﬁecesséri;y restricted to
examining before;and-after situatiéns; cryotechnology should ﬁé‘applicable to
the analysis-bf stages of aggregation when these:are relatively fASt in comparison”
"to fixation/embedding times. Applied spinoffs froﬁ high-resolution analyses of
adhesion or "stickiness' phenomena are likely Eo inclﬁde: '
J'(l)ﬂimprovements.in the use of membfaﬁé filters in fractionation pf C°11°i§frich'f
natural waters (and,-pqtentially, wastewaters);

kZ) improvements in our ﬁpderétanding of occlusion phenoména 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 c¢an 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. \

The minimal perturbation approach consists of:
(1) taking thé.saﬁble in the-moét genﬁle manner pqssible;
(2) i591ating the material of interes; in the most gentle way possible, and' 
doing so in a manner so as to keep the'nﬁﬁber éf processing)steps to a ﬁimimum;
(3) avoidiné, if possibie, céﬁcentratingAthg sampié'i;-‘otherwise let the wa;ef

body cencentrate the sample for you, as one can do with lakes by -conducting a

\
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search beforehand for the stratun.most richfin the colioid of interest;'

(4? avoiding sample storage —— otherwiae store it for a duration as short as
possible (<1 day); B

(5) preparation for EM which involves as few steps as possible and a choicevof
stepa which mininizes coiloid instability artifacts;

(6) using entraordinary means to ensure colloid stability prior to the final

‘ emhedding step,.means such as isolating oxygen sensitive colloids at the oxygen
tension level wherevthe colloids are found:

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:unite of structure at high&resolution. While artifacts can appear, they
can also be identified,fassessed 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

different
severachhemical/phy51ca1/biolog1ca1 techniques are applied in colloid analyses,
and all point to the same conclusion, then one is likely to arrive at a correct
. conclusion. In the.context of EM analyses, if several different mones of colloid

\
preparation for m1croscopy 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" 1is the correct answer, This nse of a multi-method approach can overwhelm
allvobjections to the anaiyses'of colloid instability which are based.on the
- attitude that extreme difficulty equals. impossibility. |
Some successes in employing anroptimai combination of multi—methpd approaches
with minimal perturbatlon approaches were descrlbed in earlier sections. General
15,56, 78

strategies are available in ‘the literature and the author's opinion of

the state-of-the-art is outlined below.
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3.3 ‘The State-of?the?art.

The state—of—the-art,in the realisticxvisualization 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
(2) the application of the Nanoplast embedding technique .for preparing 1arge
' 'colloids and large aggregates of them directly after sampling, 70,80
(3)‘independent verification by freeze—etch technology of any contentious finding,
7(4) the most gentle sampling technique available, used withOut sample storage

‘an& employing extraordinary precautions when necessary. 70 78

.

4. DATA ANALYSIS AND INTERPRETATION

The nature of the potentially available‘&ata is as follows for unit colloids:
(1) shapes o |
(2) sizes and.size distributions
(3) porosity '_ | _ | N B
_ (4) native electron opacityilevels, an indication of heavy element levels
(S)Ielemental composition on'a "per colloid" basis |

(6) crystallinity 1dent1f1cation/fingerprinting on a "per colloid" basis : o

‘(7) acquired electron opacity, an indication of selective affinity for heavy elements
(8) internal differentiations in addition to porosity, for 1arge complex colloids,

The nature of the potentially available data is as<follows-for aggregates:

i
]

(l)hShapes ‘ | o ' \'
(2) sizes.and size distributions | | | | | |
(3) degree of packing

(4) relative frequency of colleid types

(5) distribution of c01101d types with Tespect to the surface of an aggregate

(6) natural associations between colloid types.
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For experimental work, a cléssificationIScheme based oq'stétic images can
be used in principle té interpret dynamic p;ocesées. Time éequenée/experiments
on colloid aggregation and aégregate ageing are feasible with cryotechnology.r
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 typés 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
For describing large complex shapeé, in the case of individual colloids,
one can4employ the techniques of morphometry developed in the past for biologists
and now being expande& for soil and clay ééientiSts as they turn to the use of

240,241 may be useful for some kinds of

ultrathin sections. Automated analyses
s#mples provided that sample preparation is cémpatible with a minimal perturbation
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
-evolving rapidly to assiézv%hree—dimensional reconstructions,.  EDS spectra and
electron diffraction patterns. Also, a recently purchased electron microscope
will arrive with a Eattery of useful computer apparatus aﬁd 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

photograph (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 permittiﬁg a
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competent_practicé of the art. There is an urgent need to break these skills
down into their individual components and create systematic proceduies'ﬁased'

on them., In keeping with an urgeint need to becbme 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 environmenfal samples containing unknéwn distortions from
colloid unstability artifact is data eméloyed tb assess pollution problems

which impact on public health and highly valued natural resources.
"~ 5, VALUES AND‘PARAMETERS IN THE LITERATURE
5.1 The Point of View of a Biological Electron Microscopist

The ultfastructure literature of cell biology is rich in iﬁformation on the
colloids within living cells. Chemically, these include proteins, nucleic acids,
polysaccharides; lipids and mineral inclﬁsions. 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 componénts of extracellular
structures, including refractory organic cgll walls, mineralized cell walls,
various coatings on small'organiSms,‘secreted-scales, a piethora of typeé of
skeletons of small plankton and the extremely fine iayEred walls of prokaryotes.
The principle réfractory 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 watets, the mo1ecu1es derived from
extracellular structures would include the principal algal polysaccharides. In
addition, there are the tanniné released by many kinds of plant and algal cells.
While'the cell biologists will take sﬁortcuts with the minimal perturbation
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apprOach,Athey ar#ive.at sound cbnclusions about colloid Systeﬁs when thef‘
confine themselves to their spécialty. In the case of those'colloiAs, both
6rganic and inorganic, whose genesis as én extracellular material is directed
metabolicaliy, the picturé’paihted by cell biologists is likely to be'a'good
one. Included in these -comments on their literaturé are the closely.fela;ed
ultrastruétﬁ;é 1iteratures of spe;ialists in bacteria, protbzoa, algae, fﬁngi

and the lower animals.

5.2 Suggestiqns for Rgvising Vélues and Pafameters

Tﬁe literature .of limnology aﬁd oceanography is seriously‘distofted in its
considerations of COiloidal phenomena.‘As.remarked upon éarliér, this is é resdit
-of their out-of-date working assumption that all aquaticvﬁate;ials can be defined
as‘éither_particies or sdlutes'(no Eolloidé) b?‘causiﬁg natural water to flow |
throughya standard cutoff filter of, usually, 0.45 um porevsize (often without
~assessing flow rate effects on colloid stabi1ity and adjusfing the rate aécordingly).v
There is great potential for én,acceptance of qolioids_and an enlightened view of
colloid béhaviour making a valuable contribution to the 1imnol§gy'and oce#ﬁographyl
‘of the future. TEM could piay a leadvrole in making this contribution, both
with degcriptife work and monitoring work on watef fractionation procedures.

| The literature of soii science is finaiiy_evolving in'ﬁhe manﬁer of the

literature of éeli’biologyf Hopefull?, it wili be guided so as'to'avoid'unnecessary
coﬁtgntiqus iséUes. Through the use of-uitréthin sections it is leaﬁingvfbrwaré
and éerhaps now ié the time to introduce NanéplaSt téchniques and freeze—etching;

Given the préfound changésbin technology pfoduced in the past decade, one mgst
question the value of past researches Which imﬁinge on our understanding‘of
aquatic colloids., The minerélogiéts whg contributed a vast litérature on mineral.

colloids have placed most. of their\emphasis on cleaned minerals whereas it is o
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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

. _ Al y : -
biologists and their cousins in the biomedical fields did many things well;
yet; despite their prodigious efforts, the picoplankton were ignored until
the late 1950?s and. the abundance of aquatic viruses was not realized until the
late 1980's. With-regatd to.the,soil scientists, I ha?e }et to see my first
view in their literature of a uinimally perturbed, dehydration-sensitive,clay
COllOld photographed at hlgh resolutlon. |

It would be wise to use the llterature of the past as a gulde, particularly

the more hlghly evolved versions of 1t, but only as a general guide to form

hypotheses. Every observation of impoF¥tance to the success of a new research
should be checked._Even‘publlcatlons whlch led to obviously correct conc1u31onsk

- may be in error With regard to specific details. Priorities for.tevising»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 alreadf suggested for limnology/oceanography which should‘

begin .im’med‘iately)y . . : . o "
6. . FUTURE NEEDS

Science needs‘to create a proper literature ou the structure, composition,
act1v1ty and behav1our of aquatic COllOldS in relation to the structure, functlon
and quallty of aquatic ecosystems. Spec1f1c attentlon in th1s literature should
be placed on the cell—mineral interface and on those aggregation processes in
the‘water column‘which lead to sedimeutation and to occluSion phenomeua.

Technical advances ate-needed, and/appear_to be-already forthcoming, for

" reducing the time necessary to survey sectioned samples. Time is currently the

single biggest factor  inhibiting research on aquatic colloids, Reducing the

)
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skill components of analysis and interprétation tb a systeﬁ,of standard
routine procedures is»needed to'cﬁange'theﬂartistic component of'elecﬁron
vmicroscopy to a more systeﬁatic one. Suécess in this endeévor will %p turn
reducé the cons;raints'to prbgress imposed by the excessive time reqﬁirements
of the past. With further regard to standardization of methods, the appréach
of "tuning" the minimal perturbation teéhnology to the spécific properties
of the natural water sample undetr iﬁvestigatioh must evolve inisophisticétion;

.Immediétely;vthere should begin a reassesément of past "particle analysis™-
- data aﬁd derivative -information curreﬁtly utilized by environmental managers
and modellers in the service (and potentialldisservice) of public health'aﬁd
enviionmental conservation. Ihefe'are reasohs why some pollutants are modelled
'gs solutes b& some groups and aé'particle;bouhd substanceé by others —;%,and
the reasons do not reflect_wéll on aquatic scientists. This reéssessment
should be foilowed up‘By a_pOsitive research effdft to correct the basic
‘pfoblemé. In this regard, the inaﬁpropriaﬁeness of the fwoifraction scenario
in water fractionation schemes must bé‘addressed; natural waters do contain
colléids in a&ditiqn to solutes and true partiéleg. 9,229

Last but not 1eéSt5 the effect of native colloids on the b;oavailability
of tokic‘suﬁstances and nutrients should be pursued with greater vigour; TEM

v

can be a great aid to such research.
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Figure 3.
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Figure 6.
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An overview of methods for the preparation of natural aquatic. colloids/

particles for visualization by TEM; Part 1, reprlnted with permission

from Perret et al. 36 - L

. An overview of methods'for the preparation of natural aquatic colloids/

particles for visualization by TEM; Part 2, reprinted with permission

from Perret et al. 36

Varieties of fibrils sampled.from lakes. Figure 3a shows some of the
thlckest 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 15? where details

of“preparation-may be found. The bar and allvsubseguent,bars.represent

0.45 pm, 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 sectionm.

Fibrils, fibril components and fibril aggregates; their potential impacts

on‘geochemical,'physico—chemical and biological processes in natural

~waters. Quantification of theseVimpacts is in its infancy; some will be

important at least some of the time. Reprinted with permission from
137

‘
Microbial biofilms. These and all«subseouent micrographs show counter-
Stained ultrathin sections unless stated otherwise.‘Figure 5a shows a
fibrillar biofilm matrix in which the fibrils form direct cross-bridges
between adjacent bacteria. Figure 5b, reprinted with permission from
Leppard, 68/ shows a bacterium residing in a cavity whose boundary is

made of oriented fibrils in a locally differentiated portion of the

~

fibrillar matrix, -

Lacustrine humic substances. For Figure 6a, the humic substances were
concentrated before being embedded, so as to aggregate them. Note the
weak fibrous aspect which is commonly seen. Figure 6b shows undegraded
fulViC—aCId, concentrated prior to-embedding to provoke colloid
formation. This fulvic acid, whose smallest granules are ca.‘6.002(pm
in diameter, was isolated‘from metal contaminated water; no heavyfmetal
counterstain was necessary for this preparation.: ' '

)



Figure 7.

Figure 8.

Figure 9.

Figure
Figure

 Figure

Figure

10.

11.

12.

13.
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Microcrystelline organic cell walls which can degrade to submicron

‘'size fragments. The wall of a healthy algel cell preparéed according

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.155

Extracellular patterned wall layers which can become detached from cells.
Figure 8a shows patterned fragments of wall from a lacustrine microbe,,
reprinted with-perm1551on from Massalski and Leppard.155 Figure 8b

reveals an analogous situation for.a eukaryote alga.

‘Some ‘examples of the large variety of protein-rich matefials encountered

in survey work on surface waters. Figures 9a,b,c present,in order,some

'blologlcal membranes, a relatively undegraded bit of muscle and some

dlfferentlatelexrensions of bacteria., In a quantitative sense, these
are minot aquatic componen;s.‘Figure 9c is reprinted with permission _
from Massalski and ieppard; 151 its colloids of interest are described

i

in detail in ref, 134,

'Parrially‘degraded extracellular'skeletal srruetures. Figure 10a is

reprinted with permission from Massalski and Leppard.155 Figures 10b;d .

were prepared according to ref. 54, Figure lOcvis_a whole mount preparation.

' Viruses aggregated within the fibrillar matrix of a slime particle. This

viros aggregate, prepared according to ref. 54, was sampled from the

water column of a lake.:Ihcluded are several incomplete viruses.,

Pelagic picoplanktonr Figure 12a shows a cell with a distinctive type of

wall, reprinted withbpermission from Leppard et al. ;93 Figure 12b reveals

. different aspects of the cell contents of a prokaryote picoplankton by

showing different section planes through a glven species prepared

according to ref. 84,

Amorphous iron globules from the oxic-anoxic interface of a small
eutrophic lake. Figures 13a,b owe their electron opacity entirely to
the native heavy elements within them, and are reprinted with permission

: 2
from Leppard et al. 8 A typical spectrum from the globules in Figure

13a is presented in Figure 13c. The principal Fe peak illustrated is the

Ke< peak centred near 6.4 keV. P is near 2.0 and Ca is near 3.7 keV,



.Figute 14,

’

Figure 15.

Figure 16.

~ 'stage of fragmentation. Compare the whole mount of the dead cell of

Leppard

.Size clesses'of,iron-rich globules; globule aggregates and globule

parts found in an iron-rieh lakewater fraction Qrigihally isolated

on a 0.45 pm filter. This Figure was adapted from ref, 28.

The ffagmentation of rhersilicon—rich cell>walis of diatom algae.

presented thigure 15a,while Figure 15b shows a frustule in an early

)

Figure 15b with that of the sectioned "live" cell of Figure 1l5c.

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 15c¢

but the section reveals. very little of the geometric pore structure.

“Clay particles. Figure 16a illustrates the detail that one can

document in e_ﬁhole mount of a suspended clay particle near the
colloid-true particle siie overlap. The inset shows its EDS spéctrum
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, 155
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Figure .

Biological modulation of the local
external silieu ’

Colloid formation
(non-fidril types) )

' : Microbial growth
stimulation '

'

Fidrous sdhesives
and surface coq:ingn

Promotion of floc l Alceration of the

formation ) surface chemistry -
of aineral parcicles

Polysaccharides
and associated.
molecules

Modulation of organic particle
mobility and sedimentation rate,
including organic particles
carrying heavy merals (chis
modulation may also apply to
aineral colloids) . :

Catalytic action on local environment
(enzyme activity, template activity)

/

" Metal acavenging and pollutant dinding a;tivicioi

. Production of metal-carrier and.pollutant-
. carrier colloidal complexes which can
modulate the fate and environmental
distribucion of the carried sudbstance

Fibrils, fibril components‘ahd fibril aggregates: their potential
impacts on geochemical, physico-chgmical and biolog;cal processes
in natural waters. Quantification of these impacts is in its

infancy; some will be important at least some of the time.

Reprinted with permission from Leppard_ (1985).
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Figure 14. Size classes of irdn#rich,globules, globule aggregates and globule'
‘ " “parts found in an iron-rich lakewater fraction originally isolated

on a 0.45 pm filter; This figiure was adapted from reference 28.

hY



s
o

1S LEPPARD



'




T ———— =

-

Il

55

TN

i

i



Think Recycling!

Pensez a Recycling!




