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Submtcroscopic norganic particle concentrations in tssue have not been quanttatively
determined :n the past because of a lack of sample preparation techniques capable of achieving
the sensitivity required. The determination of whetfier mineral fibres in water are accumulated
in aquatic organisms requires (ransmission clectron microscope exam:nauon of bulk tissue
residues rather than thin sectrons The sample preparation method used for this investigation
involved removal of water and organic matter by freeze-drying and low temperature ashing.
Lake trout with 2 hifetime exposure to Lake Supenor water containing amphibole fibers
contained simular amphibole fibers particularly in the kidney and with low concentrations
in muscle tissue. Lake trout from two locations with widely different water fiber concen-
tratons had corresponding differences in tissue fiber concentrations. Analysis of other fish
raised under laboratory conditions suggests that ingestion is the primary route for fiber
accumulaton.

Key words: electron microscopy. fiber accumuiation, asbestos. lake trout, brook trout,
channel catfish, Arctic char
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Le manque d'une techmque de préparation des échantllons permettant d'acteindre la
sensibilité requisc est la raison pour laquelle les concentrations de particules inorgantques
submicroscopiques dans les tissus n'ont pu étre mesurées quantiativement dans le passé Afin
de détermuner si des fibres minérales présentes dans ['eau s'accumulent dans les orgamsmes
aguatiques, 1l faut examiner au microscope électronique des tissus en vrac plutdt que de
minces coupes Dans P'étude décnte ci-dessous. la préparabion des €chantiilons comporte
'enlevement de i'eau et de la matiére organique par cryodessication et tncinération & basse
température Des touladis ayant été exposés toute leur vie a I'eau du lac Supéneur contenant
des fibres d’amphibole ont égalcment de ces fibres, particulierement dans e rein et, 3 de
faibles concentrations, dans le issu musculaire. Des touladis provenant de devx endroits dont
la concentration des fibres dans {'cau éeait trds différentes montrérent des différences corre-
spondantes de concentration des fibres dans les ussus. L'analyse d'autres poissons élevés
dans des condiuons de laboratoire donnc a penser que !'ingestion est la principale voie
d'accumulation des fibres.
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RECENT concern over the human carcinogenicity of asbestos
and analogous mineral fibers when ingested (Lee 1974) has
spurred initerest 1n the development of methods for the quanti-
tative determinauon of their presence n tissues. The discov-

'Amphibole minerals are members of a class of hydrated silicates
having & double-chain crystal structure These minerals can crys-
tathze dunng rock formauon in an asbesuform habu (bundies of
individual fibers) Amphibole minerais used commercially as asbes-
tos {when munable as the asbestiform vanety) are amosite (fibrous
grunente}, croidolite, anthaphylhte, tremolite, and actunolite Most
amphibole particies in western Lake Supenor water fall in the cum-
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ery of muneral fibers in human unnc has demonsirated that
some fibers can pass through the human gastromntestinal ract
following Ingestion of water contaminated with ampkiboie'
fibers (Cook and Olson 1979). The same type of fibers were

mungtonite - grunenite senes and appear to range from nonasbestiform
ta asbestiform 1n ongin A fiber 1n a water sample 1s defined as any
parucle with a jength-to-width ratio equal to or exceedurg 3 | Same
nonasbesuform amptubole muneral crystals. when crushed, form
cleavage fragments that are microscopically very simular to, or iden-
ucal with, smal} fibers, which result from the crushing of amphibole
asbestos. 1n morphology. crystal structure. and chemustry About
95% of the asbestos used 1n North America i1s chrysotie, a fibrous
serpentine sruneral with a distinct tubular mucrostructure
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TasLe | Fish samples analvzed
Estumated avg water
fiber concn (fibery
Culiect:on Nu ¢ conca(fibersL)
Age date of Amghibote Chrysoule
Species Locauon tyears} (moryr; fish x 10 x 10 Food source
Salvelinus namavcush Sphit Rock, c 33 May 1978 2 100 < i Natural diet
Minnesota
S. namavcush Huron Bay, 4-5 March 1980 | ! Unknown Natural diet
Michigan
§ alpinus Deception Bay, T-12 Sept 1978 2 Unknown 0-500 Natural diet
Hudson Bay,
Quebec
S. fonunalis ERL-D. Duluth, 2-3 Feb 1980 i S0 < I Lab diet
Minnesots (Glencoe?® Peliels)
Ictalurus lacustris ERL.-D. Duluth, 5-6 May 1976 2 50 < | Lab dict
Minnesota (Glencoe® Pellets)

recently reported to be present in human hver, lung, and
jejunum ussues as a consequence of ingesting Lake Superior
water containing amphibole fibers (Carter and Taylor 1980).
No studies of the accumnulation of fibers by aquatic organisms
have been reported with the exception of the optical micro-
scape observauon of particles mn mussels (Myulus edulis)
exposed (o asbestos tulings (Halsband 1974). Because min-
eral fibers contaminate some natural waters and fish arc thus
exposed to these fibers, we have nvestigated the possible
accumulation of these fibers in fish tissue. Optical nicroscope
cxarmiration of tissue preparanons for muneral fibers 1s not
practical because most of these parucles have widths less
than the resolving power of the opucal microscope (Berkeley
et al. 1965). Electron microscopy of standard histological
preparations of ashed thin sections 1s not feasible becausc
the approximately 70-nm-thick tissue sections would require
astronomical numbers of fish in Ossue to sce one fiber in an
entire secion (Cook 1979) Since detection of concentrations
of only a few hundred fibers or less per gram of ussue 1s
required, a method 1s necessary which separates the fibers
from larger pieces of tissue without altering them This
method must be able to ehminate all organic matter without
changing the morphological, chemical, or physical character-
istics of fibers.

To determune if freshwater fish used as human food can
accumulate mineral fibers in their ussue. cither by contact
with the particles in contamtnated waters or by ingestion of
contaminated orgamisms of the food chan, several species
of fish with different exposure histones were selected for
analysis.

Methods

Exposure concentrations for fish collected from natural
waters (Table 1) are approximations based on the assumption
that the fish spent a significant portion of the year prior o
capture 1 the collection area rather than distant areas with
radically different fiber concentrations All fish except the
brook trout were frozen for storage and/or shipment pnor to
thawing and removal of tissue samples for analysis Brook
trout were collected from laboratory stock at the time of tissue
preparation. Arctic char samples were obtained from frozen

tail sections recewved after other portions of the fish were
analyzed for toxic chem:cals (I Boulva and A. LeBcau,
Department of Fishenies and Oceans, C.P. 15500, Quebec,
Que. GIK 7Y7, 1979, personal cummunication).

The fish were dissected 1n a filtered air laminar flow hood
n a clean room with a positive-pressure particle-free aur sup-
ply Dissecting instruments were cleancd with particle-free
water One set of instruments was used to remove the skin,
another set to remove a block of tssue. and a third set 1o
remove a sbsection of tissue for actual analysis. The ussuc
sample was placed in a 25-mL Pyrex sample tube, weighed,
frozen n liquid nitrogen. freeze-dned for ~ 5 h, and placed
in a low temperature asher (LTA) at 150 W and 1.5 mL
Q,/min for at least {6 h. The ash was suspended in ~ (S mL
of water acidified with 6 drops of 6 M HCl. Blank samples
were prepared by processing an empty tube with the tissue
sample tubes in each chamber of the LTA. The ash suspension
was placed n an ultrasonic bath for 2 min, mixed on a vortex
stirrer for | min, and filtered through a 25-mm 0.1-um
Nuclepore membrane filter. The filter was placed 1n a plastic
Petn dish and dned for ~ 30 min a: 50°C. One-half of the
filter was carbon-coated in a vacuum evaporator. Small pieces
(2 mm?) were cut out of the carbon-coated filter and placed
carbon side down on Formvar-film-coated electron micro-
scope finder grids. The gnds were placed on a piece of coarse
metal screen on top of several layers of filter paper in a Petn
dish. A small drop (10 pL) of O.1-pm filtered chloroform
was placed on each filter section and then the layers of filter
paper were immediately satrated wath filtered chloroform.
The Petrt dish was covered, and the chloroform allowed to
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dissolve all of the filter piece and Formvar film for ~ 12 h. CO

The gnd which resulted was covered with a thin carbon film
in which sample particles were imbedded (Fig 1) This tech.
nique prevents the loss of particles during transfer of the
sample from the filter to the grid. preserves the distnibution of
particles oniginally 1n the sample, and leaves a replica of the
filter (0.1-wm holes) which can be used to check on folds or
breaks in the carbon (ilm which would create areas of uneven
particle distnbution

‘Randomly chosen gnd openings with arcas of ~ 9500 um’
were systematically scanned at a magnification of 10 000X or
higher on a JEOL 100C elcctron microscope in the trans-
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pattern (lower left inser,) established the muneral group 2s amphibole The cnergy-dispersive X-ray spectrum ({ower nght insent} with major

stlicon and 1run peaks established the mineral as grunente

mission mode. Grid openings with broken carbon film or
other disruption of the sample were rejected Each particle
with an aspect (length to width) ratio =3 was identified by
campanson of its morphology. selected area electron diffrac-
ton (SAED) pattern, and energy dispersive X-ray (EDX)
spectrum with those obtaimned for standard mineral samplcs.
Amptubole (Fig 1) and chrysotile fibers produce character-
wstic SAED patterns and EDX spectra when onented properfy
in the electron beam. Fiber size. onentation. or interfenng
particles cause difficulties with positive idenufication of
fiber mineralogy. Fibers which possess amphibole or chryso-
ufe morphology but SAED patterns and/or EDX spectra not
cleasly diagnostic for amphiboles. chrysoule. or some other
mineral were classified as "*ambiguous ’ Each sample was
examuned until 00 particles of interest were counted or at
least (0 gnd openings were scanned.
Fiber concentrations were calculated from the formula.

Na. of fibersymg
no. of fibers X filtration area (um?’)

~ area examined (um?) X weight of sample (mg)

1. Electron micrograph of a fiber, 1 6 um long, 1denufied 1n a luke trout kidney preparaton The sclected area electron diffractio
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Fiber s1ze distnbuuons were analyzed and compared by com-
puter program. Elemental ratios calculated from integrated
EDX peak imtensities were plotted on temary diagrams to
facilnnate the companson of mineral fiber elemental com-
positions for different samples.

The ussue preparanon techmique descibed above was
chosen after attempting several other techniques 1nvolving
chemical digestion. The principle objective was to opimize
the sensiivity of the analysis by increasing the amount of
ussue processed per unit area of electrun mucroscope grid
examined. Digestion chemucals included Soluenc®, KOH.
H,0;, and a mixture of KOH—H,;0, Although these reagents
all effectively digested muscle, kidney, and lver tissues, the
digests when filtered through a Nuclepore filter (cither
0 |-pm or 0.4-pm pore diameter) left too much residue to
allow direct preparation of electron mucroscope grids. There-
fore all chemical digestion residues on filters had to be low
temperature ashed and refiltered prior to gnd preparation. The
resulting gnds were suitable for electron microscope analysts
and generally coatained a shightly greater sample density than
grids prepared by LTA without chemical digestion. The




BATTERMAN AND COOK MINERAL FIBERS IN FISH 955
Key: Approximate {er concantration ot é
100" depth (miilion tibers/liter) N
! -
;)
_ E-j &
e ~
\ .
~
- @&
SN
. )
o ~ ¢
\
¥; ~.
NGy
\
Huron Bay g
h .
~ - MICHIGAN

~. v

~ —

‘~

Fio 2. Esumated average amphibole fiber concentrations 1n subsurface Lake Supenor waters at a depth of 30 m dunng the period of i
exposure influencing this swdy The approximated distnbution pattern is based on western Lake Supenor water circulation. availdl
measurements of fiber concentrations, and X-ray diffraction measurements of the amphibole mineral content of suspended solids and bottaf™

sediments (Cook et al 1976)

chernucal digestion techniques were not chosen for this study,
however, because membrane filters when ashed with the
sample were found to add significant numbers of chrysotile
fibers. Amphibole asbestos (crocidolite) fibers have also been
found n onc batch of membrane filters. Since the chemical
digestion tcchniques also involved considerably more manip-
ulation of the sample without greatly increasing. anaivucal
sensiuvity, fish tissues were processed with the freeze-
drying/LTA method. Average sample sizes processed were
1.0 g for muscle tissue and 0.3 g for kidney and liver ussue.
Thus electron mucroscape identification of particles in a typi-
cal gnd opening of 9500 wm? involved O 00004 g of muscle
ussue and required ~ | h to complete

Fiber concentrations for Lake Superior waters were esti-
mated from monitoring data accumulated for different
locations prnimarily 1n western Lake Superior since 1974 Only
measurements made with the carbon-coated Nuclepore filter
Jaffe Wick method (Cook et al. 1976, Anderson and Long
1980) were used. Chrysotile fiber concentrations for the
Deception Bay, Quebec area, were used as reported (Boulva
and LeBeau personal communication).

Results

Minimum detectable particle concentrations are smallest
where the amount of tissue prepared and the number of fields

<

examined were largest The poor precision for concentrati ™
determined when only a few fibers are identified ts reﬂccg
by the !arge range of the 95% confidence interval calcuia
on the basis of a Paisson distnbution for counted particles
(Hallenbeck et al. 1977) Blank samples did not contan
detectable amphibole fibers For the few blank samples con-
taining chrysotule fibers the blank concentration 1s calculated
on the basis of the weight of the cotresponding tissue sample
per grid opening. Thus, the compansion of fiber concen-
trations :0 tissue and blank samples 1s on the basis of tibers
abserved in each per unit area of the grid

Fish with a lifetime exposure to Lake Supenior water werc
studicd pnimarily for the presence of amphibole fibers. The
amphibole fiber distnbution pattern 1in Lake Supenor (Fig. 2)
results from counterclockwise circulation of fine taconite tail-
ings discharged 11 km northeast of Split Rock. Minnesota,
dunng the period of 1956~ 8G (Cook et al. {974) Lake trout,
Salvelinus namaycush, captured at Split Rock are thought to
have a much higher exposurc to amphibole fibers than lake
trout capturcd at Huron Bay, Michigan, far from the area of
extreme amplubole fiber contamination. The Split Rock lake
trout are likely to have occastonally rmugrated out of the arca
of high amphibole fiber concentrations. particularly by mov-
ing to the northeast along the north shore of Lake Superior.

Amphibole fibers provide a good test of fiber accumulation
by fish because they are Limited in distnbution tn natural
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FIG 3 [ron—magnesium—calcium temary diagrams for the major caton compositions of 100 aazphibole fibers in both Lake Supernior wazer
and kedaey tissue from lake trout exposed 1o the water Plotted cation X-ray enussion :atensity ratio sz calculated directly from integriteq
K., peak intensities vbtained after background subtraction from the encrey-dispersive X-1ay fuorescence spectrs of indivedual amphibole ribers

waiers and are not hixely to present a contammnation prabiem
during analysis as are chrysonle fibers No amphibole fibers
were tound :n any of the blank samples analyzed. Large
numbers of amphibole fibers were identified 1a Kidney tissue
of the lake trout. but only a few amphubole fibers were 1denti-
fied in lake trout muscle and Liver tissues (Table 2). Although
ac difference :n amphibole fiber concentranion could be
observed 1n lake trout muscle tssue for Split Rock versus
Huron Bay fish. large differences existed for kidrey and liver
ussues. Only one amphibole fiber was found in all tre tssue
examuned from catfish and brook trout raised in the labora-
tory. but only % as much kidney ussue was examuned for these
fish when compared with the {ake trout.

A check of the associtauon between amphibole fibers n
Lake Superior water and those in the lake trout ussue is
provided by compunison of the clemental composition as
determuned by EDX analysis of mdividual amphibole fibers
In the water and fish tissue. The unigue amphibole mineral
particle distribution found n Lake Superior water 1s also
found in the fish. The major cation (iron—magnesium=—
calcium) composiions of 100 amphibole fibers observed
both n Spiit Rock lake trout kidney tssue and in the lake
water indicated simular amphibole mineral fiber muxtures of
~ 175% cummingtomte ~grunenite  [(Fe,Mg):51,0::(0H),]
and 20% actinolite (Cax(Fe Mg)S1,0:(0H),] (see Fig. 3).
The absence of aluminum in almost all amphibole parucles
identificd precludes the presence of homblende. a more com-
mon amphibole constituent of natural sediments and soufs.
The total of |5 amphibole fibers idennfied in Huron Bay lake
trout samples fit the same amphibole muneral distnibution
pattern aithough too few fibers were 1dentified to provide as
SUONg an assoclation.

Arctic char, Salvelinus alpinus, were collected from two
locauions near the mouth of the Decepuon River at Deception

Bay. an arm of Hudson Bay in Quebec. Canada. Chrysoliie
fiber concentrations as high as 670 mullion fibers per itre in
the river mouth iBoulva and LeBeau personal communica-
tion) have been measured and arc attnibutable to a chrysotle
muning operation upstream and loading of asbestoy onto shups
at the bay. The anadromous nature of the Arctic char and the
dependence of water tiber concentrations on asbestos mining
and shipping operations make it very uniikely that the
fish were exposed to average chrysotile tiber concentrations
exceeding 10° fibers,L 1n the year preceding thewr capture
This uncertain exposure 1s reflected in the estimated average
water exposure concentration {Table 1)

Muscle ussue samples from all four Arcuc char analyzed
contained chrysotile fibers but more chrysotile fibers were
found i blank samples (Table 2} Higher chrysotile concen-
trations are reported for kidneyv ussue, but these concen-
tranons are oniv shghtly greater than corresponding biank
sample coacentrations. Only one amphibole fiber was found
m all the Arctic char samples examuned.

Diatom frustule fragments were particularly common in
kidney and liver tissue of fake trout and kidney tissuc of Arctic
char (av liver analvzed) None was observed in tish raised tn
the laboratory. A conservative estimate of frustle fragments
was made by counting cach particle with a porous, diatom
frustule-like appearance All fragments analyzed by EDX
gave spectra containng only a sitheon K, peak as expected for
diatom frustules which are composed of amorphous stiica
The concentrauons in Split Rock and Huron Bay {ake trout
kidney tissue were 100 and 200 parucles/mg. respectively.
The idenufication cnitena prevented counting many small
fragments that were undoubtedly present in the samples

Little companson of amphibole fiber size distnbutions 1s
possible since only lake trout kidney tissue contained enough
fibers to allow a good measure of the incidence of different

614940018
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sizes of particles Typical fiber size distributions .n any media
are characterized by lurge percentages of smalf particles The
mean amphiboie fiber length and width for Spiit Rock lake
trout kidney fissues were 1.99 and 0.37 um as compared 10
| 50 and 0.28 pum for Huron Bay lake wout kidney ussue.
Lake trout muscle nssue amphibole fibers (only seven identi-
fied) had a mean length of 1 06 um and a mean width of
0.22 um. The kidney preparatons were often .....¥ with
debms, so many short or thin fibers may not have becn
observed, and this affects both fiber concentrat:ons and size
distnbution. Mean amptibole fiber lengths and widths typi-
ca) for wesiern Lake Supenor water are 2.0 and 0 3 um
{Cook et al. 1976); storm resuspension of settled particles and
proximuty to the tatlings discharge may raise these values

Amphibole fibers transported to other parts of Lake Superior
are expected to be pnimanly smaller parucles

Discussion

The primary purpose for this investigation was to determine
if freshwater fish can accumulate asbestos and analogous
mineral fibers and thereby act as a vehicle for human inges-
tion. Although only seven amphibole tfibers identical with
those in Lake Supeniar water were found 11 Lake Superior
lake trout muscle tissue, we conclude that trace concentrations
of small fibers can be present ia fillets from fish exposed to
mineral fibers. The concentration in muscle lissue appears to
be on the order of 107° the water exposure concentration
fexpressed as fibers per gram). Thus the human ingestion of
fish from asbestos-contaminated waters 1s unlikely to be a
concern as in the casc of dnaking water supplies.

The greater number of amphibole fibers :n lake rout kidrey
tissue may be related to the large volume of blood flowing
through that organ. The possibility that the unnary tract serves
as an elimunation route for these small particles as demon-
strated for mammals (Cook and Olson 1979) has not been
invesugated. The 36-fold difference 1n amphibole fiber con-
centrations for Split Rock and Huron Bay lake trout kidney
ussue parallels the great difference in water fiber concen-
trations at the two locations The tendency for lake trout found
at Split Rock to migrate to areas with Jower fiber concen-
trations and lake trout found at Huron Bay to migrate to arcas
with higher fiber concentrations may explan why the tissue
fiber concentraton difference s not even greater Another
factor may be the drift of food orgamisms into the study
areas from arcas of higher or jower amphibole fiber water
CONCERLraons.

The absence of amphibole fibers in the catfish and brook
trout raised 1n amphibole fibercontaminated water on an arts-
ficial diet suggests that ingestion of food organisms contain-
ing the fibers 1s the prumary route for fiber accumulation in the
lake trout. If so. this study provides indirect evidence for the
small volume of water normally ingested by freshwater fish,
We intend 10 expose trout to a well-measured dose of asbestos
in food and compare the amount accumulated 1n tissue to
amounts found wn fish exposed only through contaminated
water The possible passage for microscopic muneral fibers
through the gastrointestinal mucosa of fish and subsequent
hematogenous or lymphatic transport to other tissues, particu-

larly the kidney, 1s supported by reports of such a mechanism
n mammals such as mice (LeFevre et al. 1978}, rats (Sanders

and Ashwonth 19611, sheep (Nottle 1977, baboons (Patel-
Mandlik ct al. 1979}, and man (Cook and Qlson 1979). In a
study of ussues of a nconate baboon that ingested asbestos,
the highest fiber concentrations were found in the kidney
(Patel-Mandlik 1980). A possible alternate pathway for fiber
accumulation :n fish, passage through gill membrares, seems
to be of minimal sigmificance since fibers were not found 1n
fish exposed only to {ibers in water The pattern of diatom
frustufe fragment occurrences in tissues also supports ges-
tion as the primary route for particle accumulation

Two analvucal problems require further work. Techniques-
must be perfected which reduce chrysotile fiber contamina-
ton duning tissue preparation to levels which do not interfere
with the ability to detect chrysote fibers in the tissue. The
apparent association 1n thrs study of chrysoule fibers in blank
samples with tissue samplcs having the highest concentrations
of chrysotile may be due to cross contamination from the
tissue tube fo the plank tube n the low temperature ashing
step. Amphibole fibers which are more massive than chryso-
ule fibers were not found 1n blank samples of ussues from
unexposed fish. Also necded 1s the development of even
more sensitive tissue digestion techniques to allow faster elec-
tron microscope examination of more tissue residuc. Thus
detection limits could be lowered and concentrations such as
those reported for muscle tissue 1n this study could be deter-
muned with greater precision
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