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removal of processes which produced large amounts
of dust , there is good evidence that soluble nickel concentrations in excess of I mg Ni/m' in some electrolysis refining workplaces are still a hazard . In particu lar, men working in Kristiansand's electrolysisdepartment after 1956 with soluble nickel exposures of this
magnitude have continued to exhibit an increased risk
of lung cancer (table 43).
With the apparent patterns in the epidemiologicdata
come a few contradictions. One of the anomalies is
the occurrence of four nasal cancers among the Huntington refinery workers (table 64), with no corresponding evidence of increased lung cancer risk
(tables 62 and 63). Only one of these men had a cumulative nickel exposure comparable to that of cohorts
with increased nasal cancer risks. This man's primary
exposure to nickel was in the sulfidic form through
work in the calcining department. His cumulative exposure to this nickel form was similar, although somewhat lower, than those found in some of the high-risk
areas at Clydach. His nasal cancer would therefore be
consistent with the evidence from Clydach that sulfidic
nickel is a strong nasal carcinogen. The remaining three
nasal cancer cases occurred in men exposed to levels
of nickel that were similar to those of nonrefinery
cohorts in which no excess nasal cancer risk was observed. One of these cancers could be plausibly related
to work in another industry that has been associated
with increased nasal cancer risk. Classification of the
other two cases as nasal cancers occurred as a result
of a reinterpretation of the death certificates. According to the rules in force at the time, the wording
used had resulted in the deaths being attributed to

cancers of the bone, but subsequent experience has
shown that the great majority of tumors so described
are in fact tumors of the paranasal sinuses. It must
therefore be assumed that they were.
The other inconsistency that was found in this study
was the apparent increase in lung cancer risk for workers in the Coniston and Falconbridge sinter plants.
These operations were almost identical facilities that
are believed to have had much lower concentrations
of sulfidic nickel (1-5 mg Ni/m') than the other workplaces associated with increased lung and nasal cancer risks. The approximately doubled lung cancer risk
of the men who worked in these two operations does
not seem to be consistent with the risks observed for
men with similar exposures elsewhere. In addition ,
there were no nasal cancers among the men who
worked at either Coniston or Falconbridge. The absence of nasal cancers among both the Coniston and
Falconbridge workers makes attribution of the observed lung cancer risk to the reported low levels somewhat questionable, given the occurrence of both excesslung and nasal cancers among other refinery workers. Arsenic, which was released from the ore into the
workplace by sintering in these facilities, is one possible explanation for the increased lung cancer risk in
the absence of nasal cancers. Alternatively, the environmental estimates might be questioned. There were
only a few measurements of dust from Coniston, but
they varied considerably and were much higher than
the environmental estimates reported at Falconbridge,
although the two facilities performed similar operations using similar equipment with similar feeds.

CONCLUDING REMARKS

The main conclusion that can be reached from the examination of the ten cohorts is that it appears that
more than one form of nickel gives rise to lung and
nasal cancer. Although much of the respiratory cancer risk seen among the nickel refinery workers could
be attributed to exposure to a mixture of oxidic and
sulfidic nickel at very high concentrations, exposure
to large concentrations of oxidic nickel in the absence
of sulfidic nickel was also associated with increased
lung and nasal cancer risks. There was also evidence
that soluble nickel exposure increased the risk of these
cancers and that it may enhance risks associated with
exposure to less soluble forms of nickel.
There was no evidence that metallic nickel was associated with increased lung and nasal cancer risks, and
no substantial evidence was obtained to suggest that
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occupational exposure to nickel or any of its compounds was likely to produce cancers elsewhere than
in the lung or nose. No excess of any type of cancer
was observed in the cohorts that did not show an excess of cancer of the lung and nose. The few small excesses that were observed in the cohorts with excess
lung and nasal cancer could be attributed to misdiagnoses (bone and pharynx) or to chance (prostate).
There were other questions that were left unanswered by this investigation. The primary one was the
level of exposure at which nickel becomes a substantial hazard. Our investigation focused mainly on the
identification of nickel species hazardous to human
health, and it left the development of quantitative dosespecific models of risk for future work. This will be
a challenging effort because of the uncertainty in esti-

mates of the types and levels of nickel in the workplaces of occupationally exposed workers.
Although the investigation did not provide dosespecific estimates of risks for individual nickel species,
it is possible to comment on the cancer risks associated
with the level of airborne nickel to which the general
population is exposed. The evidence from this study
suggests that respiratory cancer risks are primarily
related to exposure to soluble nickel at concentrations
in excess of 1 mg Ni/rn" and to exposure to less soluble forms at concentrations greater than 10 mg Ni /m ' .
With excess risks being confined to these high levels
of exposure and the absence of any evidence of hazard from metallic nickel, it can be concluded that the
risk to the general population from exposure to the

extremely small concentrations (less than 1 ug Ni/rn')
to which it is exposed in the ambient air is minute, if
indeed there is any risk at all.
Other information to help refine our understanding of human health risks associated with nickel exposure is on the horizon. For example, animal carcinogenesis studies using inhalation as the route of exposure
for nickel subsulfide, high temperature nickel oxide,
and nickel sulfate hexahydrate are currently underway,
and it will be of great interest to see if they support
our findings . In addition, future work that improves
our understanding of the mechanisms of nickel carcinogenesis may help to unify and explain the results
of our findings in conjunction with those provided by
animal experimentation.
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APPENDIX
Environmental exposure estimates

Air sampling devices
There was considerable uncertainty in the exposure estimates of the individual nickel species because of
differences in the monitoring devices used to make environmental measurements. Three different devices
were used, each potentially measuring a different segment of the size distribution of airborne dust particles. The personal gravimetric sampler is the monitoring device of choice today because of its purported
ability to measure "total dust" in the environment in
which a person actually works. In fact, the personal
sampler does not measure "total dust" or any biologically relevant fraction of the total dust (I). Nevertheless, it is the sampler used most by industrial hygienists
today, although particle size-selective sampling is expected eventually to replace the present personal
monitoring devices.
Prior to the widespread use of personal samplers,
high-volume samplers were used as area samplers.
However, in many instances, neither personal gravimetric nor high-volume samples were available, and
konimeter readings were often the only available means
of assessing the level of airborne dust. The konimeter,
which was originally devised to measure the concentration of free silica in mining operations, samples only
a small fraction of airborne dust, however, and gives
no indication of the nickel content of the dust. Although the konimeter samples air from a worker's
breathing zone, it provides an instantaneous (as opposed to a time-integrated) estimate of dust concentration. Because of the inability of the konimeter to
give any nickel species information, its readings must
be used in conjunction with industrial process information to estimate nickel species concentrations.
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Konimeters, high-volume samplers, and personal
gravimetric samplers give different estimates of airborne dust levels, even when sampling the same environment. The difference is due to the fact that the
devices sample different fractions of the dust. The
konimeter gives a particle count, while the other devices
allow measurements of dust concentration as mass per
unit volume. Furthermore, the high-volume sampler
collects more large dust particles than does the personal gravimetric sampler, which, in turn, collects more
large particles than does the konimeter. The estimates
of environmental levels of nickel species given in the
report are those that would be expected from a personal gravimetric sampler operated in the "closed
face" mode. Conversion of the high-volume sampler
and konimeter measurements to the personal gravimetric sampler standard introduced another uncertainty into the environmental estimates. The main reason for this uncertainty is that it is impossible to derive unique conversion factors to interrelate measurements from the three devices; different particle size distributions give rise to different conversion factors. Information concerning the sizes of the particles in the
airborne dusts was seldom available in the workplace
under study.

INCO, Ontario - development of exposure
estimates
Comparison of sintering operations. INCO Limited
has operated three sinter plants in Ontario, Canada.
Two of the plants, Copper Cliff and Coniston, were
in the Sudbury area, while the third was at Port Colborne on Lake Erie in southern Ontario. The Port Colborne sinter plant was used between 1926 and 1958 and

the Copper Cliff sinter plant was in operation between
1948 and 1963. The Coniston sinter plant opened in
1914 and remained in use until 1972.
The Copper Cliff and Port Colborne plants removed
sulfur from impure nickel subsulfide (Ni 3S z) by oxidation with atmospheric oxygen according to the following reaction :
Ni1Sz + 7/2 0z - - 3 > 3 NiO + 2 SOz.
It was necessary to conduct the reaction at temperatures as high as 1650°C to obtain low sulfur levels
in the product; eg, 0.2-0.3 Ufo sulfur. These high temperatures also sintered the charge so that the nickel
oxide (NiO) product was much coarser (6.5-13 mm)
than the sulfide feed .
To initiate the reaction the air was drawn down
through a layer of charge on a sintering machine with
a traveling grate. The charge consisted essentially of
a mixture of fresh sulfide and at least three times its
weight of fine « 6.5 mm) recycled oxide sinter and
analyzed no more than 6 % sulfur. It was necessary
to dilute the sulfide with oxide sinter to keep the charge
layer permeable to air since the sulfide melts at temperatures above about 750°C. The sulfur content of
the charge was too low to provide the necessary heat;
therefore about 2 1110 of fine coke was added as fuel.
The grates were protected from the high temperatures in the burning charge by a layer of coarse (1350 mm) recycled sinter. Thus at least 80 % of the oxide
sinter that was discharged from the machine was recycled through the process.
The Copper Cliff sinter plant had five parallel rows
of sintering machines and associated equipment. There
were complex mechanical systems for comminuting the
sinter; separating it into coarse grate dressing, product, and fines; transporting the fines; blending them
with fresh sulfide, dust and coke; and feeding the mixture to the sintering machines. These systems gave rise
to large amounts of airborne dust at many different
locations and elevations. The major nickel species in
these dusts were nickel subsulfide and nickel oxide. The
strong convection currents created by the hot sintering machines and the recycled sinter helped lift and
spread this dust. The calculated average vertical velocity of air in the building was about 0.1 mis, a
velocity sufficient to suspend particles with diameters
of about 25 ug or less; coarser particles would tend
to settle out of the slowly rising air. Particles were also ;
captured by impingement. In this manner, dust accumulated on all horizontal surfaces at the rate of oneeighth to one-fourth an inch per day (I inch = 2.54 em)
until the angle of repose was exceeded and it became
airborne once again. All the elevated floors were made
of open grating and therefore did not impede the
spread of dust.
The Port Colborne sinter plant , 22 years older,
differed in detail from the Copper Cliff description but
did not differ in principle. For instance, it had seven

sintering machines, but they were smaller than those
at Copper Cliff.
The sintering operation at Coniston began with two
sintering machines in 1914, increased to four machines
in 1923, and culminated in a new instal1ation of six
larger machines in 1930. Sintering was used at an
earlier stage of nickel production to preheat and agglomerate fine materials to keep them from being
blown out of the blast furnace and to oxidize about
a third of the sulfur. The feed to the machines was a
mixture of limestone, flue dusts, fine ore, and/or ore
concentrates. From 1968 onward, the mixed feed was
pelletized on discs, and fine ore was no longer used.

Environmental conditions in the Copper Cliff sinter
plant. A single high-volume sample of dust was taken
at the operating level of the Copper Cliff sintering plant
on 28 November 1960 for presentation to the District
Engineer of Mines of the Ontario Government. A gas
volume of 82.1 m' was sampled over a period of 40 h .
The concentration of total dust was found to be
46.4 mg/m'. A sample taken by a high-volume sampler on the operating floor 3 August 1960 analyzed
58 % as nickel. A simultaneous konimeter reading
yielded a dust count of 255 particles/em", These two
measurements combined suggest that the concentration of total nickel at this location was 27 mg Ni/m".
This datum is shown as the star shaped symbol in
figure A-I. The konimeter measurements made from
various locations along the centerline of the plant in
the period 1959-1962 ranged from J08 to 2100 particles/cm'. The average of 24 konimeter readings (truncated at 1000 particles/ ern') was 683 particles/cm'. If
this information is used in conjunction with the government's konimeter and high-volume measurements, an
average high-volume concentration of total nickel of
72 mg Ni/m' is estimated.
Although these measurements are the only ones
available for the actual work area, estimates of dust
concentrations can be obtained from metallurgical accounting data because surveys of the dust lost through
the four roof monitors were usually conducted twice
a year. Since plant air could leave the building only
through the monitors or the windows just below (when
the weather permitted opening them), it is reasonable
to assume that the dusty air passing through these vents
was a high-volume sample of the work environment
in the building. As figure A-I shows, the concentrations inferred from the roof monitors are compatible
both with the high-volume sample collected on the
operating floor and with the extrapolated (with
konimeter data) value of that sample. Since air often
came in through the windows and diluted the dusty
air escaping from the monitors, the concentration of
dust at the monitors was probably a conservative estimate of the dust at the work level. The average (or median and range) nickel concentrations of the dust samples collected from four different roof monitors are
shown in figure A-I: These data suggest that the dust
77

mgNi/m 3

(8)

400

Average of x measurements

q. Range and median of

should have been greater in the early years of operation.

'±' V measurements

*

300

Sample from operating floor

200

100

<D

'48

1

'50

®

1
'52

'54

'56·

'58

'60

Figure A·1. Concentrations of nickel in dusty air leaving the
roof monitors of the Copper Cliff sinter plant (2).

levels at Copper Cliff decreased dramatically over time.
In its early years of operation, airborne levelsof nickel
were typically in excess of 100 mg Ni/m' with some
nickel concentrations as high as 350 mg Nilm'. After
1955, it appears that the levelsof dust and nickel were
reduced dramatically, the total nickel concentrations
fluctuating between 20 and 100 mg Ni/m'. Process
knowledge and analytical data for seven airborne dust
samples suggested that approximately 60 % of the
nickel in the dust was present as nickel oxide, 35 %
as nickel subsulfide, and that 5 % could have been
present as nickel sulfate. The samples of the roof
monitor were taken isokinetically, and hence all particle sizes should have been sampled with equal efficiency. The government reported that the dust ranged
in size mainly from 5 to 50 urn, few particles being
smaller than 5 urn. These facts, together with knowledge of the collection efficiency of the personal gravimetric samplers, suggested that the data derived from
the roof monitors should be multiplied by 0.4 to correct it to the equivalent of personal gravimetric samples.
The improvement in the plant environment was
achieved partly by constant attention to dust control,
but accumulated operating experience was probably
an even more important factor. If a sintering machine
was not operating properly, it would discharge hot,
dry, unoxidized, and unsintered charge. This fine material increased the generation of dust all around the
plant as it had to be reverted and reprocessed. This
reprocessing was reflected in a lower production rate;
ie, fewer pounds of nickel per machine-hour. Evidence
that the ineffective operation of the sinter machines
was the principal factor responsible for the high level
of airborne dust is seen in a generally inverse relationship between the amount of dust escaping from the
roof monitors and sintering efficiency during the period 1948-1961. This observation also suggests that
the proportion of nickel present as nickel subsulfide
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Environmental conditions in the Port Colborne sinter
plant. Representatives of the Ontario Department of
Health, Division of Industrial Hygiene, made five determinations of the concentration of dust in the Port
Colborne sinter plant by high-volumesampling in April
1953. The samples that they obtained had dust concentrations of 317,125,1075,61, and 120 (average 340,
SE 169) mg/m'. Without the highest sample value, the
average was 156 (SE 55) mg/m'. In the period 19541960, the dust concentrations at Copper Cliff averaged
125 mg/rn", with no measurement above 365 mg/m'.
Even in the years prior to 1954, none of the rooftop
monitoring samples taken at Copper Cliff had a dust
concentration greater than 405 mg/m'. Thus, in April
1953, the dust levels at the Port Colborne plant appear to have been generally comparable in magnitude
to those at the Copper Cliff plant during the 19541963 period, with an indication that one area within
the Port Colborne plant was at least as dusty as the
Copper Cliff plant at any time in its operating life.
During the 1954-1963 time period, the airborne nickel
concentrations of total nickel at Copper Cliff were between 20 and 100 mg Ni/rn". Because of the similarity
of the processes in the two plants, it is reasonable to
conclude that similar levels of nickel were in the air
at the Port Colborne sinter plant.
There was no quantitative information available to
permit extrapolating this conclusion to later years.
However, it is relevant that the Port Colborne plant
in 1953 had already been operating for over a quarter
of a century and so was not likely to achievelower dust
concentrations by accumulating more operating experience. Since it was due to be phased out of operation, it was also unlikely that efforts to improve the
plant further were undertaken. In addition, in 1953 the
Port Colborne plant was sintering the same finely
ground (20 % finer than 10 urn) nickel subsulfide feed
produced at Copper Cliff, and it continued to do so
until it closed in 1958. Furthermore, the plant was
operated only a few shifts per week during this period.
These frequent start-ups aggravated dust conditions
within the plant. It was therefore likely that the dust
(and nickel) concentrations measured in April 1953
were encountered until the plant closed in 1958.
Extrapolation to years earlier than 1949 was more
difficult since the Port Colborne feed was different
during these early years. Port Colborne had treated
coarsely ground (less than 25 % passing 150 mesh)
nickel subsulfide produced by the Orford process from
the beginning of the sintering operation in 1926-1927
until July 1949. During the period from 1946 to July
1949, a mixture of sulfidic nickel from these two
sources was sintered. The change to a finer feed in 1946
reduced the production rate of the Port Colborne sin-

tering machines by about 23 0,70. Employees stated that
the change also resulted in noticeably dustier conditions in the plant. It was therefore believed that during the 1946-1949 transition the conditions were not
appreciably different than in later years. No information was available on the chemical composition of the
dusts, but the feed was very similar in composition to
that treated at Copper Cliff. It was reasonable to assume that the species distribution at Port Colborne was
similar to that at Copper Cliff. In the absence of information on particle size, it was necessary to assume
that the correction factor from high-volume samples
to the equivalent of personal gravimetric samples was
the same as at the Copper Cliff plant; ie, 0.4. All of
the foregoing information places the estimated concentrations of the individual species for the period 1946
to 1958 in the same ranges as reported earlier for Copper Cliff.
Prior to the change of feed in 1946, it was estimated
that the dust levels in the Port Colborne plant were
not less than 60 % of those estimated for 1946 and
later. Furthermore, qualitative information suggested
that the Port Colborne sinter plant underwent a period early in its operating life like that shown for the
Copper Cliff plant in figure A-I. Sintering had to be
reduced to a practical art, and many changes were
made in the equipment with the express purpose of
reducing airborne dust. Thus the dust concentrations
were likely to have been high for many years after the
plant commenced operation in 1926-1927 before conditions like those experienced just before 1946 became
consistent. Given the coarser feed handled at Port Colborne, it seems reasonable to assume that the concentrations of individual species could have been, say,
80 % of those estimated for the early years in the Copper Cliff plant and could have persisted until the mid
1930s. On the basis of these assumptions, the range
of concentrations of nickel present as oxidized nickel
was estimated to have declined from about 20-40 mg
Ni/rn" in the early years to about 3-15 mg Ni/m' by

the mid 1930s before rising to 5-25 mg Ni/m' in 1946
and later. The range of concentrations of nickel as the
subsulfide in these later periods was probably about
10-20,2-10, and 3-15 mg Ni/rn", respectively. If
nickel sulfate was present in the dusts, it probably never
exceeded about 3 mg Ni/m'.

Environmental conditions in the Coniston sinter plant.
The Coniston sinter plant was dusty but less so than
the Port Colborne or Copper Cliff sinter plants. The
greatest concentration of dust was generated at the discharge end of the sintering machines. A wall separated
this area from the rest of the plant, and the few men
working there always wore dust masks. Another particularly dusty spot was outside the plant where flue
dusts from the smelter were dumped into a large
receiving bin. Both of these problem areas and the
plant in general were greatly improved in 1968-1969
when better dust collection equipment was installed.
Table A-I presents some of the dust concentrations
measured by high-volume sampling. These data indicate that conditions at Coniston were generally less
dusty than at the other two sinter plants. Because the
plant was treating ore and concentrates rather than
nickel subsulfide, the nickel levels were generally much
lower than at the other two sinter plants. However,
the sinter loading platform was a dustier area with
higher nickel concentrations. One of the samples from
the sinter loading platform had an extraordinarily high
dust concentration (1390 mg/m') with a nickel content (56 mg Ni/m") similar in magnitude to rooftop
monitoring samples from Copper Cliff between 1956
and 1963. No information on the size of the dust particles was found. However, studies at the similar Falcon bridge sinter plant suggested that concentrations
of nickel determined by high-volume sampling should
be divided by seven to convert them to the equivalent
of personal gravimetric samples. If this factor applied
to the Coniston plant as well, the concentrations of

Table A1. Dust concentrations in high-volume samples taken between 1960 and 1972 in the Coniston sinter plant of INCa in
Ontario.
Total dust"

Nickel in dust"
(mg Ni/m')

Location

Approximate
date

Receiving bins (concentrate)
Belt below receiving bins

March 1972
November 1970

10

8

0.4
0.2c

Feed bins at tripper
Feed bins at tripper

November 1970
March 1972

11
2

0.3c
0.1

Between sintering machines

November 1970

7

0.2c

December 1960
1966
November 1970
November 1970

60
397
19
35

(mg/m')

Sinter loading platform
Unknown location
At number 5 machine chute
At number 6 machine chute
At number 7 machine chute

1.7C

8

0.5c
1.0C

a Total dust concentrations were translated to the equivalent of a personal gravimetric sample by dividing by 3.5.
b

c

Total nickel concentrations were translated to the equivalent of a personal gravimetric sample by dividing by 7.
Calculated from total dust concentrations and mean nickel and copper analyses of settled dusts collected after the plant
closed.
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Table A2. Chemical analysis of typical products of the Falconbridge Sudbury operat ions in 1933-1978.
Product

Nickel
(% weight)

Copper
(% weight)

Iron
(% weight)

Sulfur
(% weight)

Gangue
(% weight)
65.0

Ore

1.2

0.9

21.0

11.3

Concentrates

6.5

5.0

40.5

31.5

16.0

Sinter

6.8

5.3

42.6

13.0

17.0

10.1
41.0

7.9

50.0
1.5

25.3

32.0

Blast furnace
matte
Shipping matte

total nickel measured in almost all locations would be
less than 1 mg Ni/m ' . With respect to the species in
the dust , the proportions given for the Falconbridge
sinter plant in table A-2 should apply to the Coniston
plant as well. It is worth repeating that the oxidized
nickel in the dust, unlike that in the Copper Cliff and
Port Colborne sinter plant du sts, was greatly diluted
by iron oxide.

Environmental conditions in the nonsintering areas of
the Port Colborne nickel refinery. Some measurements
of the airborne dust concentrations were first taken
at the Port Colborne nickel refinery in the early 1950s;
the data previously presented for the sinter plant
were part of that sampling effort. Between December
1959 and February 1977 INCO took 1870 konimeter
readings of plant air for 45 different operations or
areas. From February through September 1962 a ma jor survey of ventilation and workplace air was made
at this refinery by the industrial hygiene branch of the
Ontario Department of Health and by the Inspection
Department of the Ontario Department of Mines .
Sixty-eight high-volume samples were collected, but the
nickel concentrations were not determined. In April
1970 the Ontario Department of Health and INCO
took 61 high -volume samples of air in six different
buildings, and these samples were chemically analyzed
for nickel. From 1970 through 1977, INCO also collected high-volume samples that were chemically analyzed for nickel content. From 1976 through 1979, personal gravimetric sampling pumps were used to collect personal and workroom samples. These were analyzed chemically, and a distinction was usually made
between the water-soluble and insoluble forms of
nickel. Detailed summaries of these measurements are
to be published.
Personal gravimetric and high-volume samples taken
of the air in the period 1970-1979 in the workplaces
of the nickel, anode, and foundry additives department
generally indicated low-level nickel exposure. Average
nickel concentrations in most of the workplaces were
close to or below 1 mg Ni/m'. The highest air concentration of nickel (high-volume) for this department
was 4.9 mg Ni/rn", which was found in the area where
sulfide anodes were produced. The soluble nickel concentrations were very low, with a maximum value of
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0.05 mg Ni /rn'. The konimeter readings indicated that
the levels of dust and nickel decreased over time. How ever, even a doubling of the dust concentrations would
result in most workplaces having total nickel concentrations of less than 5 mg Ni/rri' and soluble nickel
concentrations of less than 0.1 mg Ni/rn '.
As might be expected, the air samples from the electrolysis department had much higher levels of soluble
nickel than the nickel, anode, and foundry additives
department. However, apart from two workplaces ,
the soluble nickel concentrations measured in the
1970s were generally low, the average being less than
0.15 mg Ni/m", With the exception of three workplaces, the average total nickel concentrations were less
than 0.5 mg Ni/rn' . The two activities with higher levels
of soluble nickel exposure were the pumping of anode
slimes and the washing of anode scrap, with average
concentrations of 1.0-1.5 mg Ni/rn" for soluble nickel
and approximately 2 mg Ni/rn' for total nickel. The
workplace with the highest level of nickel (less than
2 mg Ni/rn') was the area in which reduced nickel oxide was handled . Extrapolating these concentrations
to 1960-1964 with the use of high-volume total dust
and konimeter samples suggested that the situation
during this period was not appreciably different from
that of the 1970s. The situation prior to 1960 was un certain as no measurements were available. Nonetheless, apart from pumping slimes and washing anode
scrap, there was little reason to believe that the men
engaged in electrolysis work were exposed to average
concentrations of soluble nickel of more than 0.5 mg
Ni/m '.
Env ironmental data for the maintenance and yard
personnel sugge sted that these men were exposed to
low levels of nickel compounds. Personal gravimetric
sampler measurements from the 1977-1979 period
showed none of the work areas to have average con centrations of total nickel in excess of 0.4 mg Ni/m ' .
The exposure levels for soluble nickel were almost exclusivel y less than 0.05 mg Ni/rn'. The konimeter
readings suggested that the dust levels may have been
higher in earlier years. However, even if the levels were
four times as high, most of the workplaces would have
had total nickel concentrations of less than 2. 0 mg
Ni/m' and soluble nickel concentrations of less than
0.20 mg Ni /rn ' .

Environmental exposure estimates for the miners. Estimates of the historic nickel exposures of INCO's
miners in Ontario indicated that they were exposed to
< 0.5 mg Ni/rn'. The principal form of nickel to which
the miners were exposed was pentlandite [(Fe,Ni)9SsJ·
The miners were also exposed to nickeliferous pyrrhotite (Fe7SS) ' but its nickel content is only about I 010.
Nickel sulfate may also be present in the mining environment, but at only a few locations and at low concentrations.

Falconbridge, Ontario - development oj exposure
estimates
Mines and mills. Falconbridge Limited operates several
mines from which ore is recovered and fed to two mills
where it is ground and subjected to concentration by
froth flotation. An analysis of the ore, concentrate,
and other products is given in table A-3. Since the
drilling of the ore is done wet, the dust levels in the
mines are low, but some dust is created in the blasting
and handling of broken ore. As indicated in table A-3,
the airborne nickel levels are estimated to have averaged no higher than 0.02 mg Ni/rn' and are due to the
minerals pentlandite (34 % nickel) and nickeliferous
pyrrhotite (about I % nickel). The remaining constituents of the dust are chalcopyrite (CuFeS 2) , silicate

gangue minerals, and, after 1970, carbonaceous matter from diesel fumes.
Mined ore is conveyed to the ore dressing plant for
two or three stages of crushing and screening. Dusting
is more severe in this area than in the mines due to
the absence of water, but the composition of the dust
is the same. Crushed ore is wet ground in rod and ball
mills and is treated as a slurry thenceforth. Flotation
yields concentrates running 6-8 % nickel and 4-5 %
copper and a mineral-laden tailing which is discarded.
In spite of the upgrading effected, dusting is relatively low due to the wet nature of the materials.

Feed preparation. Until 1955 substantially all of the
feed to the smelter was obtained on site and consisted
of partially dried concentrate filter cake blended with
recycled furnace dust to form green pellets. Between
1955 and 1975 the local feed was augmented by partially dried concentrates originating in mills remote
from the smelter. This material was subject to selfheating in the rail cars so that its unloading in the
concentrate-receiving station occasioned considerable
dusting. Similar dust levelsoccurred in the pellet plant,
as shown in table A-3. In 1975 the concentrate-handling system was converted to one in which shipments
arrived in wet form, either as filter cake or slurry, and
were subjected to a single blending and drying oper-

Table A3. Estimates of average air concentrations of specific nickel forms in the Falconbridge Sudbury operations in 1933-1978.
Nickel form (mg Ni/m,)a
Department

Nickel
Nickel-iron
sulfide
subsulfide

Nickel
sulfate

Mining

Pentlandite Nick~l-iron Pyrrhotite
I
OXide

Total
nickel

Total
dust

0.01

0.01

0.02

2.0

0.03
0.02

0.01
0.01

0.04
0.03

3.8
3.2

0.15
0.13
0.13
0.03

0.01
0.01
0.01

0.17
0.15
0.15
0.03

4.9
4.3
4.3
0.9

0.01

0.22
0.13
0.09
0.05
0.10 b

6.3
3.7
3.0
1.0
1.2

0.02
0.01

0.9
0.5

0.09
0.18
0.05
0.03

2.5
5.0
3.7
2.2

Milling
Ore dressing
Concentrator
Feed preparation

0.Q1
0.01
0.Q1

Concentrate receiving
Pellet plant
Briquetting
SFD plant
Smelter
Sinter plant
Blast furnace
Settlers
Converters
Matte room

0.07
0.04
0.03
0.03

0.12
0.07
0.05
0.01

0.02
0.01
0.01
0.01

0.09

Pyrrhotite treatment
Po plant
NIR

0.01
0.01

Maintenance
Miscellaneous
Repair crew
Welders
Shops

0.04
0.08

0.05
0.08

0.01
0.05
0.03

0.01

Surface
Unexposed

<0.001

a Nickel content: nickel subsulfide 73 'la, nickel-iron sulfide 55 'la, nickel sulfate 38 'la, pentlandite 34 'la, nickel-iron oxide 3 %,
pyrrhotite 1 %.
b Includes 0.01 mg Ni/m' as nickel-copper alloy.
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ation in the slurry, filtering, and drying plant to produce a uniform feed for the smelter. The dust levels
were greatly reduced.

Smelter - sinter plant. The sinter plant was equipped
with Dwight-Lloyd machines which were fed with
minor amounts of fine ore and flux along with the part~ally dried concentrates. Here the sulfides were partially combusted to raise the temperature of the charge
to about 900°C and to effect sufficient fusion to render it amenable to blast furnace smelting. Since such
fusion was irregular , it was necessary to screen the hot
product to remove undersize and dust before the blast
furnace charge cars were loaded. The amount of dust
shown in table A-3 was mostly due to the screening
operation and the subsequent handling of the hot fines
for recycling to the feed hoppers of the sinter machine.
Recycle fines amounted to about 15 070 of the total
charge.
As shown in table A-3, about a third of the sulfur
in the concentrate was burned off in the sintering operation , and a corresponding proportion of sulfide was
converted to oxide. The bulk of this was nickeliferous pyrrhotite oxidized to sulfur dio xide and iron oxides, although minor amounts of the nickel mineral
pentlandite and the copper mineral chalcopyrite were
also oxidized. These minerals exhibit a strong tenden cy for the preferential oxidation of their iron content,
accompanied by the formation of enriched sulfide
kernels depleted in iron. The estimated nickel analyses
of the principal phases of concern in dusting in the
operations are listed at the top of table A-3 in decreasing order of nickel concentration; they show pentlandite at 34 % nickel becoming enriched to an estimated
average of 55 % nickel, with loss of iron to an oxide
carrying 3 % nickel. Because oxidation of a particle
must occur from the outside , it is possible that at least
some of the enriched sulfide particles occurring in the
dust were coated with iron oxide .
Smelter - blast furnaces and settlers. The blast furnaces extended from the top, or feed floor of the
smelter , down to the bottom , or tapping floor, where
the settlers were located . The furnaces were fed with
coke , sinter , and minor amounts of lump ore and revert material at the top and with compressed air at the
bottom. A mixture of molten sulfides and iron silicates
flowed from the furnace to the settlers , in which the
two phases separated as a layer of barren slag underlain by a layer of matte containing the nickel and copper. The nickel phases in the dust around the blast furnaces and settlers were essentially the same as those
described for the sinter plant.
Smelter - converters. Matte was periodically tapped
from the settlers and transferred to the converters,
which were .horizontal, cylindrical furnace s in which
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compressed air and silica flux were fed to oxidize iron
and sulfur and form iron-rich slag which could be
decanted from the underlying layer of substantially
iron-free copper-nickel matte. The matte was then
transferred by ladle to the matte room for casting.

Smelter - matte room. Until 1952 solidified matte
was manually broken and transported to a crusher
whence it was packed in barrels for shipment to the
Kristiansand refinery. Thereafter breaking and conveying were mechanized in a system incorporating two
stages of crushing, conveying to bins, and barreling.
In 1968a loadout system was installed, and all subsequent shipments were made in bulk by rail.

Notes on the environmental exposure estimates. The
earliest available readings at Falconbridge, Sudbury,
were konimeter results given as particles of free silica
per cubic centimeter, taken in the early 1960s. Highvolume gravimetric sampling was done on a regular
basis from the early 1970son. Parallel tests with highvolume and konimeter samples permitted development
of a regression model from which the early konimeter
readings could be converted to high-volume equivalents. Personal gravimetric samplers were first used in
the late 1970s, at which time parallel testing with highvolume samplers was performed. This testing permitted the establishment of factors relating personal gravimetric readings to high-volume readings for all locations. Speciation of dust samples obtained by both personal gravimetric and high-volume sampling method s
showed the same phases for a given location, but the
high-volume samples contained larger particles and
were richer in nickel than the personal gravimetric samples were. Although there had been a trend towards
decreasing dust concentrations with time in the mines
since 1960, the concentrations in the plants appeared
merely to fluctuate due to changes in process and /or
treatment rates, and they showed no detectable chronological pattern. Subjective comparisons of the dust
conditions in the plants before 1960 with that after
1960 confirmed a lack of chronological pattern until
1978 when the new smelter was commissioned . An
identification of nickel species was made by an examination and anal ysis of dust samples, not of the
products handled.
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ANNOUNCEMENTS

International workshop on retrospective exposure
assessment for occupational epidemiologic studies
28-30 March 1990, Leesburg, VA (USA)
The National Cancer Institute and the National Institute for
Occupational Safety and Health are sponsoring the International Workshop on Retrospective Exposure Assessment for
Occupational Epidemiology Studies, to be held on 28-30
March 1990 in Leesburg, Virginia, in the United States. The
objectives of this workshop are to present unpublished research and new ideas on approaches and validity and reliability issues, to seek a consensus on approaches taken in the

8~·

past as being reasonable in light of the available data, to identify areas of research which should be considered in future
studies, and to allow a free exchange in information among
investigators doing this type of work. Poster presentations
are welcomed.
For additional information please contact:
Ms Mary Clark
Consultant for the National Cancer Institute
CMSIIB&D
8905 Fairview Road
Suite 300
Silver Spring, MD 20910 USA
[telephone: (301) 589 6760; telefax: (301) 6500398]

