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NTP Report on Carcinogens Listing for Nickel Compounds 

Carcinogenicity 
Nickel compounds are known to be human carcinogens based on findings of increased risk 

of cancers in exposed workers and evidence of malignant tumor formation by multiple routes of 
exposure at various sites in multiple species of experimental animals. The combined results of 
epidemiological studies, carcinogenesis studies in rodents, and mechanistic data support the 
concept that nickel compounds act by the generation of nickel ions at critical sites in target cells 
of carcinogenesis and allow consideration and evaluation of these compounds as a single group. 
In 1990, an IARC evaluation of nickel and nickel compounds concluded that "nickel compounds 
are carcinogenic to humans" (IARC, 1990) based on sufficient evidence for the carcinogenicity of 
human exposure to nickel compounds as would be found in the nickel refining industry, and very 
strong evidence of carcinogenicity of a variety of nickel compounds in rodents. 

In several cohort studies of workers exposed to various nickel compounds, the risk for 
death from lung cancer and nasal cancer are elevated (IARC, 1990). Although the precise nickel 
compound responsible for the carcinogenic effects in humans is not always clear, studies indicate 
that nickel sulfate and the combinations of nickel sulfides and oxides encountered in the nickel 
refining industries are carcinogenic to humans. IARC (1990) made the overall evaluation of nickel 
compounds as a group based on indications from animal and mechanistic studies that the 
generation of ionic nickel in the target site is the event responsible for carcinogenic 
transformation. Additional study has shown that exposure to soluble nickel compounds alone or 
in combination with other forms of nickel in nickel refinery workers results in a significant excess 
risk of lung and nasal cancers and that smoking and nickel had a multiplicative effect (Andersen et 
al., 1996). Nickel exposure in welders is associated with carcinoma of the trachea, bronchus, and 
lung in some cases (Simonato, 1991), although these results are complicated by co-exposure to 
carcinogenic chromium. 

Inhalation or intratracheal instillation of nickel subsulfide or nickel oxide has led to a dose­
related formation of benign and malignant lung tumors, including carcinomas, in rats and in some 
studies with mice (IARC, 1990; NTP, 1996a,b). Inhalation of nickel compounds will also result 
in tumor formation in organs besides the lung, in particular malignant and benign 
pheochromocytoma in rats (NTP, 1996a,b). Injection of various nickel compounds has been 
repeatedly reported to produce dose-dependent increases in tumors at a variety of sites in several 
species of experimental animals. Subcutaneous, intramuscular, intraperitoneal, subperiosteal, 
intrafemoral, intrapleural, intracerebral, intrarenal, intratesticular and intraocular injections of 
nickel compounds have all been reported to lead to the formation of malignant tumors at the site 
of injection. These tumors are usually sarcomas, but other types also develop. Injection of 
nickel will produce distant tumors in the liver in some strains of mice (IARC, 1990). Soluble 
nickel acetate is an effective, complete transplacental carcinogen in rats, and brief exposure during 
pregnancy to this soluble nickel salt will produce malignant pituitary tumors in the offspring. 
Additionally, transplacental exposure followed by barbital exposure (a known tumor promoter) 
in the offspring produces renal cortical and pelvic tumors (Diwan et al., 1992). Soluble nickel 
salts given by injection and followed by barbital resulted in the formation of renal cortical 
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adenocarcinomas that frequently metastasized to the lung, liver and spleen in adult rats 
(Kasprzak et al., 1990). 
Other Information Relating to Carcinogenesis or Possible Mechanisms of 
Carcinogenesis 

Many studies have shown in cultured animal and human cells that a variety of nickel 
compounds, including many soluble forms of nickel, damage genetic material. DNA strand 
breaks, mutations, chromosomal damage, cell transformations and disrupted DNA repair have 
been observed in in vitro studies. Nickel can bind electrovalently to cellular components 
including DNA. The redox activity of the nickel ion may produce reactive oxygen species that 
attack DNA and 8-hydroxy-2'-deoxyguanosine can be produced in vitro and in vivo in target 
tissues of nickel carcinogenesis (IARC, 1990; Kasprzak et al., 1990). Nickel can induce 
chromosomal aberrations in exposed human populations. No data are available that indicate the 
mechanisms thought to account for nickel carcinogenesis in experimental animals would not also 
operate in humans. The carcinogenic potency of various nickel compounds will vary widely 
based on solubility properties and speciation. The recent studies indicating that soluble nickel 
salts can be complete carcinogens (Diwan et al., 1992) and/or initiators of carcinogenesis 
(Kasprzak et al., 1990) in sites distant from the site of application confirm that ionic nickel is the 
carcinogenic species. 

2 
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Listing Criteria from the Report on Carcinogens, Eighth Edition 

Known To Be A Human Carcinogen: 
There is sufficient evidence of carcinogenicity from studies in humans which indicates a 
causal relationship between exposure to the agent, substance or mixture and human 
cancer. 

Reasonably Anticipated To Be A Human Carcinogen; 
There is limited evidence of carcinogenicity from studies in humans, which indicates that 
causal interpretation is credible, but that alternative explanations, such as chance, bias or 
confounding factors, could not adequately be excluded; or 

There is sufficient evidence of carcinogenicity from studies in experimental animals which 
indicates there is an increased incidence of malignant and/or a combination ofmalignant 
and benign tumors: (1) in multiple species or at multiple tissue sites, or (2) by multiple 
routes of exposure, or (3) to an unusual degree with regard to incidence, site or type of 
tumor, or age at onset; or 

There is less than sufficient evidence ofcarcinogenicity in humans or laboratory animals, 
however; the agent, substance or mixture belongs to a well-defined, structurally related 
class of substances whose members are listed in a previous Report on Carcinogens as 
either a known to be human carcinogen or reasonably anticipated to be human carcinogen, 
or there is convincing relevant information that the agent acts through mechanisms 
indicating it would likely cause cancer in humans. 

Conclusions regarding carcinogenicity in humans or experimental animals are based on scientific 
judgment, with consideration given to all relevant information. Relevant information includes, but 
is not limited to dose response, route of exposure, chemical structure, metabolism, 
pharmacokinetics, sensitive sub populations, genetic effects, or other data relating to mechanism 
of action or factors that may be unique to a given substance: For example, there may be 
substances for which there is evidence of carcinogenicity in laboratory animals but there are 
compelling data indicating that the agent acts through mechanisms which do not operate in 
humans and would therefore not reasonably be anticipated to cause cancer in humans. 

3 
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1.0 IDENTIFICATION AND CHEMICAL-PHYSICAL PROPERTIES OF NICKEL 
AND SELECTED NICKEL COMPOUNDS 

Thousands of nickel compounds have been reported in the chemical literature and indexed 
by Chemical Abstracts Service according to their online Registry File. Scores are reported in the 
U.S. EPA's Toxic Substances Control Act (TSCA) Inventory. Besides elemental nickel and 
nickel compounds, workers may come in contact with numerous nickel alloys in fabricating and 
joining metal products. Selection of compounds to be included in this section, Table 1-1, was 
based on their potential for occupational exposure outside the research laboratory. 

NIOSH (1976, 1990) listed many nickel compounds, alloys, and forms of elemental nickel 
that are potentially encountered in U.S. workplaces surveyed in the early 1970s and early 1980s. 
The NIOSH list is presented as Table 2-4. Those compounds in Table 2-4 for which a Chemical 

Abstracts Service Registry Number (CASRN) could be identified are included in Table 1-1 with 
the identifying NIOSH number. 

The American Chemical Society's Chemcyclopedia 98 (Rodnan, 1997) provided a list of 
nickel compounds currently sold in bulk quantities in the United States. These widely used 
nickel compounds are noted in Table 1-1. 

Many nickel salts are available and used primarily as hydrates or aqueous solutions 
(Antonsen, 1996; Budavari, 1996) whereas the NIOSH list usually indicates an anhydrous form. 
Thus, both anhydrous and hydrated forms are generally included in Table 1-1 even though 
properties were often readily available for just the hydrated form. 

Water solubilities of the compounds are noted when available. Note that even the 
extremely insoluble nickel hydroxide hydrate has measurable solubility. It is expected that ionic 
nickel may arise from any nickel compound at physiological pH. 

4 
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Table 1-1. Ch I d Ph IP t" fNickel d Nickel C d 
~ 

roper ____ JA - ---- ­ a 

Name and Synonyms CASRN NIOSH Fonnula(s) Molecular Color and Melting Boiling Density or Solubility in Solubility in Reactivity/Other Reference(s 
No. Weight Physical State Point, °C Point, E°C Specific Water, 20-25 Other Media Comments 

Gravity oc 

Nickel 7440-02-0 X5918 Ni 58.693 Lustrous 1453 2732 8.908 (at Insoluble Slowly attacked Finely divided metal Budavari (199 
silver-white solid 20 EC) by dilute reacts with oxygen (The Merck Jn, 

hydrochloric, in air; may be 
sulfuric, and pyrophoric. 
nitric acids. Decomposes steam at 
Rendered red heat. Not 
passive by attacked by fused 
treatment with alkali hydroxides. 
concentrated Not expected to 
nitric acid. solubilize at 

physiological pH. 

Nickel acetate 373-02-4 81906 C4HsNi04, Ni(OzCCH3)2 176.78 Green prismatic Decomposes 16.6 1.798 Insoluble in Decomposition on Budavari (199 
crystals ethanol heating gives NiO. Weast (1980) 

(CRC Handbc 
of Chemistry , 
Physics) 

Nickel acetate tetrahydrate 6018-89-9 C4HsNi04; Ni(OzCCH3)2• 248.84 Green crystalline Decomposes 16 1.744 0.57 M Soluble in Upon heating, loses Budavari (199 
4H20; (CH3COz)2Ni mass or powder (soluble in 6 dilute ethanol water of Weast (1980); 
•4Hz0 parts water) crystallization and Rodnan ( 199~ 

then decomposes to (Chemcyclope 
NiO. 98); Antonse~ 

(1996) 
(Kirk-Othmer 
Encyclopedia 
Chemical 
Technology, ~ 

ed.) 

Nickel acetylacetonate; 3264-82-2 X5635 C 10H 14Ni04; 256.91 Emerald green 229-230 220-235 at 1.455 Soluble Soluble in Exists as a trimer in Budavari (199 
Bisacetylacetonatonickei(JI); Ni(CH3COCHCOCH3)2; orthorhombic llmmHg benzene, the solid phase and Rodnan ( 199~ 
Bis(2,4-pentanedionato )nickei(JI); Ni(C5H;o()z)z; Ni(acac)2; crystals. chloroform, and as a monomer in the 
2,4-Pentanedione nickel complex Ni(AA)2 ethanol. vapor phase. Sold 

Insoluble in in technical and 
diethyl ether anhydrous grades. 
and ligroin. 

Nickel, ammine[[2,3-butanedione 16648-35-4 X9871 CsHuNsNiOS 247.93 
oxime thiosemicarbazonate )(2-)]­

5 
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Table 1-1. Chemical and Physical Properties of l'Jjckel and Nickel Compounds (Continued) 

Name and Synonyms CASRN NJOSH 
No. 

Fonnula(s) Molecular 
Weight 

Color and 
Physical 

State 

Melting 
Point, •c 

Boiling 
Point, •c 

Density or 
Specific 
Gravity 

Solubility in 
Water, 

20-25 •c 

Solubility in Other 
Media 

Reactivity/Other 
Comments 

Reference(s) 

Nickel ammonium sulfate; 
Ammonium nickel sulfate; 
munonium disulfatonickelate(II); 
Sulfuric acid, ammonium nickel(2+) 
!~lilt (2:2: I); Diammonium nickel 
~isulfate 

15699-18-0 81907; 
X4948 

H8NzNiOsSz; 
Ni(NH42)(S04)2 

286.9( Budavari 
(1996); 
Rodnan (1997 

Nickel ammonium sulfate 
hexahydrate 

7785-20-8 H20NzNi014S2; 
Ni(N~)z(S04)2 •6Hz0 

394.9\ Blue-green 
crystals 

1.923 0.24 M (soluble in 
10.4 parts water) 

Practically insoluble 
in ethanol. 

A 0.1 M aqueous 
solution has a pH of 
4.6. 

Budavari 
(1996) 

Nickel antimony titanate yellow; 
C.l. Pigment Yellow 53 

8007-18-9 Ml782 Unspecified N/A The N!OSH survey 
databases list "nickel 
antimony titanates" 
with number Ml782 
(see Table 2-1). 

Nickel bromide; Nickel dibromide 13462-88-9 83009 NiBrz 218.5 Yellow­
brown 
deliquescent 
crystals 

963 5.098 (27 
OC) 

0.52 M (112.8 
g/100 mL) 

Soluble in ammonium 
hydroxide, diethyl 
ether, and ethanol. 

Sublimes in the 
absence of air. 

Budavari 
(1996); Weast 
(1980); 
Rodnan ( 1997 
(no CASRN 
given) 

Nickel bromide trihydrate 7791-20-0 BrzH<;Ni03; NiBrz • 
3Hz0 

272.~ Yellow-green 
deliquescent 
needles 

2 M (soluble in I 
part water) 

Soluble in ammonium 
hydroxide, diethyl 
ether, and ethanol. 

Begins to lose water of 
hydration at about 
200 •c with complete 
loss at 300 •c. 

Budavari 
(1996); Weast 
(1980) 

Nickel carbonate; Carbonic acid, 
nickel salt 

16337-84-1 Ni..C03 N/A Rod nan ( 1997 

Nickel carbonate; Carbonic acid, 
nickel(2) salt (1:1); Nickelous 
~arbonate 

3333-67-3 81905 NiC03 

··­

118.7 

-----

Light green 
rhombic 

c£rystals_ 

Decompn. 

-- ­ '-----·- L_ - ­

0.78 M (0.0093 
g/100 mL) 

---

Soluble in acids. Weast (1980); 
Rod nan ( 1997 

6 
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Table 1-1. Chemical and Physical Properties of Nickel and Nickel Compounds (Continued) 

Name and Synonyms 

Nickel carbonate; Carbonic acid, 
nickel(2+) salt (2:1); Nickelous 
bicarbonate 

Nickel carbonate hydroxide; Basic 
nickel carbonate 

Nickel carbonate hydroxide 
tetrahydrate; Nickel, 
( carbonato(2-))tetrahydroxytri-

Nickel carbonyl; Nickel 
tetracarbonyl 

Nickel chloride 

Nickel chloride; Nickel dichloride 

Nickel chloride hexahydrate 

CASRN 

17237-93-3 

12607-70-4 

39340-27-8 

13463-39-3 

37211-05-5 

7718-54-9 

7791-20-0 

NIOSH 
No. 

E0714 

50440 

X7161 

X4330 

Formula(s) 

C2H2Ni06; Ni(HC03)2 

CH4Ni307; NiC03 
•2Ni(OH)2; 
Ni](C03)(0H)4 

NiC03•2Ni(OH)2 
•4H20 

C4Ni04; Ni(C0)4 

Unspecified 

ChNi; NiCl2 

ChH12Ni06; 
NiCh•6H20 

Molecular 
Weight 

180.73 

304.12 

376.18 

170.74 

NIA 

129.6C 

237 .6S 

Color and Melting Boiling Density or 
Physical Point, °C Point, °C Specific 

State Gravity 

Emerald 2.6 
green cubic 
crystals, 
green powder 

Colorless -19.3 43 1.318 (17 
volatile oq 
liquid 

Yellow 1000 Sublimes 3.55 
deliquescent at 273 
scales oc. 

Green 
deliquescent 
crystals or 
monoclinic 
crystalline 
powder 

' ... -

Solubility in Solubility in Other Reactivity/Other Reference(s) 
Water, Media Comments 

20-25 oc 

Rodnan (1997 

Budavari 
(1996) 

Insoluble Soluble in ammonia, The CASRN of the Budavari 
ammonium mineral zaratite, which (1996); Weast 
hydroxide, hot dilute has the same molecular (1980) 
acids with formula, is 1319-49-9. 
effervescence 
(decomposes). 

1.2 mM (about Soluble in acetone, Flanunable in air. Budavari 
5000 parts air-free benzene, carbon Explodes at 60 oc. (1996); Weast 
water) tetrachloride, (1980) 

chloroform, and 
ethanol. 

Rodnan (1997 

--0.5 M (64.2 Slightly soluble in Readily absorbs Budavari 
g/100 mL water) ammonium hydroxide ammonia. An aqueous (1996); Weast 

and ethanol; solution is acidic with (1980); 
insoluble in a pH of about 4. Rodnan (1997 
ammonia 

10.7 M (254 Soluble in ethanol. Budavari 
g/100 mL) (1996); Weast 

(1980) 

- - - ­ ·--

Nickel chloride tetrahydrate; Nickel ChH 8Ni04; NiC12 Rodnan (1997 
:hloride (NiCh), tetrahydrate •4H20 

7 
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Table 1-1. Chemical and Physical Properties of Nickel and Nickel Compounds (Continued) 

Name and Synonyms CASRN NIOSH 
No. 

Formula(s) Molecular 
Weight 

Color and 
Physical 

State 

Melting 
Point, °C 

Boiling 
Point, °C 

Density or 
Specific 
Gravity 

Solubility in 
Water, 

20-25 °C 

Solubility in Other 
Media 

Reactivity/Other 
Comments 

-­

Reference(s) 

Nickel chromate; Chromic acid 
(H2Cr04), nickel(2+) salt (I: I); 
Nickel chromate (NiCr04) 

14721-18-7 X4331 CrNi04; NiCr04 

Nickel cyanide 557-19-7 82846 C2N2Ni; Ni(CN)2 110.73 Yellow­
brown solid 

Insoluble Soluble in potassium 
cyanide. 

The usual commercial 
nickel cyanide 
contains about 20% to 
25% water. 

Budavari 
(1996); Weast 
(1980) 

Nickel cyanide tetrahydrate 13477-95-7 C2HsN2Ni04; Ni(CN)2 
•4H20 

182.8 Apple-green 
powder, 
crystalline 
plates 

Insoluble Freely soluble in 
alkali cyanides, in 
ammonia, and in 
ammonium carbonate. 
Slightly soluble in 

dilute acids. 

Loses all water of 
hydration at 200 °C. 

Budavari 
(1996); Weast 
(1980) 

Nickel di-N-butyldithiocarbamate; 
Nickel dibutyldithiocarbamate; 
NBC; Nickel, 
bis( dibutyldithiocarbamato )­

13927-77-0 C1sH36N2NiS4; 
Ni((C4H9)2NCS2h 

467.4 Dark 
olive-green 
powder 

89-90 1.29 Insoluble Slightly soluble in 
benzene and 
petroleum 
compounds. 
Insoluble in ethanol. 

Sold in oil-coated 
powder and granulate 
forms. 

Weast (1980); 
Rod nan (I 997 

Nickel dimethyldithiocarbamate; 
Nickel, 
bis( dimethylcarbamodithioato-
S',S)-, (SP-4-1 )-; 
Bis( dimethyldithiocarbamato )nickel 
~omplex 

15521-65-0 X4332 C6H12N2NiS4; 
Ni((CH3)2NCS2h 

299.13 

Nickel dithiocarbamate; Nickel 
bis(dithiocarbamate); Nickel 
bis( carbamodithioato-S,S)-, 
(SP-4-1)­

13985-94-9 83311 C2H4N2NiS4; 
Ni(NH2CS2)2 

243.02 

Nickel ferrocyanide; Dinickel 
~exacyanoferrate 

14874-78-3 T1625 Nbfe(CN)6 329.34 

Nickel ferrocyanide (hydrate) Not found Ni2Fe(CN)6 • xH20 N/A Green-white 
crystals 

1.892 (?) 
[sic] 

Insoluble Soluble in ammonium 
hydroxide and 
potassium cyanide; 
insoluble in 
hydrochloric acid. 

Weast (1980) lists as 
"nickel ferrocyanide," 
but gives the hydrate 
formula. 

Weast (1980) 

8 
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Table 1-1. Chemical and Physical Properties of Nickel and Nickel C()mpounds (Continued) 

Name and Synonyms CASRN NIOSH 
No. 

Fonnula(s) Molecular 
Weight 

Color and 
Physical 

State 

Melting 
Point, °C 

Boiling 
Point, °C 

Density or 
Specific 
Gravity 

Solubility in 
Water, 

20-25 °C 

Solubility in Other 
Media 

Reactivity/Other 
Comments 

Reference(s) 

Nickel ferrocyanide [hydrate] Not found NhFe(CN)6 • xH20 NIA Green-white 
crystals 

1.892 (?) 
[sic] 

Insoluble Soluble in ammonium 
hydroxide and 
potassium cyanide; 
insoluble in 

Weast (1980) lists as 
"nickel ferrocyanide," 
but gives the hydrate 
fonnula. 

Weast (1980) 

hydrochloric acid. 

Nickel fluoride; Nickel difluoride; 
Nickelous fluoride 

10028-18-9 50450 F2Ni; NiF2 96.6S Yellowish to 
green 
tetragonal 
crystals 
(rutile type) 

1000 4.72 0.41 M (4 g/100 
mL water); sl. 
soluble 

Insoluble in 
ammonia, diethyl 
ether, and ethanol 

Sublimes in an HF 
stream above 1000 °C. 
Decomposes in 

boiling aqueous 
solutions. 

Weast (1980); 
Budavari 
(1996); 
Antonsen 
(1996) 

Nickel fonnate; Nickel difonnate; 
Fonnic acid, nickel(2+) salt 

3349-06-2 M4033 C2H2Ni04; Ni(HC00)2 148.73 Decomposes at 180 oc 
to 200 °C, giving 
elemental nickel, 
carbon oxides, 
hydrogen, methane, 
and water. 

Budavari 
(1996) 

Nickel fonnate dihydrate 15694-70-9 C2H~i06; Ni(HC00)2 
•2H20 

184.78 Fine green 
monoclinic 
crystals 

180 
decompn. 

2.154 Moderately 
soluble 

Insoluble in ethanol 
and fonnic acid. 

Careful heating at 130 
oc to 140 °C gives 
anhydrous nickel 
formate. 

Budavari 
( 1996); Weast 
(1980); 
Antonsen 
(1996) 

Nickel hydroxide; Nickel 
:lihydroxide; Nickelous hydroxide; 
Nickei(II) hydroxide 

12054-48-7 X7142 H2Ni02; Ni(OH)2 92.71 Budavari 
(1996) 

Nickel hydroxide monohydrate 

-

1311-07-5 

- - --

H4Ni03; Ni(OH)2 • H20 

--------~----

110.73 Apple-green 
powder 
(crystals or 
amorphous) 

Decom­
poses 

4.15 1.4 mM (0.013 
g/100 mL water) 

Soluble in ammonia 
and dilute acids. 

Decomposes above 
200 oc to fonn nickel 
monoxide and water. 
The CAS Registry 
database lists "green 
nickel oxide" as a 
synonym for only this 
compound. Extremely 
insoluble in water. 

Budavari 
(1996); Weast 
(1980); 
Antonsen 
(1996) 
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Table 1-1. Chemical and Physical Properties of Nickel and Nickel Compounds (Continued) 

Name and Synonyms CASRN NIOSH 
No. 

Formula(s) Molecular 
Weight 

Color and 
Physical 

State 

Melting 
Point, °C 

Boiling 
Point, °C 

Density or 
Specific 
Gravity 

Solubility in 
Water, 

20-25 °C 

Solubility in Other 
Media 

Reactivity/Other 
Comments 

Reference( s) 

Nickel monoxide; Nickei(II) oxide; 
Nickel protoxide; Nickelous oxide; 
Nickei(II) oxide, green [or black] 

1313-99-ll 84269 NiO 74.69 Green 
(yellow when 
hot), 
green-black 
powder or 
green cubic 
crystals 

1984; 
2090 

6.67; 7.45 Insoluble in hot or
cold water. 

l Soluble in acids; 
slightly soluble in 
ammonium hydroxide 

Color depends on 
precursor Ni species. 
Green NiO is formed in 
Ni refining. Black NiO 
has slightly more 
oxygen than the 
formula indicates 
(76-77% Ni vs. 78.5% 
Ni). Black NiO is 
chief nickel species 
used to make simple 
Ni salts. 

Budavari 
(1996); Weast 
(1990); 
Rodnan 
(1997); 
Antonsen 
(1985) 

Nickel naphthenate; Naphthenic 
!ICid(s), nickel salt; Nickel 
naphthenates 

61788-71-4183650 Unspecified N/A Sold as "Nickel 
naphthenate, -60 in 
toluene (6-8%)." 

ChemFinder 
database (1998 

Nickel nitrate 13138-45-91 50480 NzNi06; Ni(N03)z 182.70 Budavari 
(1996); 
Rod nan ( 1997 

Nickel nitrate hexahydrate 13478-00-7 H12NzNi012; Ni(N03)z • 
6Hz0 

290.811 Green 
monoclinic, 
deliquescent 
crystals 

56.7 137 2.05 -8.2 M (238.5 giL
cold water) 

l 
hydroxide and 
ethanol. 

Soluble in ammonium 
solution is about 4. 
IThe pH of an aqueous Budavari 

(1996); Weast 
(1980); 
Rodnan (1997 

Nickel octanoate; Nickei(II) 
octanoate; Nickel 
bis(2-ethylhexanoate); Nickel 
octoate 

4995-91-91 82957 c,6H3oNi04; 
[CH3(CHz)6COz]2Ni 

345.10 At least 78% in 
2-ethylhexanoic acid. 

Nickel oxalate; Ethanedioic acid, 
nickei(2+) salt (1:1) 

547-67-11 X7105 CzNi04; NiCz04 146.71 

Nickel oxalate dihydrate 6018-94-6 C2H4Ni06; NiC204 • 
2Hz0 

182.761 Light green 
powder 

Insoluble Soluble in mineral 
acids and solutions 
of ammonium 
chloride, nitrate, or 
sulfate; very slightly 
soluble in oxalic 
acid. 

Nickel oxide 11099-02-81 50495 Unspecified N/A NIOSH lists as "nickel 
oxides." 

fl 
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Table 1-1. Chemical and Physical Properties of Nickel and Nickel Compounds (Continued) 

Name and Synonyms CASRN NIOSH 
No. 

Formula(s) Molecular 
Weight 

Color and 
Physical 

State 

Melting 
Point, °C 

Boiling 
Point, °C 

Density or 
Specific 
Gravity 

Solubility in 
Water, 

20-25 °C 

Solubility in Other 
Media 

Reactivity/Other 
Comments 

Reference(s) 

---

I 
Nickel phosphate; Nickel 
phosphate (Ni3(P04)2); Nickel 
orthophosphate; Phosphoric acid, 
nicke1(2+) salt (2:3) 

10381-36- Ml709 N30sP2; Ni3(P04)2 366.02 Ignition of nickel 
phosphate gives the 
pigment "nickel 
yellow." 

( 

Nickel phosphate octahydrate; 
Nickel(2+) orthophosphate 
octah ydrate 

19033-89- Ht6NiJOt6P2; 

Ni3(P04)2 • 8H20 

510.20 Apple- or 
emerald­

green plates 
or granules 

Decom­
poses 

Insoluble in hot or 
cold water 

Soluble in acids, 
ammonia, and 
ammonium salts. 

I 
( 
( 
I 

I 
( 
I 
( 
I 

Nickel potassium cyanide; 
Potassium tetracyanonickelate(II); 
Dipotassium 
tetrakis( cyano-C)nickelate(2-) 

14220-17- E0851 C4K2N4Ni; K2Ni(CN)4 240.96 Orange Soluble Treating an aqueous 
solution with 
hydrogen sulfide will 
not precipitate nickel 
sulfide. No CASRN 
was identified for the 
orange-yellow, 
water-soluble 
monohydrate listed 
by Budavari (1996). 

( 

I 
( 

Nickel sesquioxide; Nickel oxide 
(Ni203); Nickei(III) oxide; Nickelic 
oxide; Black nickel oxide; Nickel 
trioxide 

1314-06-3 Nh03 165.39 Gray-black 
powder 

Insoluble Dissolves in hot 
sulfuric or nitric acid 
with oxygen release 
and in hot 
hydrochloric acid 
with chlorine release. 

Decomposes at about 
600 °C to NiO and 02. 

Nickel strontium phosphate; 
Strontium nickel phosphate 

34755-21-C T0477b NixSrxP04 N/A 
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Table 1-1. Chemical and Physical Properties of Nickel and Nickel Compounds (Continued) 

Name and Synonyms CASRN NIOSH Formula(s) Molecular Color and Melting Boiling Density or Solubility in Solubility in Other Reactivity/Other Reference(s) 
No. weight Physical Point, °C Point, °C Specific Water, Media Comments 

State Gravity 20-25 °C 

Nickel subsulfide; Nickel sulfide 12035-72-2 Ni3S2 240.25 Black 790 5.82 Insoluble ( < 0.1 Soluble in acids. < l 
(3:2); Heazlewoodite (mineral); powder; g/100 mL water) 0.1 g/100 mL DMSO ( 
Trinickel disulfide pale or ethanol. )' 

yellow- F 
bronze ( 

metallic d 
lustrous 
crystals 

Nickel sulfamate; Sulfamic acid, 13770-89-3 50470; H4N2Ni06S2; 250.85 Crystalline entity is F 
nickel(2+) salt (2:1) ZOllO Ni(OS02NH2)2 never isolated from the J 

reaction mixture of Ni ( 
or NiO plus hot 
aqueous sulfamic acid. 
Forms a tetrahydrate 
(CASRN 
124594-15-6). 

Nickel sulfate 7786-81-4 50510 Ni04S; NiS04 154.76 Yellow Decom­ 3.68 1.9 M (29.3 g/100 Insoluble in acetic Decomposes at 848 °C. E 
cubic poses mL) acid, diethyl ether, ( 
crystals and ethanol. ( 

( 

Nickel sulfate hexahydrate, "-form 10101-97-0 X4349 H12Ni010S; NiS04 • 262.85 Blue to Decom­ 2.07 2.4 M (62.52 Soluble in ammonium The "-form makes its E 
6H20 blue-green poses g/100 mL) hydroxide, ethanol, transition to the $-form ( 

tetragonal and methanol. at 53.3 °C (the triple ( 
crystals Ipoint). ( 

Nickel sulfate hexahydrate, $-form 10101-97-0 X4349 H12Ni010S; NiS04 • 262.85 Opaque Decom­ 2.07 Soluble Sparingly soluble in The hexahydrate loses E 
6H20 blue at poses ethanol; more soluble 5 water molecules at ( 

room temp.; in methanol. about I 00 °C. ( 
transparent Anhydrous nickel ( 
monoclinic sulfate forms at 280 °C. 
green The aqueous solution 
crystals at has a pH of about 4.5. 
40 °C 

Nickel sulfide; Nickel monosulfide; 11113-75-0 83744 NiS 90.77 Black 797 5.3-5.65 34.8 :M Insoluble in acetic -.; 
Millerite (mineral) trigonal (0.000316 g/100 acid, diethyl ether, F 

crystals or mL) at 18 °C and ethanol. J 
amorphous; ( 
yellow 
metallic 
luster 

---­
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Table 1-1. Chemical and Physical Properties of Nickel and Nickel Compounds (Continued) 

Name and Synonyms CASRN NIOSH Fonnula(s) Molecular Color and Melting Boiling Density or Solubility in Solubility in Other Reactivity/Other Reference(s) 
No. weight Physical Point, °C Point, °C Specific Water, Media Comments 

State Gravity 20-25 °C 

Nickel tetrafluoroborate; Nickel 14708-14-6 50460 B2F sNi; Ni(BF 4)2 232.32 1.454 Soluble Sold in 45% aqueous I< 
fluoroborate; Nickel fluoborate; solution (55-gal drums; ( 
Borate(!"), tetrafluoro-, nickel(2+) tank cars) ) 

Nickel titanate; Nickel titanium 
oxide 

12653-76-8 NiTiO 154.61 I< 

Nickel titanate; Nickel titanium 
oxide (NiTi03) 

12035-39-1 M0778 Ni03Ti; NiTi03 154.56 I< 

Raney Nickel No.7® 7440-02-0 HNi2; Ni2H Gray-black 
powder or 
cubic 
crystals 

Insoluble Insoluble in ethanol. Note CASRN is that of 
nickel. Important 
hydrogenation catalyst 
prepared by treating 
Ni-Al alloy with 25% 
caustic soda solution. 

E 
( 
( 

Contains hydrogen and 
residual aluminum. 
Ignites spontaneously 
in air. Remains active 
in storage under a 
solvent for about 6 
months. 

'iotes: M =molar mol. wt. = molecular weight N/A =Not applicable 

NIOSH No. = The number used by the National Institute of Occupational Safety and Health (NIOSH) in its databases of the National Occupational Hazard Survey and the National Occupational Exposure Survey to 
identify substances to which workers were potentially exposed. See Table 2-4. 
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2.0 HUMAN EXPOSURE 

2.1 Use 
Nickel and its alloys are valued for their strength, corrosion resistance, high ductility, 

good thermal and electric conductivity, magnetic characteristics, and catalytic properties (NiDI, 
1997). In the United States, approximately 200,000 metric tons of nickel (primary plus 
secondary nickel) are used per year. The use of primary nickel (Table 2-1) is divided into six 
sectors: (1) stainless steels, (2) alloy steels, (3) nickel alloys, (4) foundry, (5) plating, and (6) 
other. In 1996, approximately 46% of U.S. primary nickel consumption was for stainless steel 
and alloy steel production, 33% went into nonferrous alloys and superalloys, 14% into 
electroplating, and 7% into other uses such as chemicals, catalysts, batteries, coins, pigments, 
ceramics, eating utensils, and jewelry (Kuck, 1997a; NiDI, 1997). 

2.2 Production 
2.2.1 Product Classification and Processes 

Metallic nickel is produced from sulfide ore and silicate-oxide ore. Neither type of ore 
contains more than three percent nickel. Sulfide ores are extracted by flotation and magnetic 
separation into preparations containing nickel and other metals, while silicate-oxide ores are 
extracted by chemical means. Other ways of obtaining nickel are through the recycling process, 
consumer scrap, and through the refining of other metals, such as copper and platinum (IARC, 
1990). 

Nickel products are classified by the amount of nickel they contain. Class I products are 

defined as containing ~99.7 percent nickel, whereas Class II products vary in their nickel content 

(NiDI, 1997). The nickel used in Class I nickel products is refined using a variety of processes to 
decrease impurities such as antimony, cobalt, arsenic, zinc, copper, iron, and lead. Cobalt closely 
resembles the physical and chemical properties of nickel and is often difficult to remove 
completely from the mined ores, therefore many Class I products may contain high levels of 
cobalt. Nickel products designated as Class II products such as nickel oxide, metallized nickel 
oxide, and ferronickel are produced directly by smelting and roasting and are sufficiently pure to 
be used without refining in applications like stainless steel production (Ullman, 1985). 
Ammonium nickel sulfate is produced by reacting nickel sulfate with ammonium sulfate and 
crystallizing the salt from a water solution (Antonsen, 1981; Sax and Lewis, 1987; both cited by 
IARC, 1990). It is produced by three companies in the United Kingdom, two in the United 
States, and one in Japan (Chemical Information Services, Ltd., 1988; cited by IARC, 1990). 

Two commercial processes are used to manufacture nickel carbonyl. The atmospheric 
method, practiced in the United Kingdom, produces nickel carbonyl by passing carbon monoxide 
over freshly reduced nickel. In Canada, high-pressure carbon monoxide is used in the formation 
of iron and nickel carbonyl. These two products are later separated by distillation. The second 
method, also practiced in the United States, prepares nickel carbonyl by reacting carbon 
monoxide with nickel sulfate solution (Antonsen, 1996). Nickel carbonyl is manufactured by 
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Table 2-1. Uses of Nickel and Nickel Compounds 

Nickel Compound Use Reference 

Nickel 

Ammonium nickel 
sulfate 

Nickel acetate 

Nickel acetylacetonate 

Nickel carbonate 
hydroxide 

Nickel carbonyl 

Nickel chloride 

Nickel cyanide 

Nickel 
dimethylglyoxime 

Nickel formate 

Nickel monoxide 

Nickel nitrate 

"Nickel yellow" (yield 
after nickel phosphate 
is ignited) 

Nickel sulfate 

Raney nickel® 

Nickel plating for various alloys, for coins, 
electrotypes, storage batteries, magnets, lightning 
rod tips, electrical contacts and electrodes, spark 
plugs, and machinery parts. Also used for 
hydrogenation of oils and other organic 
substances. 

Electroplating metals, a dye mordant, and in metal 
finishing compositions. 

Catalyst, mordant for textiles, an intermediate in 
the formation of other nickel compounds, a sealer 
for anodized aluminum, and in nickel 
electroplating. 

Catalyst 

Nickel plating, a catalyst for hardening fats, and an 
ingredient of ceramic colors and glazes. 

Organic synthesis, production of high-purity 
nickel powder, and continuous nickel coatings on 
steel and other metals. 

Nickel plating cast zinc, manufacturing 
sympathetic ink. The anhydrous salt of nickel 
chloride is used in gas masks to absorb ammonia. 

Nickel plating 

Sun-fast pigment in paints, used in lacquers, 
cellulose compounds, and cosmetics. 

Manufacturing nickel and preparation of nickel 
catalysts for organic reactions (mainly 
hydrogenation catalysts). 

Painting on porcelain, manufacturing magnetic 
nickel-zinc ferrites used in electric motors, 
antennas and television tube yokes. 

Nickel plating and manufacturing brown ceramic 
colors. 

Pigment in oil paints and water colors. 

Nickel plating, a mordant in dyeing and printing 
fabrics, and blackening zinc and brass. 

Catalyst for hydrogenation of unsaturated organic 
compounds. 

Budavari (1996); Sax and 
Lewis (1987; cited by 
IARC, 1990) 

Budavari (1996); Sax and 
Lewis (1987; cited by 
IARC, 1990) 

Budavari (1996); Antonsen 
(1981; cited by IARC, 
1990) 

Budavari (1996) 

Budavari (1996) 

Mond et al. (1890); Wilke 
et al. (1966; both cited by 
Budavari, 1996) 

Budavari (1996) 

Budavari (1996) 

Budavari (1996) 

Budavari ( 1996) 

Budavari (1996); Antonsen 
(1981; cited by IARC, 
1990) 

Budavari (1996) 

Budavari ( 1996) 

Budavari (1996) 

Budavari (1996) 

two companies in the Federal Republic of Germany, two in the United States, and one in Japan 
(Chemical Information Services Ltd., 1988; cited by IARC, 1990). 

The compound nickel chloride hexahydrate is produced by the reaction of nickel powder 
or nickel oxide with hot aqueous hydrochloric acid (Antonsen, 1996). It is produced by eight 
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companies in the United States, six in India, four in the Federal Republic of Germany, four in 
Japan, four in the United Kingdom, three in Mexico, two in Brazil, two in France, two in Italy, 
and one in Spain, Switzerland, and Taiwan (Chemical Information Services, Ltd., 1988; cited by 
IARC, 1990). 

Nickel hydroxide is prepared by three processes: 1) treating a nickel sulfate solution with 
sodium hydroxide to yield a gelatinous nickel hydroxide, which forms a fine precipitate when 
neutralized; 2) electrodeposition at an inert cathode using metallic nickel as the anode and nickel 
nitrate as the electrolyte; 3) extraction with hot alcohol of the gelatinous precipitate formed by 
nickel nitrate solution and potassium hydroxide (Antonsen, 1996). 

Nickel monoxide is produced by firing a mixture ofpure nickel powder and water in air at 
1000 °C or by firing a mixture of high purity nickel powder, nickel oxide, and water in air 
(Antonsen, 1996). This nickel compound is produced by two companies in the United States, 
six in Japan, two in the United Kingdom, and one in the Federal Republic of Germany (Chemical 
Information Services Ltd., 1988; cited by IARC, 1990). 

Nickel nitrate hexahydrate is prepared by reacting dilute nitric acid and nickel carbonate. 
Three methods of manufacturing nickel nitrate hexahydrate on a commercial basis include: 1) 
slowly adding nickel powder to a stirred mixture of nitric acid and water; 2) a two tank reactor 
system, one with solid nickel and one with nitric acid and water; 3) adding nitric acid to a mixture 
of black nickel oxide powder and hot water. Anhydrous nickel nitrate is produced by treating the 
hexahydrate with fuming nitric acid (Antonsen, 1981; cited by IARC, 1990). Nickel nitrate is 
produced by six companies in the United States, four in Brazil, four in Japan, four in the United 
Kingdom, two in the Federal Republic of Germany, two in France, two in India, two in Italy, two 
in Spain, one in Argentina, Australia, Belgium, Mexico, and Switzerland (Chemical Information 
Services Ltd., 1988; cited by IARC, 1990). 

Nickel subsulfide is prepared by the direct fusion of nickel with sulfur. Nickel sulfide and 
nickel subsulfide are produced in large quantities as intermediates in the processing of sulfidic and 
silicate-oxide ores (IARC, 1990). 

Anhydrous nickel sulfate is produced by a gas-phase reaction of nickel carbonyl with 
sulfur dioxide and oxygen at 100 °C or in a closed-looped reactor that recovers the solid product 
in sulfuric acid. The hydrates are prepared by treating nickel powder, nickel carbonate, or nickel 
oxide with dilute sulfuric acid (Antonsen, 1981; cited by IARC, 1990). Historically, most nickel 
sulfate has been produced in Belgium, Czechoslovakia, the Federal Republic of Germany, 
Finland, Japan, Taiwan, the United Kingdom, the United States, and the Union of Soviet Socialist 
Republics (ERAMET-SLN, 1989b; cited by IARC, 1990). 

2.2.2 Production Volumes 
In 1995, the Glenbrook Nickel Company, a subsidiary of Cominco, Ltd., produced 8,300 

metric tons of nickel contained in ferronickel from imported ores. In 1996, Glenbrook processed 
719,000 metric tons of nickel ore, producing 15,000 metric tons of nickel contained in ferronickel 
(Cominco, 1998). 

The United States imported approximately 3,070 metric tons of metallurgical-grade nickel 
oxide in 1994, but only 530 metric tons in 1995. The nickel imported in 1995 was approximately 
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59% of the net nickel consumed. This amount was lower than the amount imported in 1994 
because Glenbrook resumed production offerronickel in 1995 (Kuck, 1997b). U.S. exports of 
nickel products have increased in recent years because of increased demand for stainless steel in 
the Far East and Western Europe. 

In 1996, 164 facilities reported consumption of nickel (Kuck, 1997a). In the Western 
World, demand for primary nickel reached an all-time high in 1995 when it increased by 15% 
(from 786,000 to 900,000 metric tons) over the previous year (Kuck, 1997b). 

2.3 Nickel Refining 
2.3.1 Refining Processes 

Nickel refining is a complex process involving many steps and intermediate compounds. 
Sulfide ores are initially concentrated mechanically and the concentrates are treated by a series of 
processes, including roasting, smelting, and converting to produce a copper-nickel matte. The 
matte is further treated to produce a copper-nickel alloy and nickel sulfide. These are then 
refined to nickel by electrolysis or the carbonyl process. Lateritic ores may be treated by 
pyrometallurgical processes followed by reduction or electrolysis. Hydrometallurgical processes 
involving leaching with ammonia or sulfuric acid may be used also (Tien and Howson, 1985). 

Carbonyl refining involves the use ofnickel carbonyl as an intermediate. High purity 
nickel pellets are used for melting and dissolving and are a product of the process. Nickel 
powders used in chemical syntheses and for making nickel alkaline-battery electrodes and 
powder-metallurgical parts are also derived from the carbonyl-refining process (Antonsen, 1996). 
This process is based on the selective action of carbon monoxide gas which reacts with nickel 
occurring in previously metallized materials or with nickel concentrates separated from copper­
nickel matte. At 50 °C, the reaction results in the formation ofnickel carbonyl which is easily 
separated from other metals, such as copper, cobalt, and iron. The carbonyl is brought into 
contact with surfaces heated to around 200 °C at which point it decomposes, releasing carbon 
monoxide and yielding pure nickel (Carson, 1980; ICNCM, 1990). 

2.3 .2 Types of Ores 
The type of nickel ore processed varies from region to region. There are two types of 

nickel ores-sulfide ores and silicate-oxide ores (laterites/garnierites) (!ARC, 1990). Sulfide 
deposits, which are formed far beneath the earth's surface by the reaction of sulfur with nickel­
bearing rocks, account for most of the nickel that is produced worldwide. The most common 
nickel sulfide is pentlandite (Fe9Ni9S16), which is frequently found in association with 
chalcopyrite (CuFeS2) and pyrrhotite (Fe7S8). Lateritic ores, which are formed over long periods 
of time as a result ofweathering of nickel-containing rocks and found in the form of oxides or 
silicates (Tien and Howson, 1985) exist in tropical regions and regions that once were tropical, 
such as parts of the Pacific Northwest (!ARC, 1990). Canadian and European refineries process 
mainly copper-sulfidic nickel ores, whereas refineries that operated in the United States 
processed silicate and lateritic nickel ores. Sources of ores processed in the United States were 
Cuban laterites at Port Nickel, Louisiana, laterites found near the California-Oregon border, nickel 
silicate ores processed near Riddle, Oregon, and ores from the Duluth gabbro of northeastern 
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Minnesota. The nickel silicate mineral mined by Hanna Nickel Smelting Company at Nickel 
Mountain near Riddle, Oregon, was garnierite. Garnierite is a complex nickel magnesium silicate 
associated with iron, cobalt, chromium, and aluminum and was refined at the Hanna facility by 
dephosphorizing and deoxidizing to produce ferronickel (Carson, 1980). More recently, the 
Glenbrook (formerly the Hanna Nickel Smelting Co.) smelter produced ferronickel from domestic 
and imported lateritic ores (Kuck, 1997a,b ). 

2.3.3 Refining Operations in the United States 
Since the first nickel refinery was first successfully operated in 1902, there have been 

several refineries established in the United States involved in primary nickel production. Amax 
Nickel, a division of Amax, Inc., refined primary cobalt and pure nickel at Port Nickel 
(Braithwaite), Louisiana, beginning in 1974. The facility had a capacity of36,000 metric tons of 
nickel when operable. Nickel-copper mattes from Botswana, New Caledonia, Australia, and 
South Africa were processed. LeClerc et al. (1987) and Langer et al. (1980) note that the soil in 
the French territory ofNew Caledonia, where nickel has been mined and smelted for more than 
one hundred years also, contains large amounts of chrysotile asbestos. Crude nickel sulfate was 
produced by ASARCO electrolytic copper refineries in Washington, Maryland, and Perth 
Amboy, New Jersey. Beginning in 1954, crude nickel sulfate was refined at Perth Amboy by hot 
water leaching, air oxidizing, and adjusting the pH with calcium carbonate solution to precipitate 
iron, precipitating copper and zinc as the sulfides, and crystallizing the purified solution (Busch 
et al., 1961; cited by Carson 1980). 

In 1972, a plant at SEC Corporation in El Paso, Texas, began operations to recover 
copper and nickel from the liquor discharged from the final evaporation stage in copper sulfate 
crystallization from copper-refining electrolytes that were bled for purification. At SEC, nickel 
and copper were extracted by organic solvents and the pH controlled by ammonia additions. 
After acid-stripping of the solvent extracts, nickel and copper were recovered by electro winning 
(Carson, 1980). 
Table 2-2 is a summary of operations that are involved in or have been involved in mining, 
milling, smelting, or refining of nickel that may have potentially exposed workers to nickel 
compounds. Currently, there are no nickel refining processes carried out in the United States. 
The nickel smelter, located near Riddle, Oregon, and operated by Glenbrook Nickel Company, 
had been the only one active in recent years (Kuck, 1997a,b; King, 1998). Glenbrook announced 
the closing of its nickel smelter and the associated port facility in Coos Bay, Oregon, in January 
1998 (Cominco, 1998). 
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Nickel-copper matte from Canada and/or 
nickel matte from New Caledonia 
Gamierite (a complex nickel magnesium 
silicate associated with iron, cobalt, 

. " .. . 

Copper containing nickel and cobalt 

Nickel-copper matte containing nickel 
subsulfide, copper sulfide, copper-nickel 
alloy particles, and minor amounts of 

· arsenic and · · 
Crude nickel-copper sulfides matte from 
Canada 
Nickel-copper matte; sulfidic nickel ores 

ND 

Refined by dephosphorizing and 
deoxidizing 

Hydrometallurgical process, 
atmospheric sulfuric acid leaching 

Pressure leaching 

Electrolytic copper refining 

Carbonyl process 

Total nickel, metallic nickel, oxidic nickel 
sulfidic nickel 
Oxidic nickel 

ND 

Metallic nickel 

Crude nickel sulfate 

Metallic nickel, oxidic nickel, sulfidic nickel, 
and soluble nickel 

Total nickel, metallic nickel, oxidic nickel, 
sulfidic nickel, soluble nickel 

Outokumpu Oy Nickel Refinery, Nickel-copper ore consisting of nickel­ Atmospheric pressure leaching, I Soluble nickel 
Finland copper alloy, nickel subsulfide, and electrolytic copper removal, cobalt 

sulfide 
SocietJ le Nickel's Mining and Lateritic ores including silicate and 

andnickel 
Nickel silicate, oxidic nickel 

Smelting Operations, New 

· · · 

limonite ores (also contains asbestos) 

ND = No data given Sources: Carson (1980); ICNCM (1990). 
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2.4 Exposure 
2.4.1 Environmental Exposure 

Nickel is ubiquitous in nature, occurring mainly in the form of sulfide, oxide, and silicate 
minerals. Nickel is an essential element in certain microorganisms, animals, and plants and is 
generally believed also to be an essential element for humans (NiDI, 1997). About 130 million 
metric tons of nickel have been identified in world resource deposits averaging one percent nickel 
or greater. Sixty percent of the nickel is in laterites and 40% in sulfide deposits. Additionally, 
deep-sea resources ofnickel exist in manganese crusts and nodules covering large areas of the 
ocean floor, particularly in the Pacific Ocean (Kuck, 1997a). Small amounts of nickel can be 
emitted into the atmosphere from forest fires, volcanoes, wind-blown dusts, meteoric dusts, and 
extremely low amounts from sea spray (IARC, 1990). 

Environmental exposures to nickel can occur by breathing air or smoking tobacco 
containing nickel. Very low levels of nickel can be found in ambient air as a result of releases 
from manufacturing facilities, oil and coal combustion, sewage sludge incineration, and other 
sources. Contact with many everyday items such as nickel-containing jewelry, cooking utensils, 
stainless steel kitchens, and clothing fasteners may expose individuals to nickel. Eating food 
containing nickel is a major source of exposure for most people. The U.S. Environmental 
Protection Agency (EPA) estimated that the average adult consumes 100 to 300 J.lg of nickel per 
day (USEPA, 1998). Drinking water also contains small amounts of nickel (ATSDR, 1997). 

2.4.2 Occupational Exposure 
The main route of occupational exposure to nickel is through inhalation and, to a lesser 

degree, skin contact. Nickel refinery dust is a mixture of many nickel species (IRIS, 1997). 
Exposure concentrations are in Table 2-3. 

The National Institute of Occupational Safety and Health (NIOSH) compiled extensive 
data on potential occupational exposures to nickel, nickel compounds, and alloys in two surveys. 
The National Occupational Hazard Survey (NOHS) data (NIOSH, 1976) were collected during 
the period 1972 to 1974 from a sample of 4,636 businesses employing nearly 900,000 workers 
for the year 1970. The National Occupational Exposure Survey (NOES) data (NIOSH, 1990) 
were collected during the period 1981-1983 from a sample of 4,490 businesses employing nearly 
1 ,800,000 workers. 

The nickel species for which NIOSH collected data are listed in Table 2-4, presented as 
four groupings. List 14A includes forms of elemental nickel; 14B, nickel compounds and 
complexes; 14C, nickel alloys; and 14D, nickel alloys used in welding, soldering, and brazing. 

Table 2-5 lists U.S. industries by Standard Industrial Classification (SIC) code in which 
employees were potentially exposed to the nickel compounds of List B in Table 2-1. The 1972­
1974 NOHS estimated that 97,192 employees in 9,351 plants were potentially exposed to nickel 
compounds. The 1981-1983 NOES estimated that 139,779 employees (ofwhich 30,833 were 
female) of7,153 plants were potentially exposed to nickel compounds. 

Table 2-6 lists those industries in which employees were potentially exposed specifically 
to nickel sulfate(s): 13,210 total in 2,205 plants in the NOHS and 57,395 total (12,211 females) 
in 3,509 plants in the NOES. 
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Table 2-7 lists those industries in which employees were potentially exposed specifically 
to nickel oxide(s): 4,916 total in 311 plants (nickel oxide; nickel monoxide) and 51,809 total in 
1,800 plants ("nickel oxides") in the NOHS and 18,166 total (5,820 females) in 702 plants in the 
NOES (nickel oxide). 

The NOHS provided an estimate of 116 total employees who were potentially exposed 
to nickel monosulfide at 14 plants producing steel wire and related products (SIC code 3315). 

Potential nickel metal and alloy exposure data for species in Lists A, C, and D of Table 2­
1 were also compiled by NIOSH. The NOHS estimated that 163,174 total employees in 12,297 
plants were exposed to metallic forms of nickel. The NOES estimated that 901,533 total 
employees (62,776 females) in 51,007 establishments were exposed to nickel metals and alloys. 

Although there are no refineries in operation in the United States at present, there is still 
concern regarding the effects that past exposures in the nickel refining industry have had or are 
having on the health of former workers. No estimates of the number of former nickel refinery 
workers exposed were found for inclusion in this background document. 
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TABLE 2-3. SUMMARY OF CURRENT NICKEL EXPOSURES IN NICKEL­
PRODUCING AND -USING INDUSTRIES 

Industry Sector Range of Exposure 
Concentrations 

(mgNi/m3 
) 

1 

Range ofMean 
Aerosol Exposure 
Concentra!~ns 

(mgNi/m l 

Predominant 
sp~ies,. 

Mining 
Milling 
Smelting 
Refining 
Stainless and alloy steels 
Nickel alloy steels 
Welding and hot cutting 

Nickel plating 
Production of chemicals 
Nickel catalysts 
Ni-cadmium batteries 
Others 

0-<1.0 
0.001-4.0 
0.001-77.04 

0.001-20.05 

0-<1.0 
0.001-9.08 

Trace-7.08 

Trace-3.012 

0.001--3.0 
0-26.0 14 

0--2.0 
Trace-14.0 

0.003-0.15 
0.01-<0.70 
0.01-<3.0 
0.003--1.506 

0.001-0.10 
0.002--0.509 

0.001--0.5 10 

0.0004--0.10 
0.02--1.50 
0.004--1.015 

0.005--0.50 
Trace-0.517 

SU, 0' 
su 
suo3 

' SU,O,M,SO7 

O,M 
O,M 
O,MII 

so13 

SO,O,M 
SO,O,M16 

O,M,SO 
Mixed 

1 'Total' nickel, unless otherwise indicated. 
2 M=metallic nickel, O=oxidic nickel, NC=nickel 

carbonyl, SU=sulphidic nickel, 
SO=solublenickel salts. 

3 Dependent upon the type of ore. 
4 Upper limits of ranges for most data sources did 

not exceed 2.0 mg Ni/m3
• 

5 Upper limits of ranges for most data sources did 
not exceed 5.0 mg Ni/m3 

• 

6 A few mean aerosol concentrations exceeded 1.5 
mg Ni/m3

• The hi~hest mean value reported 
was 4.84 mg Ni/m. 

7 Dependent upon the operation and job. 
8 Upper limits of ranges for most data sources did 

not exceed I mg Ni/m3
• 

9 A few mean aerosol concentrations exceeded 0.5 
mg Ni/m3

• The highest mean value reported 
was 3.2 mg Ni/m3

• 

10 A few mean aerosol concentrations exceeded 0.5 
mg Ni/m3

• The hi~hest mean value reported 
was 3.58 mg Ni/m . 

11 In some instances, soluble nickel was noted to be 
present, although it was not the pre-dominant 
form of nickel found. 

12 Upper ranges for most data sources did notexceed 
1.0 mg Ni/m3

• 

13 In instances where speciation was 
conducted,insoluble nickel compounds were 
noted to be present although they were not 
thepredominant forms of nickel found. 

14 Upper ranges for most data sources did notexceed 
4.0 mg Ni/m3 

• 

15 A few mean aerosol concentrations exceeded 1.0 
mg Ni/m3

• The higllest mean value reported 
was 1.55 mg Ni/m3

• 

16 In addition to potential exposures to oxidic 
and/or metallic nickel species, sulfidic nickel is 
also believed to be present in the spent nickel 
catalyst 

17 	A few mean aerosol concentrations exceeded 0.5 
mg Ni/m3

• The highest value meanreported was 
4.1 mg Ni/m3 

Table derived from NiPERA (1996) 
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X5986 
X5918 
X5096 
X3242 

50460 
X4331 
X7105 
M4033 
MOJO! 
Ml990 
M3818 
81906 
X3677 
Tl988 
81907 
83009 
81905 
50440 
X7161 
X4330 
82846 
83311 
T0483 
Tl625 
50450 
X7142 
Tl660 
83650 
50480 
84269 
50495 
X3115 
81904 
50470 
50510 
83744 
W0002 
M0778 
Ml782 
E0714 
X9871 
84025 
X4332 
X5635 
E0851 
82957 
84725 
E0671 
Ml709 
Zlll5 
X2836 
T0477 
ZOllO 
X4948 
X4349 
M3188 

TABLE 2-4. GROUPINGS FOR NIOSH SURVEY DATA (NIOSH Number and Name) 

NICKEL, METAL, ORE (LIST 14A) 

NI, NICKEL POWDER-MF UNKNOWN 
NI, NICKEL-PURE • 
NICKEL, DUST 
NICKEL, ISOTOPE OF MASS 63 

NICKEL COMPOUNDS/COMPLEXES (LIST 14B) 

BORATE(I-), TETRAFLUORO-, NICKEL(2+); Nickel tetrafluoroborate • 
CHROMIC ACID, NICKEL(2+) SALT (1:1); Nickel chromate • 
ETHANEDIOIC ACID, NICKEL(2+) SALT (1:1); Nickel oxalate • 
FORMIC ACID, NICKEL(2+) SALT; Nickel formate* 

INORGANIC NICKEL COMPOUNDS 

MAGNESIUM-NICKEL 

NB.NI, NICKEL COMPO. WITH NIOBIUM 

NICKEL ACETATE • 

NICKEL ALUMINIDE 

NICKEL AMMONIUM FERROCY ANIDE •• 

NICKEL AMMONIUM SULFATE • 

NICKEL BROMIDE • 

NICKEL CARBONATE • 

NICKEL CHLORIDE * 

NICKEL CHLORIDE (NICL2) • 

NICKEL CHLORIDE (NICL2), HEXAHYDRATE • 

NICKEL CYANIDE • 

NICKEL DITHIOCARBAMATE * 

NICKEL D!TlllOOXY AMIDE •• 

NICKEL FERROCY ANIDE • 

NICKEL FLUORIDE • 

NICKEL HYDROXIDE (NI(OH)2) • 

NICKEL NAPHTHALENE SULFONATE •• 

NICKEL NAPHTHENATE • 

NICKEL NITRATE • 

NICKEL OXIDE * 

NICKEL OXIDES • 

NICKEL PLATED BRASS 

NICKEL SALTS 

NICKEL SULFAMATE • 

NICKEL SULFATE • 

NICKEL SULFIDE • 

NICKEL SULFONATE •• 

NICKEL TITANATE* 

NICKEL-ANTIMONYTITANATES * 

NICKEL, (CARBONAT0(2-))TETRAHYDROXYTRI-; Nickel carbonate hydroxide • 

NICKEL, AMMINE(2,3-BUT ANEDIONE OXIME THIOSEMICARBAZONATEX2-))- • 

NICKEL, BIS(DffiUTYLDITHIOCARBAMATO)- • 

NICKEL, BIS(DIMETHYLCARBAMODITHIOATO-S,S")- * 

NICKEL, BIS(2,4-PENTANEDIONATO-O,O')-, (SP-4-1)-; Nickel acetylacetonate • 

NICKELATE(2-), TETRAKIS(CYANO-C)-, DIPOTASSIUM, (SP-4-1)-; Potassium tetracyanonickelate(II) * 

OCTANOIC ACID, NICKEL(2+) SALT; Nickel octanoate • 

ORGANIC NICKEL COMPOUNDS 

PHOSPHONIC ACID, ((3,5-BIS(I ,1-DIMETHYLETHYL )-4-HYDROXYPHENYL )METHYL)-, MONO ETHYL ESTER, NICKEL(2+) SALT (2: I) ** 

PHOSPHORIC ACID, NICKEL(2+) SALT (2:3); Nickel phosphate* 

SODIUM HYDROXIDE-TUNGSTEN-MOLYBDENUM-NICKEL-ALUMINUM OXIDE SOLUTION 

SPINELS, CHROMIUM IRON NICKEL BLACK 

STRONTIUM NICKEL PHOSPHATE; Nickel strontium phosphate • 

SULFAMATE NICKEL ACID COMPOUND; Nickel sulfamate • 

SULFURIC ACID, AMMONIUM NICKEL(2+) SALT (2:2:1); Nickel ammonium sulfate* (see no. 81907 above) 

SULFURIC ACID, NICKEL(2+) SALT (1:1), HEXAHYDRATE; Nickel sulfate hexahydrate* 

TITAN1UM, NICKEL, ANTIMONY COMPLEX 
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X7858 
X8061 
X6385 
X4908 
X6380 
X7808 
X7805 
X7388 
X7392 
X7394 
X7829 
X6951 
X6384 
X7837 
A1278 
X6401 
X6378 
X8048 
X8055 
X5951 
X7810 
X5905 
X6391 
X7580 
X5944 
X5953 
X7717 
X6358 
X6358 
X7794 
X8124 
X7796 
X5054 
X7881 
X7814 
X5932 
X6377 
X6361 
X5930 
X6379 
X5938 
X5937 
X6376 
X7800 
X7871 
X8026 
X7651 
69715 
X6905 
X5936 
X4282 
X6373 
X5902 
X7530 
M2286 
X9111 
X8289 
X7873 
XSOS9 
X5061 
X6395 
X6371 
X6350 
X6722 
X6368 
X6398 
X8291 
X8297 
50675 
X8294 
50420 
X9567 
50676 

TABLE 2-4. GROUPINGS FOR NIOSH SURVEY DATA (NIOSH Number and Name) (continued) 

NICKEL ALLOYS (LIST 14C) 

AG.NI, ALLOY MF-UNKNOWN 
AL.C.CO.CR.CU.FE.MN.MO.NB.NI.SI.TI.W, INCOLOY-MF UNKNOWN 
AL.C.CO.CR.CU.FE.MN.MO.NB.NI.SI.TI, ASTM A637-718 
AL.C.CO.CR.CU.FE.MN.MO.NB.NI.SI.TI, INCONEL-MF UNKNOWN 
AL.C.CO.CR.FE.MN.MO.NB.NI.SI.TI, ASTM B443 
AL.C.CO.CR.FE.MO.NI.TI, AISI 687 
AL.C.CR.FE.MN.MO.NB.NI.SI.TI.ZR,ASTM A567-7V 
AL.CU.FE.MG.MN.NI.SI.SN.ZN-AA 360 
AL.CU.FE.MG.MN.NJ.SJ.TI.ZN-AA 319 
AL.CU.FE.MG.MN.NI.SI.TI.ZN-AA 333 
AL.CU.FE.MN.NI.PB.SI.SN.ZN, ALLOY MF-UNKNOWN 
AL.CU.FE.MN.NI.SI., CDA 958 
AL.NI, ALLOY-MF UNKNOWN 
AU.NI, ALLOY MF-UNKNOWN 
B.C.CR.FE.N.NI.SI, FERROCHROMIUM-VAN 
C.CO.CR.FE.MN.MO.NI.SI.V.W, HASTELLOY A,B&C 
C.CO.CR.FE.MN.MO.NI.SI.V, AMS 5755 
C.CO.CR.FE.MN.MO.NI.SI.W, AISI 680 
C.CO.CR.FE.MN.MO.NI.SI, HASTELLOY-MF UNKNOWN 
C.CO.CR.FE.MN.NI.SI.W, AISI 670 
C.CO.CR.FE.MN.NI.SI.W, ASTM A567-2 
C.CO.CU.NI.TA.TI.W, ALLOY-MF UNKNOWN 
C.CR.CU.FE.MN.MO.NI.SI, A1SI 4140 
C.CR.CU.FE.MN.MO.NI.SI, AISI 4145 
C.CR.CU.FE.MN.MO.NI.SI, A1SI 4340 
C.CR.CU.FE.MN.MO.NI.SI, AISI 8620 
C.CR.CU.FE.MN.MO.NI.SI, ASTM A296-CN-7M 
C.CR.CU.FE.MN.MO.NI.SI, STEEL, AISI 4130 
C.CR.CU.FE.MN.MO.NI.SI, STEEL, AISI 4130 
C.CR.CU.FE.MN.NB.NI.SI, AMS 5679 
C.CR.CU.FE.MN.NI.P.SI.ZR, ASTM A242-1 
C.CR.CU.FE.MN.NI.SI.TI, AMS 5675 
C.CR.CU.FE.MN.NI.SI, ASTM B163-600 
C.CR.FE.MB.MN.NI, ALLOY MF-UNKNOWN 
C.CR.FE.MN.MO.N.NI.SI, M2-VAN 
C.CR.FE.MN.MO.NI.SI, AISI E9310 
C.CR.FE.MN.MO.NI.SI, AISI 316 
C.CR.FE.MN.MO.NI.SI, AISI 4330-VAN 
C.CR.FE.MN.NI.P.S.SI, AISI 303 
C.CR.FE.MN.NI.SI.TI, AISI 321 
C.CR.FE.MN.NI.SI, AISI 301 
C.CR.FE.MN.NI.SI, AISI 302 
C.CR.FE.MN.NI.SI, AISI 304 
C.CR.FE.MN.NI.SI, AISI 308 
C.CR.FE.MN.NI.SI, ASTM B344-60NI,16CR. 
C.CR.FE.MN.NI, ALLOY-MF UNKNOWN 
C.CR.FE.MN, ALLOY-MF UNKNOWN 
C.CR.FE.MN, STAINLESS STEEL-MF UNKNOWN 
C.CR.FE,MN,MO,NI,SI.V, L6 MF-UNKNOWN 
C.CU.FE.MN.NI.SI, ASTM B160-200 
C.CU.FE.MN.NI.SI, ASTM B164-A 
C.FE.MN.NI.SI.V, A!Sl W2 
C.FE.MN.NI.SI, DIN 1.3917 
C.FE.MN.NI, STEEL, NICKEL-MF UNKNOWN 
C.I. PIGMENT YELLOW 53 
C.MN.P.S.SI.CR.NI.MO, AISI 316L 
C.NI, NICKEL ALLOY 
CO.FE.NI, ASTM F15 
COBALT ALLOY, CO 46-58,CR 19-21,W 14-16,NI 9-11,FE 0-3,MN 0-2,81 0-1,C 0-0.2 (AISI 670) 
COBALT ALLOY, CO,C,CR,FE,MN,MO,NI,SI,W (STELLITE) 
CR.FE.MO, ALLOY-MF UNKNOWN 
CR.NI, ALLOY-MF UNKNOWN 
CU.NI.SN, BRONZE, NICKEL-MF UNKNOWN 
CU.NI.ZN, GERMAN SILVER 
CU.NI, ALLOY-MF UNKNOWN 
FE.NI, ALLOY-MF UNKNOWN 
NI.ZN, ALLOY MF-UNKNOWN 
NI.ZR, ALLOY MF-UNKNOWN 
NI-HARD STEEL 
NI, NICKEL-FUME-MF UNKNOWN 
NI, NICKEL-MF UNKNOWN 
SPINELS, IRON NICKEL BROWN 
STEEL, NI-HARD, OXIDES OF 

TABLE 2-4. GROUPINGS FOR NIOSH SURVEY DATA (NIOSH Number and Name) (continued) 
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http:CU.NI.ZN
http:CU.NI.SN
http:CR.FE.MO
http:CO.FE.NI
http:C.MN.P.S.SI.CR.NI.MO
http:C.FE.MN.NI
http:C.FE.MN.NI.SI
http:C.CU.FE.MN.NI.SI
http:C.CU.FE.MN.NI.SI
http:C.CR.FE.MN
http:C.CR.FE.MN
http:C.CR.FE.MN.NI
http:C.CR.FE.MN.NI.SI
http:C.CR.FE.MN.NI.SI
http:C.CR.FE.MN.NI.SI
http:C.CR.FE.MN.NI.SI
http:C.CR.FE.MN.NI.SI
http:C.CR.FE.MN.NI.SI.TI
http:C.CR.FE.MN.NI.P.S.SI
http:C.CR.FE.MN.MO.NI.SI
http:C.CR.FE.MN.MO.NI.SI
http:C.CR.FE.MN.MO.NI.SI
http:C.CR.FE.MN.MO.N.NI.SI
http:C.CR.FE.MB.MN.NI
http:C.CR.CU.FE.MN.NI.SI
http:C.CR.CU.FE.MN.NI.SI.TI
http:C.CR.CU.FE.MN.NI.P.SI.ZR
http:C.CR.CU.FE.MN.NB.NI.SI
http:C.CR.CU.FE.MN.MO.NI.SI
http:C.CR.CU.FE.MN.MO.NI.SI
http:C.CR.CU.FE.MN.MO.NI.SI
http:C.CR.CU.FE.MN.MO.NI.SI
http:C.CR.CU.FE.MN.MO.NI.SI
http:C.CR.CU.FE.MN.MO.NI.SI
http:C.CR.CU.FE.MN.MO.NI.SI
http:C.CO.CR.FE.MN.MO.NI.SI
http:B.C.CR.FE.N.NI.SI
http:AL.CU.FE.MN.NI.SI
http:AL.CU.FE.MN.NI.PB.SI.SN.ZN
http:AL.C.CO.CR.FE.MO.NI.TI
http:AL.C.CO.CR.FE.MN.MO.NB.NI.SI.TI
http:AL.C.CO.CR.CU.FE.MN.MO.NB.NI.SI.TI
http:AL.C.CO.CR.CU.FE.MN.MO.NB.NI.SI.TI
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X7849 
X7868 
X7743 
X7809 
X7806 
X7830 
S2013 
S2344 
S2222 
S2216 
X7838 
SI026 
X8132 
X7739 
X7741 
X7732 
X7811 
X8119 
X8134 
X7755 
X7714 
X7795 
X8125 
X7797 
X7781 
X7766 
X7882 
X7815 
X7801 
X7748 
X7876 
X7750 
X7802 
X7798 
X7872 
X8136 
X7826 
X8128 
X7874 
X7745 
X7746 
S2345 
S2223 
S2014 
S2217 
X6669 
S2015 
S2579 
S2218 
S2016 
S2219 
S2224 
S2017 
S2220 
S2225 
S2018 
S0039 
S2335 
S2609 
S2019 
S2221 
S2226 
S2580 
S2203 

Notes: 

NICKEL IN WELDING, SOLDERING, BRAZING (LIST 14D) 

AG.NI, ALLOY MF-UNKNOWN, SOLDERING 
AG.NI,ALLOY, MF-UNKNOWN, WELDING 
AL.C.CO.CR.CU.FE.MN.MO.NB.NI.SI.TI, ASTM A637-718, WELDING 
AL.C.CO.CR.FE.MO.NI.TI, AISI 687, WELDING 
AL.C.CR.FE.MN.MO.NB.NI.SI.TI.ZR, ASTM A567-7V, WELDING 
AL.CU.FE.MN.NI.PB.SI.SN.ZN, ALLOY MF-UNKNOWN, WELDING 
ARWNICKEL 
ARW NICKEL ALLOY STEEL 
ARW NICKEL COPPER ALLOYS 
ARW NICKEL/CHROMIUM ALLOY 
AU.NI, ALLOY MF-UNKNOWN, BRAZING 
BRT GOLD/NICKEL 
C.CO.CR.FE.MN.MO.NI.SI.V.W, HASTELLOY A,B&C, WELDING 
C.CO.CR.FE.MN.MO.NI.SI.V, AMS 5755, WELDING 
C.CO.CR.FE.MN.MO.NI.SI.W, AISI 680, WELDING 
C.CO.CR.FE.MN.NI.SI.W, AISI 670, WELDING 
C.CO.CR.FE.MN.NI.SI.W, ASTM A567-2, WELDING 
C.CR.CU.FE.MN.MO.NI.SI., AISI 4140-BRAZING 
C.CR.CU.FE.MN.MO.NI.SI, AISI 4140-WELDING 
C.CR.CU.FE.MN.MO.NI.SI, AISI 8620, WELDING 
C.CR.CU.FE.MN.MO.NI.SI, ASTM A296-CN-7M, WELDING 
C.CR.CU.FE.MN.NB.NI.SI, AMS 5679, WELDING 
C.CR.CU.FE.MN.NI.P.SI.ZR, ASTM A242-1, WELDING 
C.CR.CU.FE.MN.NI.SI.TI, AMS 5675, WELDING 
C.CR.CU.FE.MN.NI.SI, ASTM Bl63-600, BRAZING 
C.CR.CU.FE.MN.NI.SI, ASTM Bl63-600, WELDING 
C.CR.FE.MB.MN.NI, ALLOY MF-UNKNOWN, WELDING 
C.CR.FE.MN.MO.N.NI.SI, M2-VAN, WELDING 
C.CR.FE.MN.MO.NI.P.S.SI, AISI 303, WELDING 
C.CR.FE.MN.MO.NI.SI, AISI 316, WELDING 
C.CR.FE.MN.NI.SI.TI, AISI 321, WELDING 
C.CR.FE.MN.NI.SI, AISI 302, WELDING 
C.CR.FE.MN.NI.SI, AISI 304, WELDING 
C.CR.FE.MN.NI.SI, AISI 308, WELDING 
C.CR.FE.MN.NI.SI, ASTM B344-60NI,I6CR, WELDING 
C.CU.FE.MN.NI.SI, ASTM BI64-A, WELDING 
C.FE.MN.NI, ALLOY MF-UNKNOWN, WELDING 
C.FE.MN.NI, STEEL, NICKEL-MF UNKNOWN, WELDING 
CO.FE.NI, ASTM Fl5, WELDING 
CR.NI, ALLOY-MF UNKNOWN, WELDING 
CU.NI, ALLOY-MF UNKNOWN, WELDING 
FCA NICKEL ALLOY STEEL 
MIG COPPER-NICKEL ALLOY 
MIG NICKEL 
MIG NICKEL CHROMIUM ALLOYS 
Nl, NICKEL-MF UNKNOWN, WELDING 
OFCNICKEL 
OFC NICKEL STEEL 
OFC NICKEL/CHROMIUM ALLOY 
OFWNICKEL 
OFW NICKEL CHROMIUM ALLOYS 
OFW NICKEL COPPER ALLOYS 
OWPNICKEL 
PAC NICKEL/CHROMIUM ALLOY 
REW COPPER/NICKEL 
REWNICKEL 
SOE NICKEL SILVER 
TIG AMS 5679 NICKEL 
TIG AMS 5837 NICKEL 
TIGNICKEL 
TIG NICKEL CHROMIUM ALLOYS 
TIG NICKEL COPPER ALLOYS 
TIG NICKEL STEEL 
TIG, HAST X STEEL (IRON BASED STEEL ALLOY ABOUT 60% IRON, 40% NICKEL) 

• Indicates a nickel compound included in Table 1-1. 

•• Indicates a compound for which no CASRN was identified; it is not included in Table 1-1. 
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TABLE 2-5. POTENTIAL OCCUPATIONAL EXPOSURE ESTIMATES FOR NICKEL COMPOUNDS FROM NIOSH SURVEYS 

NATIONAL OCCUPATIONAL HAZARD SURVEY (NOHS) (1972-1974) (NIOSH, 1976) 

NICKEL AGGREGATE (LIST 14B IN TABLE 2-4) 

DESCRIPTION 

CRUDE PETROLEUM AND NATURAL GAS 
GENERAL BUILDING CONTRACTORS 
PLUMBING, HEATING, AIR CONDITIONING 
COOKIES AND CRACKERS 
KNIT FABRIC MILLS 
KNITTING MILLS, NEC 
THREAD MILLS 
COATED FABRICS, NOT RUBBERIZED 
UPHOLSTERED HOUSEHOLD FURNITURE 
METAL HOUSEHOLD FURNITURE 
METAL PARTITIONS AND FIXTURES 
VENETIAN BLINDS AND SHADES 
FURNITURE AND FIXTURES, NEC 
PAPER MILLS, EXCEPT BUILDING PAPER 
SANITARY PAPER PRODUCTS 
NEWSPAPERS 
PERIODICALS 
BOOK PUBLISHING 
MISCELLANEOUS PUBLISHING 
COMMERCIAL PRINTING, EX LITHOGRAPIC 
COMMERCIAL PRINTING, LITHOGRAPHIC 
INORGANIC PIGMENTS 
INDUSTRIAL ORGANIC CHEMICALS, NEC 
INDUSTRIAL INORGANIC CHEMICALS, NEC 
PLASTICS MATERIALS AND RESINS 
SYNETHTIC RUBBER 
MEDICINALS AND BOTANICALS 

SIC 

CODE 


1311 
1511 
1711 
2052 
2256 
2259 
2284 
2295 
2512 
2514 
2542 
2591 
2599 
2621 
2647 
2711 
2721 
2731 
2741 
2751 
2752 
2816 
2818 
2819 
2821 
2822 
2833 

PLANTS 

29 
43 

256 
41 
10 

8 
10 
10 
16 
31 
16 
37 
10 

6 
27 

126 
17 
90 
20 
75 

591 
16 
41 
71 
43 
82 
19 

TOTAL FEMALE 
EMPLOYEES EMPLOYEES 

43 

172 


9,988 

41 

10 


8 

10 

80 

16 

94 

16 


1, 511 

100 


30 

491 

327 

291 


90 

40 


150 

1,464 


32 

187 


1,202 

1,462 


815 

38 
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TABLE 2-5. POTENTIAL OCCUPATIONAL EXPOSURE ESTIMATES FOR NICKEL COMPOUNDS FROM NIOSH SURVEYS (continued) 

SIC 
CODE DESCRIPTION 

2844 TOILET PREPARATIONS 
2851 PAINTS AND ALLIED PRODUCTS 
2871 FERTILIZERS 
2893 PRINTING INK 
2911 PETROLEUM REFINING 
3011 TIRES AND INNER TUBES 
3069 FABRICATED RUBBER PRODUCTS, NEC 
3079 MISCELLANEOUS PLASTICS PRODUCTS 
3161 LUGGAGE 
3211 FLAT GLASS 
3231 PRODUCTS OF PURCHASED GLASS 
3269 POTTERY PRODUCTS, NEC 
3273 READY-MIXED CONCRETE 
3291 ABRASIVE PRODUCTS 
3312 BLAST FURNACES AND STEEL MILLS 
3315 STEEL WIRE AND RELATED PRODUCTS 
3321 GRAY IRON FOUNDRIES 
3323 STEEL FOUNDRIES 
3339 PRIMARY NONFERROUS METALS, NEC 
3341 SECONDARY NONFERROUS METALS 
3351 COPPER ROLLING AND DRAWING 
3352 ALUMINUM ROLLING AND DRAWING 
3356 NONFERROUS ROLLING AND DRAWING, NEC 
3357 NONFERROUS WIRE DRAWING AND INSULATING 
3362 BRASS, BRONZE, AND COPPER CASTINGS 
3421 CUTLERY 
3423 HAND AND EDGE TOOLS, NEC 
3425 HANDS SAWS AND SAW BLADES 
3429 HARDWARE, NEC 
3432 PLUMBING FITTINGS AND BRASS GOODS 
3433 HEATING EQUIPMENT, EXCEPT ELECTRIC 

PLANTS 

47 
151 

54 
43 
34 

6 
19 
40 

3 
75 
21 
75 
21 

173 
219 

14 
86 
43 
26 
14 
14 
14 
54 
11 
28 
21 
52 
24 
63 
35 
52 

TOTAL FEMALE 
EMPLOYEES EMPLOYEES 

141 

4,796 


54 

1,032 


888 

23 


733 

100 


45 

226 


21 

3,123 


21 

720 


4,518 

116 


6,612 

5,237 

1,179 


130 

327 

144 

499 


97 

951 


67 

52 

48 


365 

35 


259 
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TABLE 2-5. POTENTXAL OCCUPATXONAL EXPOSURE ESTXMATES FOR NXCKEL COMPOUNDS FROM NXOSH SURVEYS (continued) 

SIC 
CODE DESCRIPTION 

3442 METAL DOORS, SASH, AND TRIM 
3443 FABRICATED PLATE WORK (BOILER SHOPS) 
3444 SHEET METAL WORK 
3452 BOLTS, NUTS, RIVETS, AND WASHERS 
3461 METAL STAMPINGS 
3471 PLATING AND POLISHING 
3479 METAL COATING AND ALLIED SERVICES 
3481 MISC. FABRICATED WIRE PRODUCTS 
3494 VALVES AND PIPE FITTINGS 
3499 FABRICATED METAL PRODUCTS, NEC 
3511 STEAM ENGINES AND TURBINES 
3522 FARM MACHINERY 
3533 OIL FIELD MACHINERY 
3534 ELEVATORS AND MOVING STAIRWAYS 
3544 SPECIAL DIES, TOOLS, JIGS & FIXTURES 
3545 MACHINE TOOL ACCESSORIES 
3554 PAPER INDUSTRIES MACHINERY 
3559 SPECIAL INDUSTRY MACHINE, NEC 
3561 PUMPS AND COMPRESSORS 
3569 GENERAL INDUSTRIAL MACHINERY, NEC 
3573 ELECTRONIC COMPUTING EQUIPMENT 
3585 REFRIGERATION MACHINERY 
3589 SERVICE INDUSTRY MACHINES, NEC 
3599 MISC. MACHINERY, EXCEPT ELECTRICAL 
3611 ELECTRIC MEASURING INSTRUMENTS 
3622 INDUSTRIAL CONTROLS 
3623 WELDING APPARATUS 
3632 HOUSEHOLD REFRIGERATORS AND FREEZERS 
3641 ELECTRIC LAMPS 
3642 LIGHTING FIXTURES 
3643 CURRENT-CARRYING WIRING DEVICES 

PLANTS 

24 
112 

14 
28 

183 
934 

8 
11 
52 
64 
39 
11 
20 
33 
75 
50 
78 
28 
60 
11 
32 
17 
14 

121 
61 
28 
11 
24 

7 
44 
50 

TOTAL FEMALE 
EMPLOYEES EMPLOYEES 

24 

2,030 


196 

85 


493 

7,665 


24 

76 


1,141 

2,218 


944 

23 

40 


198 

276 

545 

233 

284 


4,434 

42 

54 


264 
14 


242 

683 

313 


65 

141 

382 

267 

207 
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TABLE 2-5. POTENTIAL OCCUPATIONAL EXPOSURE ESTIMATES FOR NICKEL COMPOUNDS FROM NIOSH SURVEYS (continued) 

SIC 
CODE DESCRIPTION 

3644 NONCURRENT-CARRYING WIRING DEVICES 
3651 RADIO AND TV RECEIVING SETS 
3652 PHONOGRAPH RECORDS 
3661 TELEPHONE AND TELEGRAPH APPARATUS 
3662 RADIO AND TV COMMUNICATION EQUIPMENT 
3673 ELECTRON TUBES, TRANSMITTING 
3679 ELECTRONIC COMPONENTS, NEC 
3694 ENGINE ELECTRICAL EQUIPMENT 
3711 MOTOR VEHICLES 
3713 TRUCK AND BUS BODIES 
3714 MOTOR VEHICLE PARTS AND ACCESSORIES 
3721 AIRCRAFT 
3722 AIRCRAFT ENGINES AND ENGINE PARTS 
3729 AIRCRAFT EQUIPMENT, NEC 
3742 RAILROAD AND STREET CARS 
3811 ENGINEERING & SCIENTIFIC INSTRUMENTS 
3821 MECHANICAL MEASURING DEVICES 
3841 SURGICAL AND MEDICAL INSTRUMENTS 
3843 DENTAL EQUIPMENT AND SUPPLIES 
3851 OPHTHALMIC GOODS 
3871 WATCHES AND CLOCKS 
3911 JEWELRY, PRECIOUS METAL 
3912 JEWELERS' FINDINGS AND MATERIALS 
3914 SILVERWARE AND PLATED WARE 
3941 GAMES AND TOYS 
3952 LEAD PENCILS AND ART GOODS 
3961 COSTUME JEWELRY 
3963 BUTTONS 
3964 NEEDLES, PINS, AND FASTENERS 
3999 MANUFACTURES, NEC 
4212 LOCAL TRUCKING, WITHOUT STORAGE 

PLANTS 

11 
6 

17 
67 
26 
14 

183 
12 
14 

5 
37 
34 

5 
12 

8 
56 
81 
20 
10 
36 
36 
32 
18 
25 
25 
11 
11 
25 
58 
96 

220 

TOTAL FEMALE 

EMPLOYEES EMPLOYEES 


11 
12 
17 

2,182 
190 
650 

3,689 
2,842 

378 
5 

173 
778 

10 
201 

32 
576 

1,039 
78 

188 
411 
222 
158 

35 
225 
150 

55 
88 

100 
517 
224 
220 

29 
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TABLE 2-5. POTENTIAL OCCUPATIONAL EXPOSURE ESTIMATES FOR NICKEL COMPOUNDS FROM NIOSH SURVEYS (continued) 


SIC 
CODE 
4411 
4511 
4619 
4721 
4811 
5013 
5022 
5211 
5252 
5511 
5921 
5999 
6023 
6711 
7391 
8061 

TOTAL 

DESCRIPTION 
DEEP SEA FOREIGN TRANSPORTATION 
CERTIFICATED AIR TRANSPORTATION 
PIPE LINES, NEC 
ARRANGEMENT OF TRANSPORTATION 
TELEPHONE COMMUNICATION 
AUTOMOTIVE EQUIPMENT 
DRUGS, PROPRIETARIES, AND SUNDRIES 
LUMBER AND OTHER BUILDING MATERIALS 
FARM EQUIPMENT DEALERS 
NEW AND USED CAR DEALERS 
LIQUOR STORES 
MISCELLANEOUS RETAIL STORES, NEC 
STATE BANKS, NOT FED. RESERVE, FDIC 
HOLDING COMPANIES 
RESEARCH & DEVELOPMENT LABORATORIES 
HOSPITALS 

PLANTS 
31 

5 
8 

76 
7 

415 
282 
107 
222 
178 

86 
232 
199 

73 
668 

37 

9,351 

TOTAL 
EMPLOYEES 

31 
375 

30 
76 

7 
415 
564 
107 
667 
178 

86 
3,248 

199 
146 
703 

37 

97, 192 

FEMALE 

EMPLOYEES 
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TABLE 2-5. POTENTIAL OCCUPATIONAL EXPOSURE ESTIMATES FOR NICKEL COMPOUNDS FROM NIOSH 

NATIONAL OCCUPATIONAL EXPOSURE SURVEY (NOES) (1981-1983) (NIOSH, 1990) 

NICKEL AGGREGATE (LIST 14B IN TABLE 2-4) 

SIC 
CODE DESCRIPTION PLANTS 

1542 NONRESIDENTIAL CONSTRUCTION, NEC 5 
1743 TERRAZZO, TILE, MARBLE, MOSAIC WORK 464 
1793 GLASS AND GLAZING WORK 76 
2075 SOYBEAN OIL MILLS 18 
2079 SHORTENING AND COOKING OILS 17 
2091 CANNED AND CURED SEAFOODS 31 
2211 WEAVING MILLS, COTTON 166 
2221 WEAVING MILLS, SYNTHETICS 23 
2241 NARROW FABRIC MILLS 26 
2491 WOOD PRESERVING 96 
2531 PUBLIC BUILDING & RELATED FURNITURE 12 
2751 COMMERCIAL PRINTING, LETTERPRESS 146 
2771 GREETING CARD PUBLISHING 20 
2791 TYPESETTING 5 
2812 ALKALIES AND CHLORINE 38 
2822 SYNTHETIC RUBBER 15 
2831 BIOLOGICAL PRODUCTS 46 
2841 SOAP AND OTHER DETERGENTS 11 
2869 INDUSTRIAL ORGANIC CHEMICALS, NEC 3 
2899 CHEMICAL PREPARATIONS, NEC 97 
3069 FABRICATED RUBBER PRODUCTS, NEC 180 
3079 MISCELLANEOUS PLASTICS PRODUCTS 304 
3229 PRESSED AND BLOWN GLASS, NEC 66 
3264 PORCELAIN ELECTRICAL SUPPLIES 5 
3312 BLAST FURNACES AND STEEL MILLS 22 
3315 STEEL WIRE AND RELATED PRODUCTS 33 
3341 SECONDARY NONFERROUS METALS 14 
3351 COPPER ROLLING AND DRAWING 3 
3356 NONFERROUS ROLLING AND DRAWING, NEC 10 

SURVEYS (continued) 

TOTAL 
EMPLOYEES 

100 
4,274 

227 
321 

51 
31 

1,331 
23 

385 
192 

60 
1,460 

336 
5 

383 
679 
511 
723 

3 
1,201 
6,869 
2,338 
2,415 

43 
2,566 

658 
1,334 

3 
58 

FEMALE 

EMPLOYEES 


25 

832 

438 
173 

115 
139 
325 

3 
54 

156 
102 

1,660 

14 
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TABLE 2-5. POTENTIAL OCCUPATIONAL EXPOSURE ESTIMATES FOR NICKEL COMPOUNDS FROM NIOSH SURVEYS (continued) 

SIC 
CODE DESCRIPTION 

3369 NONFERROUS FOUNDRIES, NEC 
3412 METAL BARRELS, DRUMS, AND PAILS 
3421 CUTLERY 
3423 HAND AND EDGE TOOLS, NEC 
3429 HARDWARE, NEC 
3432 PLUMBING FITTINGS AND BRASS GOODS 
3433 HEATING EQUIPMENT, EXCEPT ELECTRIC 
3442 METAL DOORS, SASH, AND TRIM 
3443 FABRICATED PLATE WORK {BOILER SHOPS) 
3444 SHEET METAL WORK 
3446 ARCHITECTURAL METAL WORK 
3465 AUTOMOTIVE STAMPINGS 
3471 PLATING AND POLISHING 
3484 SMALL ARMS 
3494 VALVES AND PIPE FITTINGS 
3495 WIRE SPRINGS 
3496 MISC. FABRICATED WIRE PRODUCTS 
3511 TURBINES AND TURBINE GENERATOR SETS 
3519 INTERNAL COMBUSTION ENGINES, NEC 
3523 FARM MACHINERY AND EQUIPMENT 
3541 MACHINE TOOLS, METAL CUTTING TYPES 
3546 POWER DRIVEN HAND TOOLS 
3547 ROLLING MILL MACHINERY 
3549 METALWORKING MACHINERY, NEC 
3551 FOOD PRODUCTS MACHINERY 
3552 TEXTILE MACHINERY 
3554 PAPER INDUSTRIES MACHINERY 
3555 PRINTING TRADES MACHINERY 
3561 PUMPS AND PUMPING EQUIPMENT 
3562 BALL AND ROLLER BEARINGS 
3563 AIR AND GAS COMPRESSORS 
3572 TYPEWRITERS 
3573 ELECTRONIC COMPUTING EQUIPMENT 
3579 OFFICE MACHINES, NEC 

PLANTS 

91 
10 
72 

120 
35 
27 
21 
31 

5 
21 
23 
35 

1,177 
7 

53 
7 

29 
3 

44 
4 

21 
19 
22 
25 
65 
11 

7 
27 
60 

3 
43 

4 
96 
14 

TOTAL 
EMPLOYEES 

1,066 
21 

360 
698 
484 
460 

42 
123 
268 

62 
136 
366 

21,023 
163 
452 

85 
88 

145 
15,486 

103 
270 
171 
132 
279 
130 

45 
2,995 

189 
4, 771 

259 
86 
29 

2,031 
251 

FEMALE 
EMPLOYEES 

75 

41 
57 
54 

10 
3,955 

7 
114 

29 

4,352 
21 

44 

22 
81 

8 
29 

481 
44 

32 
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SIC 

CODE 


3585 
3612 
3621 
3622 
3629 
3631 
3634 
3635 
3643 
3652 
3661 
3662 
3671 
3672 
3673 
3674 
3678 
3679 
3691 
3693 
3694 
3699 
3711 
3713 
3714 
3721 
3724 
3728 
3731 
3743 
3761 
3811 
3822 
3825 

TABLE 2-5. POTENTXAL OCCUPATXONAL 

DESCRIPTION 

REFRIGERATION AND HEATING EQUIPMENT 

TRANSFORMERS 

MOTORS AND GENERATORS 

INDUSTRIAL CONTROLS 

ELECTRICAL INDUSTRIAL APPARATUS, NEC 

HOUSEHOLD COOKING EQUIPMENT 

ELECTRIC HOUSEWARES AND FANS 

HOUSEHOLD VACUUM CLEANERS 

CURRENT-CARRYING WIRING DEVICES 

PHONOGRAPH RECORDS 

TELEPHONE AND TELEGRAPH APPARATUS 

RADIO AND TV COMMUNICATION EQUIPMENT 

ELECTRON TUBES, RECEIVING TYPE 

CATHODE RAY TELEVISION PICTURE TUBES 

ELECTRON TUBES, TRANSMITTING 

SEMICONDUCTORS AND RELATED DEVICES 

ELECTRONIC CONNECTORS 

ELECTRONIC COMPONENTS, NEC 

STORAGE BATTERIES 

X-RAY APPARATUS AND TUBES 

ENGINE ELECTRICAL EQUIPMENT 

ELECTRICAL EQUIPMENT & SUPPLIES, NEC 

MOTOR VEHICLES AND CAR BODIES 

TRUCK AND BUS BODIES 

MOTOR VEHICLE PARTS AND ACCESSORIES 

AIRCRAFT 

AIRCRAFT ENGINES AND ENGINE PARTS 

AIRCRAFT EQUIPMENT, NEC 

SHIP BUILDING AND REPAIRING 

RAILROAD EQUIPMENT 

GUIDED MISSILES AND SPACE VEHICLES 

ENGINEERING & SCIENTIFIC INSTRUMENTS 

ENVIRONMENTAL CONTROLS 

INSTRUMENTS TO MEASURE ELECTRICITY 


EXPOSURE ESTXMATES FOR NXCKEL COMPOUNDS FROM NXOSH 

PLANTS 

12 
50 
43 
38 
80 
35 
53 

6 
177 
163 
17 
38 
17 
2 

37 
39 

9 
244 

27 
17 

6 
55 
54 
33 

219 
22 
56 

108 
3 
8 

10 
24 
19 
21 

SURVEYS (continued) 

TOTAL 

EMPLOYEES 


601 
1,115 

444 
227 

1,603 
209 
695 

53 
779 
347 
793 
543 
256 

9 
1,174 
2,740 

233 
1,888 

485 
17 

470 
718 

4,820 
69 

2,146 
637 
830 
877 

28 
278 

81 
410 
970 

7,296 

FEMALE 
EMPLOYEES 

301 
87 

315 
76 

240 

84 
6 

623 

272 
188 
146 

5 
217 

2,011 
28 

704 
27 

24 

172 

26 
40 
84 
19 

3 

155 
3,593 
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TABLE 2-5. POTENTIAL OCCUPATIONAL EXPOSURE ESTIMATES FOR NICKEL COMPOUNDS FROM NIOSH SURVEYS (continued) 

SIC TOTAL FEMALE 
CODE DESCRIPTION PLANTS EMPLOYEES EMPLOYEES 

3829 MEASURING & CONTROLLING DEVICES, NEC 10 709 21 
3851 OPHTHALMIC GOODS 55 3,917 3,144 
3861 PHOTOGRAPHIC EQUIPMENT AND SUPPLIES 35 411 
3873 WATCHES, CLOCKS, AND WATCHCASES 25 198 148 
3911 JEWELRY, PRECIOUS METAL 365 3,654 932 
3914 SILVERWARE AND PLATED WARE 10 392 90 
3949 SPORTING AND ATHLETIC GOODS, NEC 7 609 217 
3953 MARKING DEVICES 11 121 
3961 COSTUME JEWELRY 112 448 
3964 NEEDLES, PINS, AND FASTENERS 87 857 181 
4226 SPECIAL WAREHOUSING AND STORAGE, NEC 77 687 303 
4511 CERTIFICATED AIR TRANSPORTATION 3 139 
4582 AIRPORTS AND FLYING FIELDS 6 244 
4583 AIRPORT TERMINAL SERVICES 3 131 
7391 RESEARCH & DEVELOPMENT LABORATORIES 97 8,723 1,143 
8062 GENERAL MEDICAL & SURGICAL HOSPITALS 318 2,849 1,749 

TOTAL 7,153 139' 779 30,833 
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TABLE 2-6. POTENTIAL NICKEL SULFATE OCCUPATIONAL EXPOSURE ESTIMATES FROM NIOSH SURVEYS 

NATIONAL OCCUPATIONAL HAZARD SURVEY (NOHS) (1972-1974) (NIOSH, 1976) 

CAS # RTECS # HAZ DESCRIPTION 

7786-81-4 QR9350000 50510 NICKEL SULFATE 

SIC 
CODE DESCRIPTION 

2295 COATED FABRICS, NOT RUBBERIZED 
2514 METAL HOUSEHOLD FURNITURE 
2542 METAL PARTITIONS AND FIXTURES 
2599 FURNITURE AND FIXTURES, NEC 
2721 PERIODICALS 
2818 INDUSTRIAL ORGANIC CHEMICALS, NEC 
2819 INDUSTRIAL INORGANIC CHEMICALS, NEC 
3161 LUGGAGE 
3269 POTTERY PRODUCTS, NEC 
3291 ABRASIVE PRODUCTS 
3339 PRIMARY NONFERROUS METALS, NEC 
3421 CUTLERY 
3423 HAND AND EDGE TOOLS, NEC 
3429 HARDWARE, NEC 
3432 PLUMBING FITTINGS AND BRASS GOODS 
3433 HEATING EQUIPMENT, EXCEPT ELECTRIC 
3442 METAL DOORS, SASH, AND TRIM 
3444 SHEET METAL WORK 
3452 BOLTS, NUTS, RIVETS, AND WASHERS 
3461 METAL STAMPINGS 
3471 PLATING AND POLISHING 
3479 METAL COATING AND ALLIED SERVICES 
3481 MISC. FABRICATED WIRE PRODUCTS 
3499 FABRICATED METAL PRODUCTS, NEC 
3511 STEAM ENGINES AND TURBINES 
3534 ELEVATORS AND MOVING STAIRWAYS 
3559 SPECIAL INDUSTRY MACHINE, NEC 
3585 REFRIGERATION MACHINERY 

PLANTS 

10 
16 
16 
10 
17 
21 
14 

3 
11 

152 
11 
21 
52 
63 
35 
52 
24 
14 
28 

161 
641 

8 
11 
17 
13 
33 
28 
17 

TOTAL FEMALE 
EMPLOYEES EMPLOYEES 

80 

47 

16 


100 

291 

166 

532 


45 

44 


678 

133 


62 

52 


365 

35 


207 

24 


196 

85 


471 

4,065 


24 

76 


168 

53 

66 


284 

264 


35 
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SIC 

CODE 


3599 
3611 
3622 
3632 
3643 
3661 
3662 
3673 
3679 
3694 
3714 
3721 
3729 
3811 
3821 
3841 
3871 
3912 
3914 
3961 
3963 
3964 
3999 
4511 
7391 

TOTAL 

TABLE 2-6. POTENTIAL 

DESCRIPTION 

MISC. MACHINERY, EXCEPT ELECTRICAL 
ELECTRIC MEASURING INSTRUMENTS 
INDUSTRIAL CONTROLS 
HOUSEHOLD REFRIGERATORS AND FREEZERS 
CURRENT-CARRYING WIRING DEVICES 
TELEPHONE AND TELEGRAPH APPARATUS 
RADIO AND TV COMMUNICATION EQUIPMENT 
ELECTRON TUBES, TRANSMITTING 
ELECTRONIC COMPONENTS, NEC 
ENGINE ELECTRICAL EQUIPMENT 
MOTOR VEHICLE PARTS AND ACCESSORIES 
AIRCRAFT 
AIRCRAFT EQUIPMENT, NEC 
ENGINEERING & SCIENTIFIC INSTRUMENTS 
MECHANICAL MEASURING DEVICES 
SURGICAL AND MEDICAL INSTRUMENTS 
WATCHES AND CLOCKS 
JEWELERS' FINDINGS AND MATERIALS 
SILVERWARE AND PLATED WARE 
COSTUME JEWELRY 
BUTTONS 
NEEDLES, PINS, AND FASTENERS 
MANUFACTURES, NEC 
CERTIFICATED AIR TRANSPORTATION 
RESEARCH & DEVELOPMENT LABORATORIES 

NiCKEL SULFATE OCCUPATiONAL EXPOSURE ESTiMATES FROM NXOSH SURVEYS 

TOTAL FEMALE 
PLANTS EMPLOYEES EMPLOYEES 

96 192 
44 178 
11 33 
24 47 
50 190 
61 1,061 
26 190 
14 41 
19 245 
12 37 
13 40 

8 32 
12 201 
17 87 
57 660 
20 78 
36 219 
18 35 
25 225 
11 88 
25 100 
47 506 
51 61 

5 30 
5 5 

2,205 13' 210 
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TABLE 2-6. POTENTXAL NXCKEL SULFATE OCCUPATXONAL EXPOSURE ESTXMATES FROM NXOSH SURVEYS (continued) 

NATIONAL OCCUPATIONAL EXPOSURE SURVEY (NOES) (1981-1983) (NIOSH, 1990) 

NICKEL SULFATE AGGREGATE 
(HAZ CODES 50510, X4349 & X4948) 

SIC TOTAL 
CODE DESCRIPTION PLANTS EMPLOYEES 

2091 CANNED AND CURED SEAFOODS 31 31 
2491 WOOD PRESERVING 96 192 
2531 PUBLIC BUILDING & RELATED FURNITURE 12 60 
2791 TYPESETTING 5 5 
2831 BIOLOGICAL PRODUCTS 46 511 
2841 SOAP AND OTHER DETERGENTS 11 723 
3079 MISCELLANEOUS PLASTICS PRODUCTS 253 759 
3229 PRESSED AND BLOWN GLASS, NEC 37 441 
3264 PORCELAIN ELECTRICAL SUPPLIES 5 43 
3351 COPPER ROLLING AND DRAWING 3 3 
3369 NONFERROUS FOUNDRIES, NEC 91 1,066 
3412 METAL BARRELS, DRUMS, AND PAILS 10 21 
3421 CUTLERY 72 360 
3423 HAND AND EDGE TOOLS, NEC 120 645 
3429 HARDWARE, NEC 35 451 
3432 PLUMBING FITTINGS AND BRASS GOODS 27 460 
3471 PLATING AND POLISHING 940 16,041 
3484 SMALL ARMS 7 163 
3494 VALVES AND PIPE FITTINGS 53 452 
3496 MISC. FABRICATED WIRE PRODUCTS 29 88 
3511 TURBINES AND TURBINE GENERATOR SETS 3 145 
3523 FARM MACHINERY AND EQUIPMENT 4 62 
3546 POWER DRIVEN HAND TOOLS 19 171 
3547 ROLLING MILL MACHINERY 22 132 
3554 PAPER INDUSTRIES MACHINERY 7 2,995 
3561 PUMPS AND PUMPING EQUIPMENT 8 40 

FEMALE 
EMPLOYEES 

325 

75 

41 
57 
54 

3,701 
7 

114 
29 

44 
22 

8 

37 



NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

SIC 

CODE 


3563 
3572 
3573 
3579 
3621 
3622 
3631 
3634 
3635 
3661 
3662 
3671 
3673 
3674 
3678 
3679 
3693 
3694 
3711 
3714 
3721 
3724 
3728 
3731 
3743 
3761 
3811 
3822 
3825 
3829 
3851 
3861 
3873 
3911 

TABLE 2-6. POTENTIAL NICKEL SULFATE OCCUPATIONAL EXPOSURE ESTIMATES FROM 

DESCRIPTION 

AIR AND GAS COMPRESSORS 

TYPEWRITERS 

ELECTRONIC COMPUTING EQUIPMENT 

OFFICE MACHINES, NEC 

MOTORS AND GENERATORS 

INDUSTRIAL CONTROLS 

HOUSEHOLD COOKING EQUIPMENT 

ELECTRIC HOUSEWARES AND FANS 

HOUSEHOLD VACUUM CLEANERS 

TELEPHONE AND TELEGRAPH APPARATUS 

RADIO AND TV COMMUNICATION EQUIPMENT 

ELECTRON TUBES, RECEIVING TYPE 

ELECTRON TUBES, TRANSMITTING 

SEMICONDUCTORS AND RELATED DEVICES 

ELECTRONIC CONNECTORS 

ELECTRONIC COMPONENTS, NEC 

X-RAY APPARATUS AND TUBES 

ENGINE ELECTRICAL EQUIPMENT 

MOTOR VEHICLES AND CAR BODIES 

MOTOR VEHICLE PARTS AND ACCESSORIES 

AIRCRAFT 

AIRCRAFT ENGINES AND ENGINE PARTS 

AIRCRAFT EQUIPMENT, NEC 

SHIP BUILDING AND REPAIRING 

RAILROAD EQUIPMENT 

GUIDED MISSILES AND SPACE VEHICLES 

ENGINEERING & SCIENTIFIC INSTRUMENTS 

ENVIRONMENTAL CONTROLS 

INSTRUMENTS TO MEASURE ELECTRICITY 

MEASURING & CONTROLLING DEVICES, NEC 

OPHTHALMIC GOODS 

PHOTOGRAPHIC EQUIPMENT AND SUPPLIES 

WATCHES, CLOCKS, AND WATCHCASES 

JEWELRY, PRECIOUS METAL 


NIOSH 

PLANTS 

43 
4 

85 
14 

2 
38 
35 
53 

6 
14 
12 

6 
22 
14 

9 
81 
17 

6 
3 

189 
16 
6 

106 
3 
3 
7 

24 
19 
21 
10 
55 

8 
25 

317 

SORVEYS(continued) 

TOTAL 
EMPLOYEES 

43 
29 

1,048 
251 

35 
227 
209 
695 

53 
212 
265 
126 
133 
584 
233 

1,535 
17 

470 
511 

2,017 
316 
141 
840 

10 
3 

72 
410 
970 

6,157 
709 

55 
38 

198 
3,199 

FEMALE 
EMPLOYEES 

441 
44 
28 
76 

84 
6 

50 
52 

108 
88 

311 
28 

701 

24 
11 
26 
17 

3 
19 

155 
3,069 

21 

148 
886 
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TABLE 2-6. POTENTXAL NXCKEL SULFATE OCCOPATXONAL EXPOSURE ESTXMATES FROM NXOSH SURVEYS{continued) 

SIC 
CODE 
3861 
3873 
3911 
3914 
3953 
3961 
3964 
4511 
4582 
7391 
8062 

DESCRIPTION 
PHOTOGRAPHIC EQUIPMENT AND SUPPLIES 
WATCHES, CLOCKS, AND WATCHCASES 
JEWELRY, PRECIOUS METAL 
SILVERWARE AND PLATED WARE 
MARKING DEVICES 
COSTUME JEWELRY 
NEEDLES, PINS, AND FASTENERS 
CERTIFICATED AIR TRANSPORTATION 
AIRPORTS AND FLYING FIELDS 
RESEARCH & DEVELOPMENT LABORATORIES 
GENERAL MEDICAL & SURGICAL HOSPITALS 

PLANTS 
8 

25 
317 
10 
11 

112 
23 

3 
3 

53 
72 

TOTAL 
EMPLOYEES 

38 
198 

3,199 
392 
121 
448 
544 

65 
162 

6,853 
940 

FEMALE 
EMPLOYEES 

148 
886 

90 

181 

895 
172 

TOTAL 3,509 57,395 12,211 

39 



NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

TABLE 2-7. POTENTIAL NICKEL OXIDE OCCUPATIONAL EXPOSURE ESTIMATES FROM NIOSH SURVEYS 

NATIONAL OCCUPATIONAL HAZARD SURVEY (NOHS) (1972-1974) (NIOSH, 1976) 


CAS # RTECS # HAZ DESCRIPTION 


1313-99-1 QR8400000 84269 NICD!L OXIDE 


SIC 
CODE DESCRIPTION 

2819 INDUSTRIAL INORGANIC CHEMICALS, NEC 
2821 PLASTICS MATERIALS AND RESINS 
2851 PAINTS AND ALLIED PRODUCTS 
3269 POTTERY PRODUCTS, NEC 
3339 PRIMARY NONFERROUS METALS, NEC 
3433 HEATING EQUIPMENT, EXCEPT ELECTRIC 
3673 ELECTRON TUBES, TRANSMITTING 
3679 ELECTRONIC COMPONENTS, NEC 
3911 JEWELRY, PRECIOUS METAL 
3952 LEAD PENCILS AND ART GOODS 
7391 RESEARCH & DEVELOPMENT LABORATORIES 

TOTAL 

CAS # RTECS # HAZ DESCRIPTION 

50495 NICD!L OXIDES 
SIC 
CODE DESCRIPTION 

1711 PLUMBING, HEATING, AIR CONDITIONING 
2816 INORGANIC PIGMENTS 
2818 INDUSTRIAL ORGANIC CHEMICALS, NEC 
2819 INDUSTRIAL INORGANIC CHEMICALS, NEC 
2822 SYNTHETIC RUBBER 
2911 PETROLEUM REFINING 
3079 MISCELLANEOUS PLASTICS PRODUCTS 

PLANTS 

14 
43 
47 
49 
26 
52 
14 
19 
32 
11 

5 

311 

PLANTS 

256 
16 
21 
45 
20 
19 
11 

TOTAL 
EMPLOYEES 

350 
1,462 
1,744 

98 
210 
104 

14 
697 
158 

55 
25 

4,916 

TOTAL 
EMPLOYEES 

9,988 
32 
21 

431 
79 

151 
23 

FEMALE 

EMPLOYEES 


FEMALE 

EMPLOYEES 
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TABLE 2-7. POTENTXAL NXCKEL OXXDE OCCUPATXONAL EXPOSURE ESTXMATES FROM NXOSH SURVEYS (continued) 


SIC 
CODE DESCRIPTION 

3269 POTTERY PRODUCTS, NEC 
3312 BLAST FURNACES AND STEEL MILLS 
3321 GRAY IRON FOUNDRIES 
3323 STEEL FOUNDRIES 
3339 PRIMARY NONFERROUS METALS, NEC 
3341 SECONDARY NONFERROUS METALS 
3351 COPPER ROLLING AND DRAWING 
3356 NONFERROUS ROLLING AND DRAWING, NEC 
3362 BRASS, BRONZE, AND COPPER CASTINGS 
3443 FABRICATED PLATE WORK (BOILER SHOPS) 
3494 VALVES AND PIPE FITTINGS 
3499 FABRICATED METAL PRODUCTS, NEC 
3511 STEAM ENGINES AND TURBINES 
3533 OIL FIELD MACHINERY 
3544 SPECIAL DIES, TOOLS, JIGS & FIXTURES 
3545 MACHINE TOOL ACCESSORIES 
3554 PAPER INDUSTRIES MACHINERY 
3561 PUMPS AND COMPRESSORS 
3569 GENERAL INDUSTRIAL MACHINERY, NEC 
3599 MISC. MACHINERY, EXCEPT ELECTRICAL 
3611 ELECTRIC MEASURING INSTRUMENTS 
3622 INDUSTRIAL CONTROLS 
3623 WELDING APPARATUS 
3632 HOUSEHOLD REFRIGERATORS AND FREEZERS 
3641 ELECTRIC LAMPS 
3642 LIGHTING FIXTURES 
3651 RADIO AND TV RECEIVING SETS 
3661 TELEPHONE AND TELEGRAPH APPARATUS 
3673 ELECTRON TUBES, TRANSMITTING 
3679 ELECTRONIC COMPONENTS, NEC 
3694 ENGINE ELECTRICAL EQUIPMENT 
3711 MOTOR VEHICLES 

PLANTS 

26 
185 

75 
43 
11 
14 
14 
54 
28 

112 
52 
48 
25 
20 
14 
50 
78 
60 
11 
25 
34 
28 
11 
24 

7 
44 

6 
13 
14 
28 
12 

7 

TOTAL FEMALE 
EMPLOYEES EMPLOYEES 

2,981 

4,328 

6,568 

5,237 


564 

130 

327 

360 

951 


2,030 

1,141 

2,050 


891 

40 

42 


495 

233 


4,413 

42 

50 


505 
280 


65 

94 


382 

267 


12 

1,072 


581 

148 


2,805 

28 


41 



NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

TABLE 2-7. POTENTIAL NICKEL OXIDE OCCUPATIONAL EXPOSURE ESTIMATES FROM NIOSH SURVEYS (continued) 

SIC 
CODE DESCRIPTION PLANTS 

TOTAL 
EMPLOYEES 

FEMALE 
EMPLOYEES 

3713 
3714 
3721 
3722 
3742 
3811 
3821 
3851 
3999 
4511 

TRUCK AND BUS BODIES 
MOTOR VEHICLE PARTS AND ACCESSORIES 
AIRCRAFT 
AIRCRAFT ENGINES AND ENGINE PARTS 
RAILROAD AND STREET CARS 
ENGINEERING & SCIENTIFIC INSTRUMENTS 
MECHANICAL MEASURING DEVICES 
OPHTHALMIC GOODS 
MANUFACTURES, NEC 
CERTIFICATED AIR TRANSPORTATION 

5 
23 
26 
5 
8 

31 
57 
36 
45 

5 

5 
133 
693 

10 
32 
80 

238 
383 

90 
310 

TOTAL 1,800 51,809 

NATIONAL OCCUPATIONAL EXPOSURE SURVEY (NOES) (1981-1983) (NIOSH, 1990) 

CAS # RTECS # HAZ DESCRIPTION 

1313-99-1 QR8400000 84269 NICKEL OXIDE 

SIC 
CODE DESCRIPTION PLANTS 

TOTAL 
EMPLOYEES 

FEMALE 
EMPLOYEES 

1743 
2075 
2079 
2899 
3229 
3312 
3315 
3429 
3465 
3612 

TERRAZZO, TILE, MARBLE, MOSAIC WORK 
SOYBEAN OIL MILLS 
SHORTENING AND COOKING OILS 
CHEMICAL PREPARATIONS, NEC 
PRESSED AND BLOWN GLASS, NEC 
BLAST FURNACES AND STEEL MILLS 
STEEL WIRE AND RELATED PRODUCTS 
HARDWARE, NEC 
AUTOMOTIVE STAMPINGS 
TRANSFORMERS 

317 
18 
17 
42 
17 
14 
33 

7 
3 

44 

2,217 
321 

51 
170 

1,962 
1,174 

658 
13 
18 

1, 089 

1,660 

87 
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TABLE 2-7. POTENTIAL NICKEL OXIDE OCCUPATIONAL EXPOSURE ESTIMATES FROM NIOSH SURVEYS 

SIC 
CODE DESCRIPTION PLANTS 

3672 CATHODE RAY TELEVISION PICTURE TUBES 2 

3673 ELECTRON TUBES, TRANSMITTING 22 

3674 SEMICONDUCTORS AND RELATED DEVICES 2 

3691 STORAGE BATTERIES 27 

3711 MOTOR VEHICLES AND CAR BODIES 23 

3713 TRUCK AND BUS BODIES 3 

3714 MOTOR VEHICLE PARTS AND ACCESSORIES 13 

3825 INSTRUMENTS TO MEASURE ELECTRICITY 3 

3851 OPHTHALMIC GOODS 55 

3911 JEWELRY, PRECIOUS METAL 12 

4226 SPECIAL WAREHOUSING AND STORAGE, NEC 16 

7391 RESEARCH & DEVELOPMENT LABORATORIES 14 


TOTAL 702 


(continued) 

TOTAL FEMALE 
EMPLOYEES EMPLOYEES 

9 5 

88 44 

67 42 


485 27 

2,824 52 


11 

65 


1,056 483 

3,861 3,144 


116 46 

81 


1,828 230 


18,166 5,820 
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2.5 Regulations and Criteria 
EPA regulates nickel compounds under the Clean Air Act (CAA), the Clean Water Act 

(CWA), the Resource Conservation and Recovery Act (RCRA), the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA), and the Superfund 
Amendments and Authorization Act (SARA). The nickel salt of an organo compound containing 
nitrogen is regulated under the Toxic Substances Control Act (TSCA). Effective in 1990, liquid 
hazardous wastes containing nickel compounds at concentrations ~ 134 mg/L are prohibited from 
underground injection. Reportable quantities (RQs) have been established for the release of 
certain nickel compounds. An RQ of 100 lb has been designated for nickel ammonium sulfate, 
nickel chloride, nickel nitrate, and nickel sulfate, while a value of 10 lb has been set for nickel 
carbonyl, nickel cyanide, and nickel hydroxide. Under the Federal Water Pollution Control Act 
(FWPCA), nickel compounds are designated toxic pollutants. Effluent limitations and 
pretreatment and performance standards have been created for point sources producing nickel 
sulfate, nickel chloride, nickel nitrate, nickel fluoborate, and nickel carbonate. FDA regulates the 
amount ofnickel oxide in the color additive chromium-cobalt-aluminum oxide to less than 1%. 
NIOSH has recommended an exposure limit of 0.007 mg/m3 as a time-weighted average (TWA; 
time not specified) for nickel carbonyl and 0.015 mg/m3 for inorganic nickel compounds (as Ni) in 
the workplace (NIOSH, 1988; cited by IARC, 1990). NIOSH considers nickel and its 
compounds to be potential occupational carcinogens and recommends that occupational 
exposures to carcinogens be limited to the lowest feasible concentration (Ludwig, 1994). OSHA 
has set a permissible exposure limit (PEL) for nickel carbonyl (as Ni) at 0.007 mg/m3 as an 8-hour 
TWA. For other nickel compounds, soluble and insoluble, the PEL is 1 mg/m3

• OSHA also 
regulates the compounds as hazardous chemicals in laboratories and under the Hazard 
Communication Standard. 

REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

E 
p 

A 

40 CFR 63-PART 63-NATIONAL 
EMISSION STANDARDS FOR 
HAZARDOUS AIR POLLUTANT FOR 
SOURCE CATEGORIES. Promulgated: 
57 FR 61992, 12/29/92. U.S. Code: 42 
U.S.C. 7401 et seq. 

This part contains national emission 
standards for hazardous air pollutants 
(NESHAP) established pursuant to section 
112 of the CAA, which regulate specific 
categories of stationary sources that emit (or 
have the potential to emit) one or more 
hazardous air pollutants listed in this part 
pursuant to section 112(b) of the CAA. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

E 40 CFR 63-Subpart D-Regulations The provisions of this subpart apply to an 
p Governing Compliance Extensions for owner or operator of an existing source who 
A Early Reductions of Hazardous Air 

Pollutants. 

40 CFR 63-Subpart JJ-National 
Emission Standards for Wood Furniture 
Manufacturing Operations. Promulgated: 
60 FR 62936, 12/07/95. 

40 CFR 68-PART 68-CHEMICAL 
ACCIDENT PREVENTION 
PROVISIONS. Promulgated: 59 FR 
4493, 01/31/94. U.S. Code: 42 U.S.C. 
7412(r), 7601(a)(1), 7661-7661f. 

40 CFR 116-PART 
116-DESIGNATION OF 
HAZARDOUS SUBSTANCES. 
Promulgated: 43 FR 10474, 03/13/78. 
U.S. Code: 33 U.S.C. 1251 et seq. 

wishes to obtain a compliance extension from 
a standard issued under section 112( d) of the 
CAA. Nickel compounds are listed as high­
risk pollutants; the weighting factor is 10. 

The affected source to which this subpart 
applies is each facility that is engaged, either 
in part or in whole, in the manufacture of 
wood furniture or wood furniture components 
and that is located at a plant site that is a 
major source as defined in section 63.2. 
Nickel subsulfide is listed as a pollutant 
excluded from use in cleaning and washoff 
solvents. Nickel carbonyl is listed as a VHAP 
of potential concern. 

This part sets forth the list of regulated 
substances and thresholds, the petition 
process for adding or deleting substances to 
the list of regulated substances, the 
requirements for owners or operators of 
stationary sources concerning the prevention 
of accidental releases, and the State accidental 
release prevention programs approved under 
section 112(r). Nickel carbonyl is a regulated 
toxic substance; the threshold quantity for 
accidental release prevention is 1000 lb. Its 
toxic endpoint is 0.00067 mg/L. 

This regulation designates hazardous 
substances under section 31l(b)(2)(A) ofthe 
FWPCA and applies to discharges of 
substances designated in Table 116.4. 
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REGULA TIONS3 

Regulatory Action Effect of Regulation/Other Comments 

E 
p 

A 

40 CFR 116.4-Sec. 116.4 Designation of 
hazardous substances. Promulgated: 43 
FR 10474, 03/13/78 through 54 FR 
33482, 08/14/89. 

40 CFR 117-PART 
117-DETERMINATION OF 
REPORTABLE QUANTITIES FOR 
HAZARDOUS SUBSTANCES. 
Promulgated: 44 FR 50776, 08/29/79. 
U.S. Code: 33 U.S.C. 1251 et seq. 

40 CFR 117 .3-Sec. 117.3 Determination 
of reportable quantities. Promulgated: 50 
FR 13513,04/04/85 through 60 FR 
30937, 06/12/95. 

40 CFR 148-PART 
148-HAZARDOUS WASTE 
INJECTION RESTRICTIONS. 
Promulgated: 53 FR 28154, 07/26/88. 
U.S. Code: 42 U.S.C. 6901 et seq. 

40 CFR 148.1-Sec. 148.1 Purpose, 
scope, and applicability. Promulgated: 
61 FR 15596, 04/08/96. Effective 
04/08/98. 

40 CFR 148.12-Sec. 148.12 Waste 
specific prohibitions-California list 
wastes. Promulgated: 53 FR 30918, 
08/16/88, as amended at 53 FR 41602, 
10/24/88. 

Nickel ammonium sulfate, nickel chloride, 
nickel hydroxide, nickel nitrate, and nickel 
sulfate are listed as hazardous substances. 

A reportable quantity of 100 lb (45.4 kg) has 
been established for nickel ammonium sulfate, 
nickel chloride, nickel nitrate, and nickel 
sulfate, and 10 lb for nickel hydroxide, 
pursuant to section 311 of the CW A. 

This part identifies wastes that are restricted 
from disposal into Class I wells and defines 
those circumstances under which a waste, 
otherwise prohibited from injection, may be 
injected. 

Liquid hazardous wastes, including free 
liquids associated with any solid or sludge, 
containing the nickel and/or nickel compounds 
at concentrations ~ 134 mg!L are prohibited 
from underground injection, effective August 
8, 1990. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

E 
p 

A 

40 CFR 192-PART 192-HEALTH 
AND ENVIRONMENTAL 
PROTECTION STANDARDS FOR 
URANIUM AND THORIUM MILL 
TAILINGS. Promulgated: 48 FR 602, 
01/05/83. U.S. Code: 42 U.S.C. 2022, as 
added by the Uranium Mill Tailings 
Radiation Control Act of 1978. 

The provisions of this part control the 
residual radioactive material at designated 
processing or depository sites under section 
108 of the Uranium Mill Tailings Radiation 
Control Act of 1978, and applies to the 
restoration of such sites following any use of 
the subsurface minerals under section 1 04(h) 
of the Uranium Mill Tailings Radiation 
Control Act of 1978. 

40 CFR 192-Subpart E-Standards for 
Management of Thorium Byproduct 
Materials Pursuant to Section 84 of the 
Atomic Energy Act of 1954, as Amended. 
Promulgated: 48 FR 45947, 10/07/83. 

Nickel and nickel compounds (not otherwise 
specified), nickel carbonyl, and nickel cyanide 
are listed as constituents (Appendix I). 

40 CFR 261-PART 
261-IDENTIFICATION AND 
LISTING OF HAZARDOUS WASTE. 
Promulgated: 45 FR 33119, 05/19/80. 
U.S. Code: 42 U.S.C. 6905, 6912(a), 
6921, 6922, 6924(y), and 6938. 

40 CFR 261-Subpart D-Lists of 
Hazardous Wastes, Appendix 
VIII-Hazardous Constituents. 
Promulgated: 53 FR 13388, 04/22/88 
through 62 FR 32977, 06/17/97. Nickel 
compounds (not otherwise specified), 
nickel carbonyl, and nickel cyanide are 
listed as hazardous constituents. 

Appendix VIII is a consolidated list of 
hazardous constituents identified in this part. 
Solid wastes containing these constituents are 

subject to notification requirements of RCRA 
section 3010 and must be disposed of in 
RCRA-permitted facilities. 

40 CFR 261.33-Sec. 261.33 Discarded 
commercial chemical products, off­
specification species, container residues, 
and spill residues thereof. Promulgated: 
45 FR 78529 and 78541, 11125/80. 

Nickel carbonyl and nickel cyanide are listed 
as hazardous waste. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

E 
p 

A 

40 CFR 266-Subpart M-Military 
Munitions. Promulgated: 62 FR 6654, 
02/12/97. 

40 CFR 268-PART 268-LAND 
DISPOSAL RESTRICTIONS. 
Promulgated: 51 FR 40638, 11107/86. 
U.S. Code: 42 U.S.C. 6905, 6912(a), 
6921, and 6924. 

40 CFR 268-Subpart E-Prohibitions 
on Storage. 

40 CFR 302-PART 
302-DESIGNATION, REPORTABLE 
QUANTITIES, AND NOTIFICATION. 
Promulgated: 50 FR 13474, 04/04/85. 

U.S. Code: 42 U.S.C. 9602, 9603, and 
9604; 33 U.S.C. 1321 and 1361. 

The regulations in this subpart identify when 
military munitions become a solid waste, and, 
if these wastes are also hazardous under this 
subpart or 40 CFR part 261, the management 
standards that apply to these wastes. 

The reference air concentration for nickel 
cyanide is 0 f.lg/m. The risk specific dose for 
nickel subsulfide is 2.1 X 10"22 f.1.g/m3

• The 
residue concentration limit for nickel cyanide 
is 0.7 mg/kg. 

Nickel cyanide is a metal-bearing waste 
prohibited from dilution in a combustion unit 
according to 40 CFR 268.3 (Appendix XI). 

This regulation designates under section 
102(a) ofthe CERCLA those substances in 
the statutes referred to in section 101(14) of 
the CERCLA, identifies reportable quantities 
for these substances, and sets forth the 
notification requirements for releases of these 
substances. This regulation also sets forth 
reportable quantities for hazardous 
substances designated under section 
311(b)(2)(A) ofthe CWA. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

E 40 CFR 302.4---Sec. 302.4 Designation of Compound RQ (lb) 
p hazardous constituents. Nickel ammoniwn sulfate 100 

A 

40 CFR 355-PART 
355-EMERGENCY PLANNING AND 
NOTIFICATION. Promulgated: 52 FR 
13395, 04/22/87. U.S. Code: 42 U.S.C. 
11002, 11004, and 11048. 

40 CFR 372-PART 372-TOXIC 
CHEMICAL RELEASE REPORTING: 
COMMUNITY RIGHT-TO-KNOW. 
Promulgated: 53 FR 4525, 02/16/88. U.S. 
Code: 42 U.S.C. 11023 and 11048. 

40 CFR 372.65-Sec. 372.65 Chemicals 
and chemical categories to which this part 
applies. Promulgated: 53 FR 4525, 
02/16/88; 53 FR 12748, 04118/88. 

Nickel carbonyl 10 
Nickel chloride 100 
Nickel cyanide 10 
Nickel hydroxide 10 
Nickel nitrate 100 
Nickel sulfate 100 

This regulation establishes the list of 
extremely hazardous substances, threshold 
planning quantities, and facility notification 
responsibilities necessary for the 
development and implementation of State and 
local emergency response plans. Nickel 
carbonyl is listed as an extremely hazardous 
substance; its threshold planning quantity is 1 
lb. 

This part sets forth requirements for the 
submission of information relating to the 
release of toxic chemicals under section 313 of 
Title III of the SARA of 1986. The 
information collected under this part is 
intended to inform the general public and the 
communities surrounding covered facilities 
about releases of toxic chemicals, to assist 
research, to aid in the development of 
regulations, guidelines, and standards, and for 
other purposes. 

The requirements of this subpart apply to 
nickel compounds-any unique chemical 
substance that contains nickel as part of that 
chemical's infrastructure-and became 
effective on January 1, 1987. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

E 
p 

A 

40 CFR401-PART 401-GENERAL 
PROVISIONS. Promulgated: 39 FR 
4532, 02/01/74. U.S. Code: 33 U.S.C. 
1251, 1311, 1314 (b) and (c), 1316 (b) and 
(c), 1317 (b) and (c) and 1326(c). 

This part sets forth the legal authority and 
general definitions which will apply to all 
regulations issued concerning specific classes 
and categories of point sources under parts 
402 through 699 of this subchapter. 

40 CFR401.15-Sec. 401.15 Toxic 
pollutants. Promulgated: 44 FR 44502, 
07/30/79, as amended at 46 FR 2266, 
01108/81; 46 FR 10724, 02/04/81. 

Nickel compounds are toxic pollutants 
designated pursuant to section 307(a)(1) of 
the FWPCA. 

40 CFR 415-PART 
415-INORGANIC CHEMICALS 
MANUFACTURING POINT SOURCE 
CATEGORY. Promulgated: 47 FR 
28278, 06/29/82. U.S. Code: 33 U.S.C. 
1311, 1314 (b), (c), (e), and (g), 1316 (b) 
and (c), 1317 (b) and (c), and 1361. 

40 CFR 415-Subpart A-Aluminum 
Chloride Production Subcategory. 

40 CFR 415.1-Sec. 415.1 Compliance 
dates for pretreatment standards for 
existing sources. Promulgated: 49 FR 
33420, 08/22/84; 49 FR 37594, 09/25/84. 

The compliance date for discharges from 
nickel sulfate manufacturing operations and 
for all subparts in part 415 not listed in 
paragraphs (a) and (b) of this section is June 
29, 1985. 

40 CFR 415-Subpart AU-Nickel Salts 
Production Subcategory. Promulgated: 
49 FR 33423, 08/22/84. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

40 CFR 415.470-Sec. 415.470 
Applicability; description of the nickel 
salts production subcategory. 

This subpart is applicable to discharges and 
to the introduction of pollutants into 
treatment works which are publicly owned 
resulting from the production of nickel salts, 
including nickel sulfate, nickel chloride, nickel 
nitrate, nickel fluoborate, and nickel 
carbonate. 

E 40 CFR 415.472-Sec. 415.472 Effluent 
P limitations guidelines representing the 
A degree of effluent reduction attainable by 

the application of the best practicable 
control technology currently available 
(BPT). 

40 CFR 415.4 73-Sec. 415.473 Effluent 
limitations guidelines representing the 
degree of effluent reduction attainable by 
the application of the best available 
technology economically achievable 
(BAT). 

Except as provided in 40 CFR 125.30 through 
125.32, for any existing point source 
producing nickel sulfate, nickel chloride, 
nickel nitrate, or nickel fluoborate, the limits 
for total nickel are 0.0060 kglkkg (1-day 
maximum) and 0.0020 kglkkg (30-day avg.). 
For a source producing nickel carbonate, the 
limits for total nickel are 1.1 kglkkg ( 1-day 
maximum) and 0.35 kglkkg (30-day avg.). 

Except as provided in 40 CFR 125.30 through 
125.32, for any existing point source 
producing nickel sulfate, nickel chloride, 
nickel nitrate, or nickel fluoborate, the limits 
for total nickel are 0.00074 kglkkg (1-day 
maximum) and 0.00024 kg/kkg (30-day avg.). 
For a source producing nickel carbonate, the 
limits for total nickel are 0.13 kglkkg (1-day 
maximum) and 0.042 kglkkg (30-day avg.). 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

40 CFR 415.474-Sec. 415.474 
Pretreatment standards for existing 
sources (PSES). 

Except as provided in 40 CFR 403.7 and 
403.13, for any existing source producing 
nickel sulfate, nickel chloride, nickel nitrate, 
nickel fluoborate, or nickel carbonate which 
introduces pollutants into a POTW, the limits 
for total nickel are 1.1 kg/kkg ( 1-day 
maximum) and 0.36 kg/kkg (30-day avg.). In 
cases where POTW s find it necessary to 
impose mass limitations, the limits for total 
nickel are the same as specified in 415.473. 

E 
P 
A 

40 CFR 415.475-Sec. 415.475 New 
source performance standards (NSPS). 

40 CFR 415.476--Sec. 415.476 
Pretreatment standards for new sources 
(PSNS). 

40 CFR 455-PART 455-PESTICIDE 
CHEMICALS. Promulgated: 43 FR 
17776, 04/25178. U.S. Code: 33 U.S.C. 
1311, 1314, 1316, 1317, and 1361. 

For any new source subject to this subpart 
and producing nickel sulfate, nickel chloride, 
nickel nitrate, or nickel fluorobate, the limits 
for total nickel are 0.00074 kg/kkg (1-day 
maximum) and 0.00024 kglkkg (30-day avg.). 
For any new source producing nickel 
carbonate, the limits for total nickel are 0.13 
kg/kkg (1-day maximum) and 0.042 kg/kkg 
(30-day avg. ). 

Except as provided in 40 CFR 403.7, for any 
new source subject to this subpart and 
producing nickel sulfate, nickel chloride, 
nickel nitrate, nickel fluoborate, or nickel 
carbonate which introduces pollutants into a 
POTW, the limits for total nickel are the same 
as specified in 415. 474. 

The appropriate pollution control technology 
for nickel sulfate hexahydrate is given in Table 
10. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

40 CFR 721-PART 
721-SIGNIFICANT NEW USES OF 
CHEMICAL SUBSTANCES. 
Promulgated: 53 FR 28359, 07/21/88. 
U.S. Code: 15 U.S.C. 2604,2607, and 
2625(c). 

40 CFR 721-Subpart E-Significant 
New Uses for Specific Chemical 
Substances. 

E 40 CFR 721.5330-Sec. 721.5330 Nickel The chemical substance generically identified 
p salt of an organo compound containing as nickel salt of an organo compound 
A nitrogen. Promulgated: 58 FR 51685, 

11/04/93. 
containing nitrogen is subject to reporting 
under this section for the following significant 
new uses: protection in the workplace; 
hazard communication program; industrial, 
commercial, and consumer activities; disposal; 
and release to water. 

F 21 CFR 73-PART 73-LISTING OF 
D COLOR ADDITIVES EXEMPT FROM 
A CERTIFICATION. Promulgated: 42 FR 

15643, 03/22/77. U.S. Code: 21 U.S.C. 
321,341,342,343,348,351,352,355, 
361, 362, 371, and 379e. 

21 CFR 73-Subpart B-Drugs. 

21 CFR 73.1015-Sec. 73.1015 
Chromium-cobalt-aluminum oxide. 
Promulgated: 42 FR 15643, 03/22/77, as 
amended at 49 FR 10089, 03/19/84. 

The color additive chromium-cobalt-aluminum 
oxide may contain small amounts (less than 
1%) ofnickel oxide. 
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REGULA TIONSa 

Regulatory Action Effect of Regulation/Other Comments 

0 
s 
H 
A 

29 CFR 1910-PART 
1910-0CCUPATIONAL SAFETY 
AND HEALTH STANDARDS. 
Promulgated: 39 FR 23502, 06/27/74. 

29 CFR 1910-Subpart H-Hazardous 
Materials. U.S. Code: 29 U.S.C. 653, 
655, 657. 

29 CFR 1910.119-Sec. 1910.119 
Process safety management of highly 
hazardous chemicals. 

Nickel carbonyl is listed as a toxic and highly 
reactive hazardous chemical which presents a 
potential for a catastrophic event at or above 
the threshold quantity. 

0 
S 
H 
A 

29 CFR 1910-Subpart Z-Toxic and 
Hazardous Substances. Promulgated: 39 
FR 23502, 07/27/74. Redesignated: 40 
FR 23072, 05/28/75. U.S. Code: 29 
U.S.C. 653, 655, and 657. 

29 CFR 1910.1000-Sec. 1910.1000 Air 
contaminants. Promulgated: 58 FR 
35340, 06/30/93 through 62 FR 1600, 
01/10/97. 

29 CFR 1910.1200-Sec. 1910.1200. 
Hazard Communication. Promulgated: 61 
FR 9245, 03/07/96. U.S. Code: also 
includes 5 U.S.C. 553. 

Regulation provides for protective clothing 
and hygiene requirements for workers, open 
vessel operations restricted, engineering 
requirements, respirators, medical surveillance 
requirements for workers, exhaust fan 
requirements, sign requirements for regulated 
areas, and labeling requirements for 
containers. 

PEL for nickel carbonyl (as Ni) ~ 0.007 
mg!m3

, as an 8-hr TWA. PEL for nickel 
insoluble and soluble compounds (as Ni) ~ 1 
mg/m3, as an 8-hr TWA. 

Requires chemical manufacturers and 
importers and all employers to assess 
chemical hazards and to provide information 
to employees. Hazard Communication 
Program to include labels, materials safety 
data sheets, and worker training. 
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REGULA TIONS3 

Regulatory Action Effect of Regulation/Other Comments 

29 CFR 1910.1450-Sec 1910.1450. As select carcinogens (IARC group 1 and 
Occupational exposure to hazardous NTP known carcinogens), nickel compounds 
chemicals in laboratories. Promulgated: are included as a chemical hazard in 
55 FR 3327,01/31/90 through 55 FR laboratories. Employers are required to 
12111, 03/30/90. provide employee information and training 

and a Chemical Hygiene Plan. 

29 CFR 1915-PART 
1915-0CCUPATIONAL SAFETY 
AND HEALTH STANDARDS FOR 
SHIPYARD EMPLOYMENT. 
Promulgated: 4 7 FR 16986, 04/20/82. 
U.S. Code: 29 U.S.C. 653, 655, and 657. 

29 CFR 1915-Subpart Z-Toxic and 
Hazardous Substances. Promulgated: 58 
FR 35514, 07/01/93. 

0 29 CFR 1915.1000-Sec. 1915.1000 Air The requirements applicable to shipyard 
s contaminants. Promulgated: 61 FR employment under this section are identical to 
H 31430, 06/20/96. those set forth in section 1910.1000. 
A 

29 CFR 1926-PART 1926-SAFETY 
AND HEALTH REGULATIONS FOR 
CONSTRUCTION. Promulgated: 44 FR 
8577, 02/09/79; 44 FR 20940, 04/06/79. 

29 CFR 1926-Subpart D-Occupational 
Health and Environmental Controls. 

29 CFR 1926.55-Sec. 1926.55 Gases, 
vapors, fumes, dusts, and mists. 
Promulgated: 39 FR 22801, 06/24/74 
through 62 FR 1619, 01/10/97. 

The requirements applicable to construction 
employment under this section are identical to 
those set forth in section 1910.1000. 

"The regulations in this table have been updated through the following 1998 Code of Federal Regulations: 21, 19, 
and 40 in February 1999. 

55 



NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

3.0 HUMAN STUDIES 
3.1 Review of Nickel Compound Epidemiology (IARC, 1990, and ICNCM, 1990) 

The IARC Working Group for consideration ofnickel and nickel compounds concluded 
nickel compounds are carcinogenic to humans. The reviewed studies evaluated the risk from 
occupational exposure to nickel and nickel compounds. There is sufficient evidence for the 
carcinogenicity of nickel sulfate in humans, and of combinations ofnickel sulfides and oxides 
encountered in the nickel refining industry. Carcinogenicity of the respiratory tract is the main 
chronic effect reported in relation to nickel and its compounds. The risks were highest for lung 
and nasal cancers among calcining workers who were heavily exposed to sulfidic, oxidic, and 
metallic nickel. 

The separate effects of oxides and sulfides could not be estimated as high exposure was 
always either to both, or to oxides together with soluble nickel. In addition, the presence of many 
potential confounders (sulfuric acid mists, oxide and sulfide ores other than nickel, and smoking) 
increased the difficulty in identifying the causative agent(s). Also, an increased cancer incidence 
was reported only in workers employed prior to 1955, when exposure levels were estimated to 
be 1-10 mg Ni/m3 (consisting mainly ofNi-Cu oxides). Since 1955, levels are estimated to be 
between 1-5 mg Ni/m3 (consisting mainly of impure NiO). 

A comprehensive review of the epidemiological studies of cancer and human exposure to 
nickel was also performed in 1990 by the International Committee on Nickel Carcinogenesis in 
Man (ICNCM, see Appendix A). This review, including a recent analysis of one case-control 
study and nine cohort studies, concludes that cancers of the lung and nasal cavities are 
significantly higher in nickel refinery workers than the general population (Steenland et al., 
1996). However, causal relationships between cancer and nickel exposure in U.S. refineries are 
confounded by other factors. 

Mortality studies of exposed workers in the nickel alloy industry demonstrate no 
consistent association with lung cancer. The few studies reporting positive results could not 
separate the cancer risk associated with nickel from other confounding factors, such as exposure 
to known carcinogens like chromium (Steenland et al., 1996). According to the ICNCM report, 
when operations at the Riddle, Oregon, refinery were in progress, analysis of the epidemiological 
data for the refinery found only a modest excess oflung cancer mortality. No malignancies of the 
nasal passages or sinuses, and no significant excess of any other type of cancer were reported 
(ICNCM, 1990). The excess in the incidence of lung cancers was found in a subgroup of short­
term workers exposed for less than one year, whereas workers with chronic exposure had no 
significant excess in mortality due to lung cancer. In contrast, workers in Canadian and European 
refineries, which process sulfidic ores, had increased incidences of respiratory cancer (ICNCM, 
1990). 

3.2 Studies Post-IARC (1990) 
Full design details and results for the studies described in this section are presented in 

Table 3-1. To facilitate comparison, Standardized Mortality Ratios (SMRs), Odds Ratios 
(ORs), and Relative Risk Ratios (RRs) reported in this section have all been converted to base 1. 
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3.2.1 Metallic Nickel 
Two studies (published without information regarding levels of nickel exposure) of 

stainless steel and ferrochromium production workers and welders in France found no significant 
excess risk of lung cancer. The first study involved a cohort of 2269 men followed from 1952 to 
1982 (Moulin et al., 1990). Stainless steel production began in 1958. Causes of death were 
obtained from general practitioners or hospital records. The SMR for lung cancer was not 
statistically raised in the overall cohort (SMR = 1.40, 95% CI = 0.72-2.45). The higher rate of 
lung cancer (SMR = 2.04, 95% CI = 1.02-3.64) seen in workers exposed for at least one year in 
workshops producing stainless steel or ferrochromium could have been due to confounding 
exposures to polycyclic aromatic hydrocarbons (PAHs). 

The second study (Moulin et al., 1993) examined welders in French factories. The cohort 
consisted of2721 welders, and mortality was followed from 1975 to 1988. There was no 
significant excess of lung cancer in all welders compared to controls, but the lung cancer incidence 
was increased in mild steel welders compared to other subgroups of welders. The lung cancer 
mortality among mild steel welders was also significantly increased with an exposure duration 
and latency period of2: 20 years. 

3.2.2 Nickel Carbonyl 
The only epidemiological study specifically investigating the possible carcinogenic effect 

of nickel carbonyl provided no conclusive results. The study focused on 69 men who died 
between 1933 and 1966 in Wales whose work history included absence from the refinery due to 
accidental exposure to nickel carbonyl. Their SMR for lung cancer was not statistically 
significant at 1.52 (95% CI = 0.56-3.31) (Morgan, 1992). 

3.2.3 Oxidic Nickel 
A European study of 11,092 welders that compared the mortality experiences of 

shipyard welders, mild steel welders, and those who had ever welded stainless steel provided no 
definitive evidence of increasing cancer mortality with higher cumulative exposure to nickel 
(Simonato et al., 1991), although the SMR for all malignant neoplasms for the overall cohort was 
significantly increased at 1.13 (95% CI = 1.00-1.26). There were no carcinomas ofthe nose or 
nasal cavities. The SMR for carcinoma of the trachea, bronchus, and lung was 1.34 (95% CI = 
1.1 0-1.60). 

Stainless steel welders would have been exposed to a much higher level ofnickel and 
chromium than those welding mild steel. The lung cancer SMR for mild steel welders was 1.78 
(95% C I= 1.27-2.43), 1.28 (95% CI = 0.91-1.75) for those who ever welded stainless steel, and 
1.23 (95% CI = 0.7 5-1.90) for those who predominantly welded stainless steel. Within this last 
group, there was a non-significant increase in lung cancer SMR with duration of employment: <9 
years, SMR = 0.98 (95% CI = 0.40-2.02); > 10 years, SMR=1.43 (95% CI = 0.76-2.44). There 
was no information on the smoking habits or the previous occupational exposure of the cohort 
(Simonato et al., 1991). 
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3.2.4 Soluble Nickel 
A cohort study of 418 (369 male and 49 female) workers employed at a Finnish nickel 

refinery (1960-1987) reported a two-fold increased incidence oflung cancer (CI = 0.3-7.4) and a 
large increase for sinonasal cancer (SIR= 53.8; CI = 1.4-300), however, these estimates were 
based on only 2 and 1 observed cases, respectively (Karjalainen et al., 1992). The small size of 
the study and follow-up period limit the conclusions that can be drawn. 

Exposures in the refinery were principally to soluble nickel compounds, mainly nickel 
sulfate, and to a lesser extent, nickel chloride. No nickel oxides were reported to be present, 
although low levels (between 0.05 and 0.2 mg Ni/m3

) ofnickel subsulfide and nickel hydroxide 
(levels not reported) were noted to be present in certain areas of the refinery. Overall, average 
levels of nickel ranged between 0.1-0.5 mg Ni/m3

. Copper/nickel smelter workers and 
maintenance workers were followed from 1953-1987 and nickel refinery workers from 1960­
1987. There were ten cases oflung cancer observed while 9.2 were expected. In the original 
follow-up period, there was one case of sinonasal cancer, but two further cases of sinonasal 
cancer were diagnosed after the closing date of follow-up. 

Exposure to sulfuric acid (and allied) mists has been associated with increased risk of 
various respiratory cancers and is identified as a possible confounder in this study. The workers 
in this study showed no significant increase in standard incidence rates (SIR) ofnon-respiratory 
cancer. 

A follow-up to this study reports an updated analysis of cancer incidence among the 
Finnish worker cohort (Anttila et al., 1998). A total of 1,155 workers were presumed to have 
potential nickel exposure based upon dates of employment (after January 1, 1960 which 
corresponds to the start ofnickel smelting and refining). The vital status ofnearly all cohort 
members (99.4%) was determined. Linkage with the national cancer registry of Finland 
ascertained incident cases of cancer among the cohort. Follow-up was extended from the end of 
1987 to December 31, 1995. An elevated risk of nasal cancer was found among refinery workers 
(SIR= 41.1; CI = 4.9- 148) with a greater increased risk among workers with a longer latency 
(20+ years; SIR= 67.1) and duration of employment (5+ years; SIR= 75.2). An increased risk 
oflung cancer was also found for nickel refinery workers (latency of20+ years SIR= 3.4). 

The additional follow-up provided a relatively complete latency period, although the size 
of the cohort limits the precision ofmany risk estimates. For example, the association with nasal 
cancer is quite suggestive, but is based upon only 2 cases among the exposed nickel workers. 
Other aspects of the study design are strengths such as the excellent tracing and linkage with a 
national cancer registry. The potential confounding effects of other workplace and exposures is 
of concern. Examination of the risk estimates for the unexposed (to nickel) cohort shows a 1.5­
fold increased risk for lung cancer raising the possibility that some of the excess risk attributed to 
nickel exposure may be due to other factors. 

Another European study (Andersen et al., 1996) suggests an association between work in 
a nickel refinery and an increased incidence of cancers. This cohort cancer incidence study of 
4764 Norwegian nickel refinery workers found an elevated incidence for nose and nasal cavity 
cancer (SIR= 18.0; CI = 12.3-25.4) and lung cancer (SIR= 3.0; CI = 2.6-3.4). A moderately 
increased risk of laryngeal cancer was also found (SIR= 1.6; CI = 0.8- 2.8). An analysis ofnickel 
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compounds showed a dose-response gradient for lung cancer with cumulative exposure to soluble 
nickel after adjustment for nickel oxide, smoking, and age, in addition to a multiplicative 
interaction between smoking and total nickel exposure. 

3.3 Other Occupational Exposure Studies 
The largest body of epidemiological data linking increased incidences ofcancer and nickel 

exposures is from the European and Canadian communities, where the source of nickel is mainly 
from copper-sulfidic nickel ores. Exposures were mainly to the more dust-generating nickel 
processes, and those primarily occurring prior to the 1930's. No recent epidemiologic data exists 
for U.S. nickel refinery workers, who were mainly exposed to either lateritic ores (oxides or 
silicates, with much lower copper content than European varieties), or to garnierite (a complex 
nickel magnesium silicate associated with iron, cobalt, chromium, and aluminum, and containing 
about 0.5 percent cobalt) (Carson, 1980). Since the possible contribution of copper to potential 
carcinogenicity has not been extensively investigated, caution may be needed when making 
comparisons between U.S. and non-U.S. studies. 

One European study which might be relevant to the United States is an update to an 
earlier study of French refinery workers in New Caledonia, using lateritic ores similar to those 
used in U.S. processes (Goldberg et al., 1994). The study did not find an increased incidence of 
respiratory and upper aerodigestive tract cancers among male nickel workers compared with the 
incidence among the general male population ofNew Caledonia for a ten-year period (1978­
1987). Further, there was no increased incidence of these cancers when stratified by duration of 
exposure. A nested case-control study using a job-exposure matrix to classify workers according 
to 20 specific exposure groups did not show a pattern of association with lung, larynx, or 
pharynx cancer for nickel-related exposures. Many of the risk estimates for the exposure-based 
analysis were imprecise with wide confidence intervals. 

Recent studies in the United States which suggest an association between occupational 
nickel exposure and cancer, like their European counterparts, cannot attribute the increased 
incidence ofcancer to any one specific form of nickel. Additionally, none of the studies examined 
U.S. refinery workers specifically. Two ofthe studies (Wortley et al., 1992; Hom-Ross et al., 
1997), while conducted in the United States, did not specify the type of nickel exposure, nor 
even the industry. A link between laryngeal cancer and occupational exposure to nickel (n = 235; 
RR = 1.6; CI = 0.4-6.7) was reported in a study of cases in the western Washington region 
(Wortley et al., 1992). In this analysis, patients were assigned numerical risk ratings, based upon 
self-reported occupations and the potential risk of nickel exposure; comparisons were made 
between the incidence of laryngeal cancer and exposure scores. 

Another study (Hom-Ross et al., 1997) of patients diagnosed with cancer ofthe salivary 
glands found a substantial dose-dependent association between cumulative hours of worker 
exposure to nickel compounds or alloys and an increased risk of cancer of the salivary glands. A 
major criticism of the study, aside from the small number of patients in the "high" risk group, is 
the potential misclassification of nickel exposure using job title and a job-exposure matrix. In 
addition, neither of these studies attempted to qualify the type of nickel exposure, combining all 
nickel compounds and alloys into one group. 
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Some of the more recent studies suggesting a link between incidence of cancer and nickel 
exposure (Karjalainen et al., 1992; Wortley et al., 1992; Hom-Ross et al., 1997) are limited by the 
relatively small number of subjects studied. In addition, exposure to nickel was largely self­
reported, and potential exposure to other potential carcinogens (e.g., mists of sulfuric acid) were 
not taken into account in some studies. The recent study by Anderson et al (1996) does suggest 
an association between nickel exposure, in particular soluble nickel, and an increased risk of lung 
and nasal cancer. The risk estimate for lung cancer was relatively precise and the study did 
account for smoking and utilized cumulative exposure measures based upon available direct 
measurements of nickel concentrations. 
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Cohort 

production workers in 
France followed from 1952 
to 1982 

69 male refinery workers 
who died between 1933 
and 1966 

no data regarding 
levels of nickel 
exposure. 

Nickel carbonyl 
effects of 
accidental 
exposure caused 
work absences in 
this cohort 

Significant excess in lung 
cancer; SMR for workers 
exposed for 2:. 1 yr in stainless 
steel or ferrochromium shops = 
2.04, 95% CI = 1.02-3.64. 

Lung cancer SMR not 
significant at 1.52 

Nested case-control 
study of lung cancer 
cases showed 
elevated OR for 
welders exposed only 
to nickel and/or 
chromium and not 
PARs (OR = 3.4; 
CI= 0.4-32.4). 

Smoking similar in 
exposed and non­
exposed groups 

Morgan (1992) 
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Stainless steel 
workers would 
have been exposed 

SMR for all malignant neoplasms for the overall cohort was 
significantly increased at 1.13 (95% CI = 1.00-1.26). The SMR 
for carcinoma of the trachea, bronchus, and lung was 1.34 (95% CI 
= 1.10-1.60). 

No data on smoking Simonato 
habits or previous et al. 
occupational exposure (1991) 
of cohort. 

to a much higher 
level ofnickel and SMRs (95% CI) 
chromium than Mild steel= 1.78 (1.27-2.43) 
those welding Stainless steel (ever)= 
mild steel. 1.28 (0.91-1.75) 


Stainless steel (predominantly)= 

1.23 (0.75-1.90) 


Cohort 2,721 welders in 13 Oxidic nickel No significant excess of lung cancer in all welders compared to Smoking; no Moulin et 
factories in France; internal controls; increased lung cancer in mild steel welders compared to significant difference al. (1993) 
comparison group of 6,683 

no data on levels 
stainless steel welders between exposed and 

manual workers; mortality 
ofexposure to 

non-exposed groups 
determined 1975-1988 

nickel 
Overall SMR for lung cancer in all welders = 1.24, 95% CI = 
0.75-1.94. Stainless steel welders (SMR = 1.1; 95% CI = 0.4­
2.6); non-shipyard mild steel welders (SMR=l.59, 95% CI = 
0.73-3.02) and simificant increase for> 20 vr duration and 
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Cohort 418 workers (369 M, 49 Calculated standardized incidence ratios Effects of smoking 

Reference 

Karjalainen et al. 
W) in a Finnish nickel risk among could not be (1992) 
refinery after 1960; cancer 

(SIRs):Measured levels 
evaluated due to lack workers exposed 

incidence followed up from 
of 0.1-0.5 mg/m3 

of historical to nickel was the 
1960-1987. 

Sinonasal cancer from personal 
information. same as in the 

1970s; 1.1 mg 
SIR (95% CI: no. obsd/no. !W})sampling in the 

reference 
Nilm3 highest 

53.8 (1.4-300. 110.018) 
population. 

recorded single Increased 
concentration in 

Stomach cancer 
incidence of lung 

electrowinning 
SIR (95% CI: no. obsd/no. exp) 

and nasal cancers 
dept.; urine cone. 

4.3 (0.5-16; not given) 
indicates that 
even moderate or< 0.85 :mol/L in Lung cancer 


leaching workers 
 low nickel 
exposures can be 

SIR (95% CI: no. obsd/no. exp) 
and 1.5-2 :moliL 2.0 (0.3-7.4; 211) 

hazardous.in electrowinning 

workers 


Cohort Overall cancer 418 workers (369 M, 49 Soluble nickel Calculated standardized incidence ratios Effects of smoking Anttila et al. (1998) 
W) in a Finnish nickel (SIRs): could not be risk among 
refinery continuously 

Measured levels 
evaluated due to lack workers exposed 

employed at least 3 mo 
of 0.2-0.8 mg/m3 

to nickel was the 
1945-1985; cancer 

Sinonasal cancer of historicalfrom stationary 
SIR (95% CI: no. obsd/no. ew) information. same as in the 

incidence followed up 
samplers 1967­

reference 

through 1995. 


41.1 (4.97-148; 210.05)1988; 0.1-0.4 mg 
1m3 population. 
zone samples 

in breathing 
Increased 

taken 1979-1981; 
Stomach cancer 

incidence of lungSIR (95% CI: no. obsd/no. ew) 
and nasal cancers 

highest recorded 
1.2 mg 1m3 

4.98 (1.62-11.6; 511.0) 
indicates that 

single even moderate or 
concentration 

Lung cancer 
low nickel 

measured at 
SIR (95% CI: no. obsd/no. exp) 

exposures can be2.61 (0.96-5.67; 612.3) 
stationary sites in hazardous. 
electro winning 
work area; most 
exposure toNi 

after 1973 
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Table 3-1. Studies of Human Exposure to Nickel Published Post-IARC (1990) (Continued) 


- - :<~~:~~~op1~~;MonJ:~~~u~~~;;~if:l:& 1!!~~~~re I 
1 ~1~Vects~~Mh . ~~iO::!l!~~~·~- I - <com1l~ts ;£~'• 

4,764 nickel refinery 
Measurement of 
atmospheric nickel 
in most process 
areas in 1973; 

Two analyses: 1) SIR 2) Poisson 
regression for RR 
SIR (95% CI: no. obsd/no. 

~ 
18 (12-25; 32/1.8) for nasal 

Andersen et a!. 
(1996)workers; 379 workers with 

first employment 1916­
1940, with at least 3 yr of 
employment, and 4,385 

few measurements cancerworkers with at least I yr 
in 1952-1953 and 3 (2.6-3.4; 203/68) for lung 

1964 


of employment 1946-83. 
cancer 

Concentrations of RR (95% CI) of lung cancer 

total airborne 

nickel and 
 1.1 (0.2-5.1) for exposed 

different forms 
 workers (never smoked): 

estimated by 

experts (engineers, 
 5.I ( 1.3-20.5) for exposed 

medical personnel, 
 workers (smoked) 

others with 

refinery 
 Soluble nickel: 
experience) Mean Exposure 

mg/m3
• (n) RR 95% CI 


Assumed that 
 0.1 (86) 1.0 referent 
nickel species 2.3 (36) 1.2 (0.8-1.9)
occurred in 8.8 (23) 1.6 (1.0-2.8)
respirable dust in 28.9 (55) 3.I (2.1-4.8)
same proportion 

as in material 
 Nickel oxide: 
handled in work Mean Exposure 
areas; species mg/m3

• (n) RR 95% CI 
divided into four 

0.4 (53) 1.0 referentcategories: 
2.5 (49) 1.0 (0.6-1.5)metallic, oxidic, 
8.3 (53) 1.6 (1.0-2.5)soluble, sulfidic 
44.3 (45) 1.5 (1.0-2.2) 
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Table 3-1. Studies of Human Exposure to Nickel Published Post-IARC (1990) (Continued) 


Established a job­ Calculated age-adjusted ORs and 

..
·)~·I,.

Commen;l , .. Referencet.•:c::. 
~ 

.}
1iDesign latiCJn Groups

,:j:J('iil' ts '.~;:i; ;~:·Li·tk;:. :.;J::.~:~0~:~!'!~J~iiif:t:0; ',' : , >n~ ~C 

Goldberg et a!. 
nested in 
Case-control Cases: 112 male workers at 

consumption reported for (1994) 
nickel 

95% CI for cumulative exposure a New Caledonia, France exposure matrix 
3-yr period (1978-81 ), no 

workers 
and total duration of exposurenickel refinery; all cases of for various 

change in ORs adjusted 
cohort 

cancer were diagnosed categories of (considering latency and lag 
for these factors 


and each had worked at the 

between 1978 and 1987, periods); no significant increase nickel compounds 

in respiratory cancer risk, 

company >I 0 yr. 


and agents 
considered to be including pleural, upper 
potential respiratory tract, and nasal 


Controls: 298 non-exposed 
 confounders; cancers. 

males from the general 
 levels ofexposure 

population in New 
 evaluated by 

Caledonia. 
 industrial 

hygienists based 
on measurements 
and chemical 
analvses 
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Case-control Cases: 235 patients 
diagnosed with laryngeal 
cancer between Sept. 1983 
and Feb. 1987 in western 
Washington area. 

Controls: 547 men and 
women, identified by 
random-digit dialing. 

Personal 
interviews to 
obtain lifetime 
occupational 
histories; prepared 
a job exposure 
matrix that 
included potential 
nickel exposure; 
no actual 
measurements 

Odds ratios and 95% CI were for laryngeal 
cancer estimated using unconditional 
logistic regression analyses, controlling for 
alcohol use, cigarette smoking, age and 
education. 

Suggestion of increased risk of laryngeal 
cancer with exposure scores of .2:. 20 

Odds Ratio (95% CI): 
1.6 (0.4-6.7) 

Chromium 
exposure, age, 
alcohol use, 
education, 
smoking 

Strengths: use of a 
population-based 
design for the ID of 
cases and controls, 
adjusted for smoking, 
alcohol use, major risk 
factors for laryngeal 
cancer; analyses based 
on latency, peak, 
duration and intensity 
of exposure. 
Weaknesses: potential 
misclassifica-tion of 
nickel exposure using 
job title, a job­
exposure matrix, and a 
small number of 

Wortley et al. 
(1992) 
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Desjgq 

Case-control I Cases: 
women diagnosed with 
salivary gland tumors in 

Self-reported 
occupational 
exposure from 

Exposure to Ni 
compounds & alloys 
associated with a 

one area ofCalifornia 

Controls: 191 men and 
women, identified by 
random-digit dialing, and 
from the Health Care 
Finance Administration 
Files; frequency-matched to 
cases by 5-yr age group and 
sex 

telephone 
interviews. Odds Ratio (95% Cl): 

6.0 (1.6-22.0) for ever-exposed 

3.7 (0.71-19.8) for lifetime exposure> 3,000 
hr 

9.0 (1.1-77.2) for lifetime exposureS 3,000 
hr 

substantial risk, 
evidence ofa dose­
response relation for 
cumulative hrs of 
exposure. 

adj.= adjusted; exp =expected; obsd =observed 
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4.0 EXPERIMENTAL CARCINOGENESIS 

4.1 Studies Reviewed in IARC (1990) 
IARC (1990) found sufficient evidence for the carcinogenicity of metallic nickel, nickel 

monoxides, nickel hydroxides, and crystalline nickel sulfides in experimental animals. Numerous 
studies confirm the carcinogenic potential of these compounds at various sites in rodents. IARC 
found limited evidence in experimental animals for the carcinogenicity ofnickel alloys, 
nickelocene, nickel carbonyl, nickel salts, nickel arsenides, nickel antimonides, nickel selenides, 
and nickel telluride. There was not adequate evidence for the carcinogenicity of nickel trioxide, 
amorphous nickel sulfide, and nickel titanate in experimental animals. 

4.2 Animal Carcinogenicity Studies Post-IARC (1990) 
4.2.1 NTP (1996) Studies ofNickel Oxide. Nickel Sulfate Hexahydrate. and Nickel Subsulfide 

The National Toxicology Program (NTP) selected nickel oxide and nickel sulfate 
hexahydrate, compounds commonly found in the workplace in the United States, and nickel 
subsulfide, linked by an earlier study to lung cancer in rats, for chronic inhalation two-year 
studies in B6C3F1mice and F344/N rats (NTP, 1996a, b, and c). 

Rats were exposed to nickel oxide concentrations of 0, 0.62, 1.25, or 2.5 mg/m3 for six 
hours per day, five days per week for 104 week. Mice were exposed to nickel oxide 
concentrations of 0, 1.25, 2.5, or 5 mg/m3 for six hours per day, five days per week for 104 
weeks. The results indicated significantly (p< 0.05) increased rates of alveolar/bronchiolar 
adenoma or carcinoma (combined) for male and female rats in 1.25 and 2.5 mg/m3 exposure 
groups. An increased incidence of benign pheochromocytoma of the adrenal medulla was 
observed in both sexes, but an increase in malignant pheochromocytomas was observed only in 
males. This study did not find that nickel oxide was carcinogenic in male mice, but found some 
evidence of carcinogenic activity in female mice based on increased incidence of 
alveolar/bronchiolar adenoma in the 2.5 mg/m3 exposure group, and increased incidence of 
alveolar/bronchiolar adenoma or carcinoma in the 1.25 mg/m3 exposure group. 

Rats were exposed to nickel sulfate hexahydrate concentrations ofO, 0.12, 0.25, or 0.5 
mg/m3 for six hours per day, five days per week for 1 04 weeks. Mice were exposed to nickel 
sulfate hexahydrate concentrations ofO, 0.25, 0.5, or 1 mg/m3 for six hours per day, five days per 
week for 1 04 weeks. Results did not indicate that nickel sulfate hexahydrate was carcinogenic in 
rats or mice. 

Rats were exposed to nickel subsulfide concentrations ofO, 0.15, or 1 mg/m3 for six hours, 
five days per week for 104 weeks. Mice were exposed to nickel subsulfide concentrations of 0, 
0.6, or 1.2 mg/m3 for six hours, five days per week for 105 weeks. Nickel subsulfide caused 
exposure-related increases in the incidence ofalveolar/bronchiolar adenomas, alveolar/ bronchiolar 
carcinoma, alveolar/bronchiolar adenoma or carcinoma. In addition, benign and malignant 
pheochromocytomas of the adrenal medulla were significantly increased in male rats. With the 
exception of malignant pheochromocytomas, similar effects were seen in the female rats (NTP, 
1996a, b, and c). Nickel subsulfide was not shown to be carcinogenic in mice. 
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4.2.2 Nickel Subsulfide 
In a study of the effect of local inflammation on nickel subsulfide carcinogenesis in male 

F344/NCr rats, Mycobacterium bovis (MB) injected at the same injection site as nickel subsulfide 
inhibited localized tumor development (Kasprzak and Ward, 1991). The prevention of nickel 
sulfide tumors by local MB might result from the localization of numerous natural killer (NK) 
cells and macrophages and the formation of giant cells observed at the injection site of nickel 
subsulfide 1-14 days post injection. Presumably, enhanced macrophage activity would cause 
increased solubilization of the insoluble nickel subsulfide and thereby enhance tumor response. 
However, the results of the experiment showed that augmentation of the inflammatory response 
at the site of nickel subsulfide injection was followed by the nearly complete prevention of 
nickel-induced muscle tumor development (Kasprzak and Ward, 1991). Treatment with anti­
inflammatory agents, which would hypothetically reduce solubilization of the nickel and thus 
reduce tumor formation, had no significant effect on nickel subsulfide tumor incidence, but 
actually shortened the latency of tumors as compared to treatment with nickel subsulfide alone. 

In another investigation, magnesium basic carbonate (MgCarb) was an antagonist and 
metallic iron powder was a promoter of nickel carcinogenesis in rat kidney (Kasprzak et al., 
1994). F344/NCr rats were injected in the renal cortex of each pole of the right kidney with 
either nickel subsulfide alone or with equimolar doses ofMgCarb or metallic iron powder. The 
results showed that MgCarb inhibited and iron enhanced nickel carcinogenesis. Previous 
experimentation with the skeletal muscles of F344/NCr rats showed that both MgCarb and iron 
suppressed nickel subsulfide carcinogenicity, apparently by affecting local 
inflammatory/phagocytic response towards nickel subsulfide particles (Kasprzak et al., 1987; 
Kasprzak and Rodriguez, 1992; both cited by Kasprzak et al., 1994). Within the kidney, 
magnesium seemed to attenuate the uptake of nickel subsulfide by macrophages and tubular 
epithelial cells, as it did in skeletal muscle, while iron tended to enhance that uptake. No clear 
reason for the difference in activity of iron in the skeletal muscles versus the kidneys of rats was 
identified. 

An investigation of the genetic factors involved in nickel carcinogenicity versus toxicity 
demonstrated a reverse order of susceptibility in three strains of male mice dosed with nickel 
subsulfide (Rodriguez et al., 1996). C57BL, C3H, and B6C3F 1 mice were injected with a single 
dose of nickel subsulfide at concentrations ofO, 0.5, 1.0, 2.5, 5.0, or 10.0 mg in the thigh muscle 
and observed for up to 78 weeks. The final incidence of local sarcomas in the 5 mg nickel 
subsulfide dose groups was C3H (97%)> B6C3F1 (76%) > C57BL (40%). C3H mice developed 
more injection site tumors with a shorter latency period than mice of the other two strains. The 
results of this experiment suggest that the acute toxicity and carcinogenicity of nickel subsulfide 
and nickel subsulfide-derived soluble nickel(II) in mice depends on genetic background. 

4.2.3 Nickel Acetate 
Soluble nickel(II) acetate tetrahydrate was an effective initiator of renal cortical epithelial 

tumors at a dose of90 J.!mollkg body weight administered by single intraperitoneal (i.p.) injection 
to male F344/NCr rats at 5 weeks of age (Kasprzak et al., 1990). Renal cortical epithelial tumors 
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occurred after dosing with sodium barbital, a known renal tumor promoter. One rat given the 
nickel injection without the promoter developed a single renal cortical adenoma, while multiple 
tumors, some of which were metastatic to the lung, liver, and spleen, were common in rats given 
nickel and barbital. These results indicate that soluble nickel is an effective initiator of the 
carcinogenic process. 

Diwan et al. (1992) investigated the transplacental carcinogenic effects ofnickel(II) 
acetate in rats. Two groups of24 F344/NCr rats were given nickel(II) acetate i.p. Group 1 
received 90 J.lmol/kg body weight once a day on day 17 of gestation. Group 2 received 45 
J.lmol/kg body weight/day twice on gestation days 16 and 18. Offspring were divided into four 
groups (1A, 1B, 2A, 2B). The A groups received tap water while the B groups received drinking 
water containing 500 ppm sodium barbital during weeks 4-85 of age. Malignant pituitary tumors 
occurred in rats given nickel(II) acetate with or without the barbital promoter, and pituitary 
tumor incidence was elevated in both sexes given nickel(II) acetate prenatally. These pituitary 
tumors induced with nickel were malignant, in marked contrast to the benign nature of most 
spontaneous pituitary tumors in rats. The male rats given nickel and barbital developed renal 
cortical epithelial and renal pelvic transitional epithelial tumors. No renal tumors occurred in 
female rats or in rats given nickel(II) acetate only. This study provided evidence that the soluble 
nickel compound, nickel acetate, is a potent transplacental initiator of epithelial tumors in the 
fetal rat kidney and a complete transplacental carcinogen for the rat pituitary. 
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' 
, .. 

Species, Controls Chemical Form Dose Exposure Results/Comments Reference 
Strain, Sex Route Duration (Control group incidence ratios, if reported, listed first.) 

NTP (1996) Studies 
Rat, F344/N, Normal Nickel subsulfide 0, 0.15, or 1 6hr/day, The mortality rate of experimental rats was not NTP (1996b) 
both sexes atmospheric 

conditions 

both sexes 

mg/m3 by 
inhalation 

5 day/wk, 104 
wk 

significantly different from that of control rats. 
Male: 
!Jmg: alveolar/bronchiolar adenoma (0/53, 3/53, 6/53*); 
alveolar/bronchiolar carcinoma (0/53, 3/53, 7/53*); 
alveolar/bronchiolar adenoma or carcinoma (0/53, 6/53*, 
11/53**) 
Adrenal Medulla: benign pheochromocytoma (13/53, 
30/52**, 37/53**); malignant pheochromocytoma (0/53, 
2/52, 11/53**); all pheochromocytoma (14/53, 30/52**, 
42/53**) 
Female: 
l.J.w.i: alveolar/bronchiolar adenoma (2/53, 5/53, 5/53); 
alveolar/bronchiolar carcinoma (0/53, 0/53, 4/53); 
alveolar/bronchiolar adenoma or carcinoma (2/53, 5/53, 
9/53*) 
Adrenal Medulla: benign pheochromocytoma (2/53, 7/53, 
36/53**); benign or malignant pheochromocytoma (3/53, 
7/53, 36/53**) 
*p<0.05 vs. controls; **p<O.Ol 

Mice, B6C3F~, Normal Nickel subsulfide 0, 0.6, or 1.2 6 h/day, The mortality rate of experimental mice was not NTP (1996b) 
both sexes atmospheric mg/m3 by 5 day/wk, 105 significantly different from that of control mice. 

conditions inhalation wk There were no neoplastic effects in experimental groups of 
60 male or 60 female mice. 

both sexes 
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Table 4-1. Post-IARC (1990) Experimental Carcinogenicity Studies of Nickel Compounds (Continued) 

Species, Strain, Controls Chemical Form Dose Exposure Results/Comments Reference 

Sex Route Duration (Control group incidence ratios, if reported, listed first.) 

Rats, F344/N, both Normal Nickel oxide 0, 0.62, 1.25, 6 h/day, The mortality rate of experimental rats was not significantly NTP (1996a) 
sexes atmospheric or 2.5 mg/m3 5 day/wk, different from that of control rats. 

conditions 

both sexes 

by inhalation 104 wk Male: 
LJ.!ni: alveolar/bronchiolar adenoma (0/54, 1/53, 3/53, 2/52); 
alveolar/bronchiolar carcinoma (0/54, 0/53, 3/53, 2/52); 
alveolar/bronchiolar adenoma or carcinoma (0/54, 1/53, 6/53*, 
4/52*); 
Adrenal medulla: benign pheochromocytoma (27/54, 24/52, 
26/53, 32/52); malignant pheochromocytoma (0/54, 0/52, 1/53, 
6/52*); benign or malignant pheochromocytoma (27/54, 24/52, 
27/53, 35/52*) 
Female: 
!ding: alveolar/bronchiolar adenoma (1/53, 0/53, 1/53, 4/54); 
alveolar/bronchiolar carcinoma (0/53, 0/53, 5/53*, 1/54); 
alveolar/bronchiolar adenoma or carcinoma (1/53, 0/53, 6/53, 
5/54) 
Adrenal medulla: benign pheochromocytoma ( 4/51, 7/52, 6/53, 
18/53**) 

*p<0.05 vs. controls; **p<O.OI 
Mice, B6C3F 1, both Normal Nickel oxide 0, 1.25, 2.5, or 6 h/day, The mortality rate of experimental mice was not significantly NTP (1996a) 
sexes atmospheric 5 mg/m3 by 5 day/wk, different from that of control mice. 

conditions 

both sexes 

inhalation 104 wk Male: 
No neoplastic effects. 
Female: 
(Uncertain Findings) 
~: alveolar/bronchiolar adenoma (2/64, 4/66, 10/63*, 3/64); 
alveolar/bronchiolar carcinoma (4/64, 11/66, 4/63, 5/64); 

alveolar/bronchiolar adenoma or carcinoma (6/64, 15/66*, 
12/63, 8/64) 

*p<0.05 vs. controls 
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Table 4-1. Post-IARC (1990) E talC · "ty Stud" f Nickel C ds (Conf d)- ~ - ' 
, 

Species, Controls Chemical Dose Exposure Results/Comments Reference 
Strain, Sex Form Route Duration (Control group incidence ratios, if reported, listed first) 

Rats, F344/N, both Normal Nickel sulfate 0, 0.12, 0.25, 6 h/day, The mortality rate of experimental rats was not NTP (l996c) 
sexes atmospheri hexahydrate 0.5 mg/m3 by 5 day/wk, significantly different from that of control rats. 

c inhalation 104 wk There were no neoplastic effects in experimental groups 
conditions of 53-55 male or female rats. 

both sexes 

Mice, B6C3F 1. both Normal Nickel sulfate 0, 0.25, 0.5, or 6 h/day, The mortality rate of experimental mice was not NTP (1996c) 
sexes atmospheri hexahydrate l mg/m3 by 5 day/wk, significantly different from that of control mice. 

c inhalation 104 wk There were no neoplastic effects in experimental groups 
conditions of 60-62 male or female mice. 

both sexes 
Nickel subsulfide 
Mice, CH3, male Injection Nickel 0, 0.5, 1.0, 2.5, Single The mortality rate of C3H and B6C3F 1 mice injected with Rodriguez et al. 
Mice, B6C3F1, male vehicle subsulfide 5.0, or 10.0 dose at 5 mg/site and over was greater than that of control mice as (1996) 
Mice, C57BL, male alone mg/site age 6 to 8 was the mortality rate of C57BL mice at any dose of nickel 

injected into wk and subsulfide. 
the thigh observed 
musculature of for 78 wk. C3H: 
both hind Injection site sarcomas: 0/30, 5/30, 10/30, 20/27, 28/29, 
limbs 14/14, respectively 

B6C3Fl: 
Injection site sarcomas: 0/30, 2/29, 8/30, 15/30, 16/20, 
5/6, respectively 
CS7BL: 
Injection site sarcomas: 0/24, l/27, 4/28, 6/21, 6/15, 0/2, 
respectively 

I 

I 
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~~, -- ..- - 0 ------ - - -- -- ,
' 

-

' 
Species, Strain, 

Sex 
Controls Chemical Form and Dose, 

Route 
Exposure 
Duration 

Results/Comments 
(Control group incidence ratios, if reported, listed first.) 

Reference 

Rats, F344/NCr, male I) 
2) 

3) 

4) 

0.1 mL water 
0.5 mg 
Mycobacteriu 
m Bovis 
antigen (MB) 
1.0 mg 
cortisol 
1.0 mg 
indomethacin 

Group 1: 2.5 mg NhS2 i.m. 
injection alone 

Group 2: 2.5 mg NhS2 + 0.5 mg 
MB i.m. injection 

Group 3: 2.5 mg NhS2 + 1.0 mg 
cortisol i.m. injection 

Group 4: 2.5 mg NhS2 + 1.0 mg 
indomethacin i.m. injection 

Group 5: 2.5 mg NhS2 i.m. 
injection + 1.0 mg MB sc. 
injection 

Group 6: 2.5 mg Ni3S2 i.m. 
injection + 2.0 mg 
indomethacin s.c. injection 

Single injection 
at 8 wk of age 
and obsderved 
for up to 71 wk 

The mortality rate of experimental rats was not 
significantly different from that of control rats. 

Group 1: 
Cumulative number of rats with injection site 
tumors: (0/20, 0/20, 0/20, 0/20, 17 /20) 

Group 2: 
Cumulative number of rats with injection site 
tumors: (0/20, 0/20, 0/20, 0/20, 1/20) 

Group 3: 
Cumulative number of rats with injection site 
tumors: (0/20, 0/20, 0/20, 0/20, 17/20) 

Group 4: 
Cumulative number of rats with injection site 
tumors: (0/20, 0/20, 0/20, 0/20, 16/20) 

Group 5: 
Cumulative number of rats with injection site 
tumors: (0/20, 0/20, 0/20, 0/20, 20/20) 

Group 6: 
Cumulative number of rats with injection site 
tumors: (0/20, 0/20, 0/20, 0/20, 19/20) 

Kasprzak and 
Ward (1991) 

I 

I 

74 



NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

Observation6.2 mg The mortality rate of experimental rats was not 
MgCarb (n = injections began 24 wk post significantly different from that of control rats. 
20), injection and 

lasted until week Group 1:3.4 mg Fe0 

(n = 20), 109 Cumulative number of rats with renal tumors: 5 mgNiJS2+ 
0.1 mL water 6.2 mg (0/20, 0/20, 0/20, 25/40) 
inj. vehicle MgCarb 
(n = 20) (Group 2, n= Group 2: 

Cumulative number of rats with renal tumors: 
(0/20, 0/20, 0120, 4/20) 

5 mgNi3S2+ 

20) 

Group 3:3.4 mg Fe0 

(Group 3, n= Cumulative number of rats with renal tumors: 
20) (0/20, 0/20, 0/20, 12/20) 

First 3 m 

Saline 
(n = 24) 

Nickel acetate 
tetrahydrate 
(NiAcet), or 
NiAcet 
followed by 
sodium 
barbital 
(NaB B) 

NiAcet= 90 
J.lmol/ kg body 
weight, i.p. 

NaBB; 500 ppm 
in drinking 
water 

Single injection 
at 5 wk of age, or 
single injection at 
5 wkofage + 
exposure to NaBB 
through drinking 
water 2 wk later. 
Survivors 
sacrificed at 10 1 
wkofage. 

Mortality was significantly greater in rats given NaBB Kasprzak 
following NiAcet injection than in rats given only et al. 
NiAcet. (1990) 

NiAcet only: 
Renal cortical lesions: 

Adenomas (0/24, 1123), carcinomas (0/24, 0/23) 

Renal pelvic tumors: 

Papillomas (0/24, 0/23), carcinomas (0/24, 0/23) 

NiAcet + NaBB: 
Renal cortical tumors: 

Adenomas (0/24, 13/24*), carcinomas (0/24, 4/24) 

*p<0.0002 compared to NiAcet-only rats 

Renal pelvic tumors: 

Papillomas (0/24, 8/24), carcinomas (0/24, 0/24) 
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Group 1: pregnant rats Group 1: pregnant rats 
given NiAcet 90 treated once/day on day 
!!mol/kg i.p.; offspring 17 of gestation Group 1A males: 

divided into groups total renal tumors (0/15, 0/17) 
Sodium barbital given tap water as Group 2: pregnant rats total pituitary tumors (l/15, 9/17•) 
(NaBB) drinking water (Group treated twice on days 16 Group 1B males: 

lA) or 0.05% NaBB in and 18 of gestation total renal tumors (1/15, 8/15*) 

drinking water (Group total pituitary tumors (2/15, 6/15) 

lB) male and female Group 1A females: 
offspring observed until total renal tumors (0/16, 0/16) 

Group 2: pregnant rats age 85 wk total pituitary tumors (3/16, 5/16•) 

given NiAcet 45 Group 1B females: 

!!mol/kg i.p.; offspring 
divided into groups 
given tap water as 
drinking water (Group 
2A) or 0.05% NaBB in 
drinking water (Group 
2B) 

total renal tumors (0/14, 0/15) 
total pituitary tumors (4/14, 5/15) 
Group 2A males: 
total renal tumors (0/15, 0/15) 
total pituitary tumors (l/15, 6/l5b) 
Group 2B males: 
total renal tumors (l/15, 7/15*) 
total pituitary tumors (2/15, 7115) 

control group given 
sodium acetate 

Group 2A females: 
total renal tumors (0/16, 0/16) 
total pituitary tumors (3/16, 8/l6b) 
Group 2B females: 
total renal tumors (0/14, 0/15) 
total pituitary tumors (4/14, 6/15) 

*p<O.Ol vs. controls 

• p=0.012 vs. controls; both sexes 

combined 
b p-0.008 vs. controls; both sexes combined 
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5.0 GENOTOXICITY 

5.1 Review of Animal Genotoxicity Studies (IARC, 1990) 
IARC (1990) reviewed data on the genotoxic effects of nickel compounds. The summary 

of results for studies in mammalian systems is presented as follows: metallic nickel; nickel oxides 
and hydroxides; crystalline nickel sulfide and subsulfide, amorphous nickel sulfide; nickel 
chloride, nickel sulfate, nickel acetate, nickel nitrate; and, nickel carbonate, nickel subselenide, 
nickel potassium cyanide, and nickelocene. 

5.1.1 Metallic Nickel 
Nickel powder induced a dose-dependent increase in morphological transformations of 

Syrian hamster embryo cells in vitro (Costa et al., 1981). 

5.1.2 Nickel Oxides and Hydroxides 
The cell-transforming activity of nickel monoxide was correlated with its ability to induce 

preneoplastic changes in rats (Sunderman et al., 1987). Nickel trioxide transformed Syrian 
hamster embryo cells at twice the rate of nickel monoxide (Costa et al., 1981). 

5.1.3 Crystalline Nickel Sulfide. Crystalline Nickel Subsulfide. and Amomhous Nickel Sulfide 
In cultured Chinese hamster ovary cells, DNA repair (Robison et al.,1983), single-strand 

breaks (Robison and Costa, 1982), a dose-dependent increase in SCE, and a dose- and time­
dependent increase in the frequency of chromosomal aberrations (Sen and Costa; 1985, 1986) 
occurred after treatment with crystalline nickel sulfide. Crystalline nickel sulfide induced 
chromosomal aberrations, including gaps, breaks, and exchanges, in Chinese hamster ovary cells 
(Nishimura and Umeda, 1979; Umeda and Nishimura, 1979). Crystalline nickel sulfide induced 
DNA strand breaks in rat primary hepatocytes (Sina et al., 1983). Single-strand breaks and DNA 
protein cross-links were the two main lesions induced by crystalline nickel sulfide (Costa et 
al.,1982; Patiemo and Costa, 1985). 

Particulate crystalline nickel subsulfide induced resistance to 8-azaguanine in cultured rat 
liver cells, but neither particulate nor dissolved nickel subsulfide induced unscheduled DNA 
synthesis in primary rat hepatocytes (Swierenga and Mclean, 1985). Crystalline nickel 
subsulfide induced a dose-dependent increase in the frequency of morphological transformations 
in primary Syrian hamster embryo cells (DiPaolo and Casto, 1979). Robison et al. (1982, 1983) 
showed that crystalline nickel subsulfide induced strand breaks in hamster embryo cells, but 
amorphous nickel sulfide, which is not phagocytized by cells, had no effect on Syrian or Chinese 
hamster embryo cells. Crystalline nickel subsulfide and amorphous nickel sulfide induced a weak 
mutation response at the hprt locus in Chinese hamster ovary cells (Costa et al., 1980). 
Amorphous nickel sulfide had no effect on Chinese hamster ovary cells or Syrian hamster 
embryo cells (Robison et al., 1983). 

5.1.4 Nickel Chloride. Nickel Sulfate. Nickel Acetate. and Nickel Nitrate 
In Chinese hamster ovary cells, nickel chloride increased the frequency of strand breaks 

(Robison and Costa, 1982), SCE, and chromosomal aberrations (Sen and Costa, 1985, 1986; Sen 
77 




NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

et al., 1987), and induced single-strand breaks, DNA-protein cross-links (Patiemo and Costa, 
1985), and DNA repair synthesis (Robison et al. 1983, 1984). Nickel chloride also induced 
chromosomal aberrations (Larramendy et al., 1981) and morphological transformations (Pienta et 
al., 1977; DiPaolo and Casto, 1979) in Syrian hamster embryo cells. Nickel chloride increased the 
frequency of chromosomal aberrations in bone-marrow cells of Chinese hamsters 
(Chorvatovicova, 1983) and Swiss mice (Mohanty, 1987). 

In Chinese hamster V79 cells, nickel chloride induced 8-azaguanine-resistant mutations 
(Miyaki et al., 1979), a dose-related increase in the frequency of mutation to 6-thioguanine 
resistance (Hartwigg and Beyersmann, 1989), and a dose-dependent depression of proliferation 
and mitotic rate (Skreb and Fischer, 1984). It did not induce polychromatic erythrocytes or 
dominant lethal mutations in BALB/c mice (Deknudt and Leonard, 1982). Nickel chloride 
inhibited DNA synthesis in embryo cells (Basrur and Gilman, 1967) and liver epithelial cells 
(Swierenga and McLean, 1985) of rats. 

Nickel sulfate caused an increased frequency ofSCE in Chinese hamster Don cells (Ohno 
et al., 1982), Chinese hamster ovary cells (Deng and Ou, 1982), and in Syrian hamster embryo 
cells (Larramendy et al., 1981) Nickel sulfate hexhydrate induced a concentration-dependent 
increase in morphological transformation of Syrian hamster cells (Pienta et al., 1977; DiPaolo and 
Casto, 1979; Zhang and Barrett, 1988). Increased frequencies ofchromosomal aberrations were 
seen in Syrian hamster embryo cells exposed to nickel sulfate hexahydrate (Larramendy et al., 
1981). The frequency of chromosomal aberrations was not increased in bone-marrow cells and 
spermatogonia of male albino rats after intraperitoneal injections of nickel sulfate (Mathur et al., 
1978). 

5.1.5 Nickel Carbonate. Nickelocene. Nickel Potassium Cyanide. and Nickel Subselenide 
Nickel carbonate induced DNA damage in rat kidney cells in vivo (Ciccarelli et al., 1981). 

Crystalline nickel subselenide transformed cultured primary Syrian hamster embryo cells (Costa 
et al., 1981; Costa and Mallenhauer, 1980), and nickel potassium cyanide increased the frequency 
of chromosomal aberrations in mouse mammary carcinoma cells (Nishimura and Umeda, 1979; 
Umeda and Nishimura, 1979). Bacterial gene mutations were not induced by nickelocene 
(Haworth et al., 1983). Nickel (II) and nickel (III) tetraglycine complexes induced DNA damage 
in calf thymus nucleohistone (Kasprzak and Bare, 1989). 

5.2 Review of Human Genotoxicity Studies (IARC, 1990) 
5.2.1 Metallic Nickel 

Nickel powder did not induce chromosomal aberrations in cultured human peripheral 
lymphocytes (Paton and Allison, 1972). 

5 .2.2 Nickel Oxides and Hydroxides 
Nickel monoxide did not induce chromosomal aberrations in cultured human peripheral 

lymphocytes (Paton and Allison, 1972), but did induce anchorage-independent growth in 
primary human diploid foreskin fibroblasts (Biedermann and Landolph, 1987). 
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5.2.3 Nickel Sulfides 
Crystalline nickel subsulfide and amorphous nickel sulfide increased the frequency of SCE 

in cultured human lymphocytes (Saxholm et al., 1981), and induced anchorage-independent 
growth in human skin fibroblasts (Biedermann and Landolph, 1987). 

5.2.4 Nickel Sulfate and Nickel Chloride 
Dose-dependent increases in the frequency of SCE were seen in human blood peripheral 

lymphocytes exposed to nickel sulfate (Larramendy et al., 1981 ). Nickel sulfate did not induce 
DNA single-strand breaks in human fibroblasts (Pomace, 1982). Nickel sulfate reduced average 
chromosomal length in human lymphocytes (Andersen, 1985), transformed normal human 
bronchial epithelial cells (Lechner et al., 1984), and induced transformation to anchorage­
dependent growth of primary human foreskin fibroblasts (Biedermann and Landolph, 1987). 
Human fetal kidney cortex explants did not become tumorigenic after 70-1 00 days of exposure to 
nickel sulfate (Tveito et al., 1989). In two human cell lines, exposure to nickel chloride in vitro 
resulted in a dose-dependent depression of proliferation and mitotic rate (Skreb and Fischer, 
1984). 

5.2.5 Mixed Exposures 
A study of two groups of nickel refinery workers employed at the same Norwegian plant 

showed no increase in the frequency of SCE in mitogen-stimulated peripheral blood lymphocytes 
of workers exposed to nickel compounds during processing operations, though there was a 
statistically significant (p<0.003) increase in chromosomal aberrations in comparison to controls 
(Waksvik and Boysen, 1982). In the first group, nine workers who had similar nickel exposures 
(average air concentration of 0.5 mg Nilm3

) for an average of 21.2 years showed an increased 
frequency of gaps (11.9%) compared to a control group of unexposed workers (3.7%). In the 
second group, 11 workers who had similar nickel exposures (average air concentration of0.2 
mg/m3

) for an average of25.2 years also showed an increased frequency of gaps (18.3%) as 
compared to the control group (Waksvik and Boysen, 1982). Breaks in the two groups did not 
differ significantly from controls and the difference in the percentage of gaps between the nickel­
exposed workers was not statistically significant. 

In a study of retired nickel workers who had been employed at the same plant as the 
workers in the studies described above, an increased frequency of gaps (7.6%, p<0.05) and 
breaks (4.1%, p<0.001) was detected in comparison to controls (5.3%, 0.5%, respectively). 
These workers had been exposed to an air nickel concentration higher than 1.0 mg/m3 for more 
than 25 years (Waksvik et al., 1984). 

An increased frequency of chromosomal gaps, breaks, and fragments ( 4.3% versus 0.8% 
in controls) was observed in a study of seven electroplating workers exposed to nickel and 
chromium compounds (Deng et al., 1983, 1988). These workers were exposed to an air nickel 
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concentration of0.0053-0.094 mg/m3 for 2-27 years. The Working Group noted a small increase 
in the frequency of SCE in exposed workers. 
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5.3 Animal Genotoxicity Studies Published Post-IARC (1990) 
[Excludes (with the exception ofHiginbotham eta/., 1992) those studies reviewed by NTP (1996)] 

In calf thymus DNA, Ni2+ was effective in causing 8-hydroxy-2'-deoxyguanosine (8-0H­
dG) formation and double-strand DNA breaks. A mechanism of 8-0H-dG formation was 
suggested by the involvement of free radicals in this formation, and inhibition by chelating agents 
(Shi et al., 1995). 

In another study of DNA base damage, male F344/NCr rats were injected i.p. with 90 
mmoles Ni(II) acetate tetrahydrate/kg body weight. The results indicated a tissue-specific 
response to Ni(II)-mediated oxidative DNA base damage, with apparently greater lesion 
persistence in the kidney than in the liver, consistent with the kidney as a primary target of 
Ni(II) carcinogenicity from soluble salts (Kasprzak et al., 1997). In rat kidney, the frequency of 
transforming mutations in the K-ras oncogene induced by an injection of nickel subsulfide was 
increased by coadministration of iron (Higinbotham et al., 1992). These findings are consistent 
with the known ability of nickel, in the presence of an oxidizing agent, to catalyze formation of 8­
0H-dG, which leads to misincorporation of dATP opposite the oxidized guanine residue. 

DNA damage (single-strand breaks) was not seen in cultured lung, liver, or kidney cells of 
rats administered 44.4 mg nickel chloride/kg s.c., either alone or in combination with cadmium 
chloride administered i.p. just prior to treatment with nickel chloride (Saplakoglu et al., 1997). 

5.4 Human Genotoxicity Studies Published Post-IARC (1990) 
Kiilunen et al. (1997) found that the frequency ofmicronucleated epithelial cells in the 

buccal mucosa of nickel refinery workers in the Helsinki area was not significantly elevated 
versus controls. Furthermore, there was no correlation between micronucleus frequencies and 
levels of nickel in the air in the refinery, or in the urine or blood of refinery workers. 

Gennart et al. (1993), in an investigation of24 male workers occupationally exposed for 
at least two years to varying concentrations of iron, nickel, chromium, and cobalt metal powders, 
found the mean SCE score of the group to be significantly increased versus the control group (23 
male clerical workers matched for age, smoking habits, and alcohol consumption). Nine exposed 
workers had a mean score above the highest score observed in the controls. Since studies on 
cobalt have shown the metal to be weakly mutagenic, the investigators concluded that solubilized 
nickel (and chromium) probably induced the increase in SCE. 

5.5 Cogenotoxicity 
The details ofthis study (Lynn et al., 1994) are presented in Table 5-2. The genotoxic 

effects of nickel chloride were investigated in the presence and absence ofUV light, methyl 
methane sulfonate (MMS), and buthionine sulfoxamine (BSO). Results indicate that UV­
induced cyto- and genotoxicity is enhanced by the presence ofnickel which may be due to its 
inhibition of DNA repair. 
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T 
' , 

Test Biological S9 Chemica Dose Endpoint Comments Reference 
System Endpoint Metabolic I Form, Response 

Activatio Purity 
n 

5.1.1 Acellular Svstems 
Calf thymus 
DNA 

Liberation of 8­
hydroxy-2'­
deoxyguanosine 
(8-0H-dG). 
Detection via 
HPLC. 

- NiCh Incubation of 1 mM Ni"- , 
0.75 mM dG (purified 
from residues in calf 
thymus DNA), 10 mM t­
butyl hydroperoxide, and 
2 mM glutathione (GSH) 

positive Generation of8-0H-dG 
(approx. 0.2% yield). 

Ni2+ is capable of 
causing 8-0H-dG and 
DNA double-strand 
breaks. 

Shi et al. (1995) 

Lipid peroxide free 
radicals are involved in 
the mechanism of 8­
OH-dG formation. 

Chelating agents inhibit 
8-0H-dG formation. 

82 



NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

Ni(IQ acetate Treatment group: 90 positive 
F344/NCr 

DNA damage in n.p.Male 
and 1, 3, 7, and 14 (1997) 

rats (5 wk 
renal and tetrahydrate J..lmol Ni(II) acetate/kg 

days post-treatment. 
old) 

hepatic (purity n.p.) injected i.p. 
Ni(II) acetate-induced 

48 animals 
chromatin 

oxidative DNA base 
J..lmol sodium acetate/kg 
Control group: 180 

damage detected in the 
injected i.p. 

Rats sacrificed at 12 hr IKasprzak et al. 

kidneys and livers. 
Lesions showed a 
greater persistence in 
the kidney than in the 
liver, consistent with 
the kidney as a major 
target of carcinogenesis 
from soluble nickel 
salts. 

Male albino NiCb: negative No single-strand breaks DNA damage n.p. Treatment group: Saplakoglu et al. 
rats (local 

CdCh or 
(1997) 

strain, 8-12 
(single-strand NiCh (purity CdCh: 4 mg/kg bw, were evident in NiCh­

n.p.)breaks) in rat injected i.p. treated tissues, alone or 
wk old); lung, liver and in combination with 
no. of prior administration of 
animals n.p. 

kidney NiCh: 44.4 mg/kg bw, 
injected s.c. CdC h. 
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Male Fischer mutational n.p. NiJS2; all groups injected positive The frequency of Higinbotham 
F344/NCr activation ofK­ NhS2/Fe0 

; intrarenally transforming mutations in et al. (1992) 
rats (6 wk ras in rat Fe0 (purity the K-ras oncogene 
old) kidney n.p.); 50% Treatment Group 1: 10 induced by nickel was 
100 animals aqueous mg ofNhS2 injected increased in the presence of 

glycerol intrarenally. iron. These findings are 
Treatment Group 2: consistent with the known 
NhS*e0 [equimolar ability of nickel, in 
amounts of nickel and conjunction with an 
iron (3.4 mg of Fe')] oxidizing agent, to 

catalyze formation of8-
Control Group 1: Fe0 0H-dG, which leads to 
alone misincorporation of dATP 
Control Group 2: 0.1 mL opposite the oxidized 
of 50% aqueous glycerol guanine residue. 

Abbreviations: i.p. = intraperitoneally; n.p. = not provided; s.c. = subcutaneously 
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Table 5-2. Cogenotoxicity of Nickel Studies Published Post-IARC (1990) 

n.p. NiCh, positive Cellular GSH increased 
Hamster Ultraviolet by treatment with MMS 
Ovary Cells levels; colony (UV) light, or NiCh, but not UV. 
(CHO-KI) forming methyl Post treatment with NiCh 

efficiency, methane­ synergistically increased 
frequencies of sulfonate (2) 0.2 mM MMS alone GSH levels in MMS­
SCE, and cell (MMS), (20 hr) treated cells, but not with 
cycle buthionine UV-treated cells. 
progression; sulfoxime (3) 4 mM NiCh alone Pretreatment with N­
repair synthesis (BSO) (20 hr) acetylcysteine (GSH 
of supercoiled precursor) increased 
plasmid DNA; (4) UV (24 hr) clonogenic survival of 
joining of cells treated with UV + 
oligo(dT) (5) 0.2 mM MMS (I nickel. Nickel inhibited 
molecules by H­ hr), followed by 4 oligonucleotide ligation 
bonding to poly mM NiCh +500 J..l.M repair syntheses of UV- or 
(dA) or poly BSO (4 hr) MMS-treated plasmids. 
(rA) GSH relieves nickel 

(6) 0.2 mM MMS (I inhibition. 
hr), followed by 4 
mM NiCh (4 hr) Results indicate that UV­

induced cyto- and geno­
(7) 0.2 mM MMS (I toxicity is enhanced by 

hr), followed by the presence ofnickel, 
various doses of which may be due to its 
NiCh (0-4 mM, 4 inhibition of DNA repair. 
hr) 

(8) 6 J/m2 UV light 
(irradiation time 
n.p.), followed by 4 
mM NiCh (4 hr) 

Abbreviation: n.p. = not provided 
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6.0 OTHER RELEVANT DATA 

6.1 Absorption, Distribution, and Excretion in Experimental Animals 
Various animal models for nickel absorption and biokinetics have been studied. Studies of 

rats reported that nickel chloride was excreted primarily in the urine, while the oxide was 
eliminated equally in urine and feces (English, 1981; Carvalho and Zeimer, 1982; cited by !ARC, 
1990). A biphasic pulmonary clearance (1-2 hours for the first and 120-300 hours for the 
second) was reported after intratracheal instillation of nickel subsulflde in mice (Valentine and 
Fisher, 1984; Finch et al., 1987; cited by IARC, 1990). 

Halflives of 1-3 days for nickel sulfate, 5 days for nickel subsulflde, and more than 100 
days for nickel oxide have been reported for inhaled or intratracheally instilled nickel compounds 
(Benson et al., 1987; Dunnick et al., 1989; cited by NTP, 1996). Also, in chronic exposure 
studies with rats and mice, nickel sulfate had the shortest half-life, followed by nickel subsulflde, 
and nickel oxide. Oral administration resulted in 1-1 0% absorption of the dose in mice, rats, and 
dogs. An absorption rate of 1% (in 24 hours) through guinea pig skin was reported (ATSDR, 
1992; Neilson et al., 1993; cited by NTP, 1996a, b, and, c). · 

6.2 Toxicokinetics of Nickel in Humans 
The primary routes for nickel exposure are dietary ingestion, dermal absorption, and 

inhalation. Inhalation is the most serious toxicological exposure concern in the workplace, 
followed by dermal exposure (NiDI, 1997). Almost 35% of inhaled nickel is absorbed into the 
blood from the respiratory tract (Bennet, 1984; Grandjean, 1984; Sunderman and Oskarsson, 
1991; cited by NTP, 1996). The disposition, absorption, and elimination of nickel particles in 
the respiratory tract depend largely on particle size and concentration of nickel, minute volume of 
the individual, mode of breathing (nasal or oro nasal), the use of personal protective equipment, 
personal hygiene, and the work process, among other factors. Additionally, not all particles are 

inhalable; humans only inhale about half of the particles larger than 30 J.lm, and this efficiency 

may be even less for particles of 100-200 J.lm. Of the inhaled particles, a small percent which are 

less than 10 J.lm (most of which are less than 4 J.lm), settle to the lower regions of the lung. Once 
inhaled, the particle solubility, concentration, and surface area all play a role in the amount of 
time required to absorb and excrete associated metals. Smaller, more soluble particles are more 
rapidly absorbed and excreted because of an increased surface area to volume (NiDI, 1997). 

For dermal absorption, penetration through the skin is primarily dictated by the rate at 
which nickel can pass through the epidermis, with different species of nickel penetrating at 
markedly different rates. For example, nickel chloride has been shown to penetrate in amounts 
ranging from 0.23-3.5% of the applied dose, while nickel sulfate may penetrate at levels of up to 
50 times lower (NiDI, 1997). 

Excretion of systemically absorbed nickel is mainly through the urine. Human volunteers 
absorbed 25% of an oral dose of nickel sulfate when it was administered in water, as opposed to 
only 1% administered by food. Half-life values were around 28 hours. Within 4 days, 100% had 
been recovered in either urine or as unabsorbed nickel in the stool. Nickel may also be eliminated 
via sweat, the hair, or human breast milk (NiDI, 1997). 

86 




NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

6.3 Biokinetics and Evidence of Exposure in Nickel Workers 
The ability to predict exposure and related health risks varies depending upon the nickel 

species evaluated. Nickel compounds lose their original chemical identity upon entering the 
blood, making it difficult to identify the original source of exposure (Grant and Mushak, 1989). 
In blood and urine, soluble nickel compounds and nickel metal powder are more easily measured 
than less soluble nickel compounds (Sunderman et al., 1986). Nickel refinery workers excreted 
nickel in their urine for up to 6 months after ceasing to work at the plant (Morgan and Rouge, 
1983; cited by NTP, 1996). Post-mortem studies of nickel workers show nickel disposition at 
the highest levels in the lungs, thyroid, and adrenal glands with lesser concentrations in the 
kidney, liver, heart, spleen, and other tissues (NiDI, 1997). 

Nickel has a half-life ranging from 30 to 53 hours in urine for workers exposed to 
insoluble nickel particles of small diameter (Raithel et al 1982). Some studies have suggested that 
for workers exposed to insoluble nickel of large particle size, urinary nickel has a longer half-life 
ranging from months to years (Torjussen and Andersen, 1979; Boysen et al., 1984; Morgan and 
Rouge, 1984). Reported levels of urinary nickel range from approximately 0.2 to 10 J,lg Ni/L in 
non-exposed individuals (Sunderman et al, 1986). In one study (Bernacki et al., 1978), higher 
urinary concentrations were seen in workers exposed to soluble nickel compounds. The highest 

value was 813 J.lg Ni/L reported in a group of electrolytic refinery workers. Mean urinary nickel 

values ranged from 2.6 J.lg Ni/L in high nickel alloy production workers to 222 J.Lg Ni/L in 
electrolytic refinery workers. 

The reported half-life of nickel in serum is similar to that in urine. Tossavainen et al. 
(1980) reported values ranging from 20 to 34 hours in workers exposed to soluble nickel 
compounds by inhalation. In human volunteers exposed orally to soluble nickel sulfate 
hexahydrate, a half-life of 11 hours was observed (Christensen and Lagesson, 1981). Nickel 

concentrations in the serum of nonexposed individuals range from 0.05 to 1.1 J.Lg Ni/L 

(Sunderman et al., 1986). 

7.0 MECHANISMS OF CARCINOGENESIS 
The genotoxic effects demonstrated in tests of soluble nickel compounds in a variety of 

systems suggest that ionic nickel may be the carcinogenic species. In human cells, nickel sulfate 
increased chromosomal aberrations, and both nickel sulfate and nickel chloride increased the 
frequencies of SCE. In an assay of calf thymus DNA, nickel chloride induced formation of 8­
0H-dG ( 8-hydroxy-2'-deoxyguanosine) and double-strand DNA breaks (section 5). 

Oxidative DNA base damage occurred in the kidneys and liver of male rats treated with 
Ni(II) acetate. Nickel chloride and nickel nitrate were inactive in assays for induction of 
dominant lethal mutations and micronuclei. Nickel sulfate did not induce chromosomal 
aberrations in bone marrow cells, but nickel chloride induced chromosomal aberrations in Chinese 
hamster and mouse bone marrow cells (section 5). 
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Animal bioassays indicate that ionic nickel initiates carcinogenesis (section 4 ). Brief 
transplacental exposure to soluble nickel was a complete carcinogen in the pituitary gland, 
inducing malignant neoplasms without additional treatments. Malignant pituitary tumors are rare 
and their occurrence serves to emphasize the carcinogenic potential of soluble nickel compounds. 
Renal neoplasms were identified in male rats given nickel acetate by i.p. injection followed by 
sodium barbital in drinking water. In another study, sodium barbital promoted neoplastic lesions 
in the offspring of rats exposed to nickel. 

Many studies have focused on the mechanism(s) underlying the toxicity of nickel 
compounds. A 1997 investigation (Oller et al., 1997) concluded that nickel subsulfide is 
probably carcinogenic to man, but not nickel sulfate hexahydrate. Green nickel oxide may only 
be toxic at very high doses. The toxicity of these compounds may depend largely on the ability 
of the compounds to be incorporated into the cell (i.e., solubility); genetic propensity for tumor 
induction is also a factor. 

This idea was recently expanded by Costa (1998) in a model for an epigenetic mechanism 
of action of non-genotoxic carcinogens. Studies have suggested that water insoluble crystalline 
nickel compounds were responsible for a high incidence oflung and nasal cancers seen in human 
and animal studies (IARC, 1990). However, since not all water-insoluble crystalline nickel salts 
could be shown to induce tumors, it was assumed that factors other than water solubility were 
involved. Tumor induction was thought to be related to the ability of the compound to enter the 
cell, or by the ability of the cell to incorporate the compound (i.e., phagocytosis). However, 
Kasprzak and Ward (1991) found that stimulated phagocytes, rather than enhancing carcinogenic 
response, actually strongly inhibited muscle tumor development in rats injected with nickel 
subsulfide. 

An investigation with Syrian hamster embryo cells (Costa, 1980) showed that cells 
undergoing transformation selectively phagocytized the negatively charged crystalline nickel 
sulfide compounds over positively charged amorphous nickel sulfide particles. However, when a 
negative charge was induced on the amorphous nickel sulfide particles, they too were 
phagocytized and were able to exhibit transformation potency equivalent to that of the 
crystalline nickel sulfide particles (Costa, 1980). Once inside the cell, the compound particles 
dissolve in the intracellular space, a process which is enhanced by the acidic pH of the cytoplasm 
surrounding the particles. Thus, transformation appeared to be directly related to the ability of 
the compound to enter the cell and increase intracellular soluble nickel concentrations (Costa, 
1991). However, enhanced phagocytosis actually reduces carcinogenic response of insoluble 
nickel compounds in vivo (Kasprzak and Ward, 1991). 

Costa's model is based upon the known ability of carcinogenic nickel compounds to 
enhance DNA chromatin condensation (Costa, 1991; cited by Costa, 1995; Huang et al., 1994). 
Although oxygen free radicals may be produced, a high incidence ofgenetic mutations are not 
generally noted since most of the damage done by the soluble nickel is to genetically inactivate 
heterochromatic DNA (Sen et al., 1985; 1986, cited by Costa, 1995). Subsequent methylation of 
this DNA may suppress genetic activities that are essential for normal cell maintenance. In this 
model, nickel selectively interacts with heterochromatin and binds to histone H1 and core 
histone, making them more efficient. Nickel then binds in place ofMg2

+, increasing the chromatin 
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condensation state. This causes neighboring euchromatin to be converted to heterochromatin. 
The intracellular methylation system recognizes the newly formed, more condensed chromatin. 
The DNA incorporated into heterochromatin is now methylated, and the DNA methylation 
pattern is inherited in all daughter cells. DNA found in heterochromatin is hypermethylated to 
direct protein binding for increased condensation (Costa, 1995). 

Because water-soluble nickel salts are not taken up into cells as readily as the particulate 
compounds previously discussed, they tend to be less toxic in animal models (Costa, 1991; cited 
by Costa, 1995). However, studies by Kasprzak et al. (1990) also showed that soluble nickel 
acetate, when administered with the promoter sodium barbital, initiated malignant renal cortical 
epithelial tumors in Fischer rats. Diwan et al. (1992) showed that soluble nickel acetate was a 
complete transplacental carcinogen that induced malignant pituitary tumors in rats. Furthermore, 
in combination with the promoter, the soluble nickel salt was found to be a potent transplacental 
initiator of epithelial tumors in fetal rat kidney (Diwan et al., 1992). These studies clearly 
indicate the carcinogenic potential of soluble forms of nickel at sites distant from the site of 
application and indicate macrophage solubilization is not required for carcinogenesis to occur 
with nickel. 

The other widely proposed mechanism of nickel carcinogenesis is that damage to DNA 
occurs indirectly through reactive oxygen species (ROS) that are generated in response to the 
compound. This could occur through phagocytosis of crystalline nickel compounds (Zhong et 
al., 1990; Lin et al., 1991; both cited by McCoy and Kenney, 1992) allowing ROS-mediated 
genetic damage to take place (McCoy and Kenney, 1992). However, soluble forms of nickel can 
also induce lesions in vivo or in vitro in DNA that are indicative of ROS attack. This proposal is­
supported by evidence that the antioxidant vitamin E inhibits some chromosomal damage caused 
by nickel (Lin et al., 1991; cited by McCoy and Kenney, 1992). 

Overall, it appears that the ionic form of nickel is the ultimate carcinogenic species, and 
biokinetic factors may dictate the carcinogenic potential of the various soluble or insoluble nickel 
compounds. 
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NICKEL AND NICKEL COMPOUNDS 

Nickel and nickel compounds were considered by previous IARC Working 
Groups, in 1972, 1975, 1979, 1982 and 1987 (IARC, 1973, 1976, 1979, 1982, 1987). 
Since that time, new data have become available, and these are included in the pres­
ent monograph and have been taken into consideration in the evaluation. 

1. Chemical and Physical Data 

The list of nickel alloys and compounds given in Table 1 is not exhaustive, nor 
does it necessarily reflect the commercial importance of the various nickel-contain­
ing substances, but it is indicative of the range ofnickel alloys and compounds avail­
able, including some compounds that are important commercially and those that 
have been tested in biological systems. A number of intermediary compounds 
occur in refineries which cannot be characterized and are not listed. 

1.1 	 Synonyms, trade names and molecular formulae of nickel and selected 
nickel-containing compounds 

Table l. Synonyms (Chemical Abstracts Service names are given in bold), trade 
names and atomic or molecular formulae or compositions of nickel, nickel alloys 
and selected nickel compounds 

Chemical Chern. Abstr. Synonyms and trade names Formula Oxida­
name Serv. Reg. 

Number-4 
tion 
stateb 

Metallic nickel and nickel alloys 

Nickel 7440-02-0 C.I. 77775; N1; Ni 233; Ni 270; Nickel 270; Ni 0 
(8049-31-8; Nickel element; NP 2 

17375-04-1; 

39303-46-3; 

53527-81-4; 

112084-17-0) 


-257­
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Table 1 ( contd) 


Chemical Chem. Abstr. Synonyms and trade names Formula Oxida­
name Serv. Reg. tion 

Number' state' 

Ferronickel 	 11133-76-9 Iron alloy (base), Fe,NI; nickel alloy (non- Fe, Ni 0 
(11148-37-1; base), Fe, Ni 
12604-55-6) 

Nickel alumi- 61431-86-5 Raney nickel; Raney alloy NiAl 0 
nium alloys 37187-84-1 

Nickel- 12681-83-3 Iron alloy (base); 21-6-9; 21-6-9 alloy; Fe 60-69, Cr 0 
containing Alloy 21-6-9; AMS 5656C; Armco 21-6-9; 18-21, Mn 8-10, 
steelsc ASTM XM10; 21-6-9 austenitic steel; Ni- Ni 5-7, Si 0-1, N 

tronic 40; Nitronic 40 stainless steel; Pyro- 0.2-0.4, c 0-0.1, p 
met 538; 21-6-9 Stainless steel; Stainless 0-0.1 
steel 21-6-9; 21-6-9 steel; Steel 21-6-9 

High nickel 12605-70-8 ASTM B344-60N~ 16 Cr; Chromel C; Ni 57-62, Fe 0 
alloysc 06Kh15N60; Kh15N60N; Nichrome; NiCr 22-28, Cr 14-18, 

60/15; PNKh; Tophet C Si 0.8-1.6, Mit 0-1, 
c 0-0.2 

11121-96-3 	 AFNOR ZFeNC45-36; AISI 332; Alloy Fe 39-47, Ni 0 
800; ASTM 8163-800; DIN 1.4876; IN 30-35; Cr 19-23, 
800; Incoloy alloy 800; JIS NCF 800; NCF Mn 0-1.5, Si 0-1; iSteel; NCF 800 liTB; Pyromet 800; Sani- Cu 0-0.8; AI 0-0.6; ~ 
cro 31; Thermax 4876; TIG N800 n 0-0.6; c 0-0.1 

12675-92-2 	 Haynes alloy No. 188 Ni(Co) 0 .... 

11105-19-4 	 Alloy 400; ASTM B127; ASTM B164-A; Ni 63-70; Cu 0 l 
H3261; Monel alloy 400; Monel 25-37, Fe 0-2.5, 
(NiCu30Fe) Mn 0-2, Si 0-0.5, 

c 0-0.3 

Nickel oxides and hydroxides 

Nickel 12054-48-7 Nickel dihydroxide; nickel (II) hydroxide; Ni(OH)2 +2 
hydroxide nickel (2 +) hydroxide; nickel hydroxide 
(amorphous 11113-74-9) (Ni(OH>2); nickelous hydroxide 

Nickel 	 1313-99-1 Black nickel oxided; green nickel oxide; NiO +2 
monoxide 11099-02-8 	 mononickel oxide; nickel monooxide; nick­

elous oxide; nickel oxide (NiO); nickel (II) 

oxide; nickel (2 + ) oxide 


34492-97-2 	 Bunsenite (NiO) 

Nickel 	 1314-06-3 Black nickel oxided; dinickel trioxide; nick- +3Ni20s 
trioxide (34875-54-2) 	 elic oxide; nickel oxide; nickel (III) oxide; 


nickel oxide (Ni203); nickel peroxide; nick­
el sesquioxide 


Nickel sulfides 

Nickel 12035-51-7 Nickel sulfide (Ni~) NiS2 +4 
disulfide 

12035-50-6 Vaesite (Ni~) 	 NiS2 +4 
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Table 1 (contd) 

Chem. Abstr. Synonyms and trade names Formula Oxi-Chemical 
SeiV. Reg. dationname 
Number4 stateb 

Nickel sulfide 16812-54-7 Mononickel monosulfide; nickel monosul- NiS +2 
(1344-49-6) fide; nickel monosulfide (NiS); nickelous 

(amorphous 11113-75-0) sulfide; nickel (II) sulfide; nickel (2 +) sol­
fide; nickel sulfide (NiS) 

1314-04-1 Millerite (NiS) NiS +2 
(61026-96-8) 

Nickel sub­ 12035-72-2 Nickel sesquisulfide; nickel subsulfide Ni3~ NS 
sulfide (Ni3S2); nickel sulf'"ade (Ni3S1); trinickel 

disulfide 

12035-71-1 Heazlewoodite (N~~); Khizlewdite 

Pentl,aJidite 53809-86-2 Pentlandite (FegNi9S1s) FegNigS1s NS 

12174-14-0 Pentlandite (Feo.4-0.~io.4-0.6)9Ss NS 

Nickel salts 

Nickel 3333-67-3 Carbonic acid, nickel (2+) salt (1:1); nick- Ni~ +2 
carbonate el carbonate (1:1); nickel (II) carbonate; 

nickel (2 +) carbonate; nickel carbonate 
(NiC03); nickel (2 +) carbonate (NiC03); 
nickel monocarbonate; nickelous carbon­
ate 

Basic nickel 
carbonates 

12607-70-4 
(63091-15-6) 

Carbonic acid, nickel salt, basic; nickel 
carbonate hydroxide (Ni3(C03XOH).); 

Ni00:3.2Ni(OH>2 +2 

nickel, (carbonato(l-)) tetrahydroxytri­

12122-15-5 Nickel bis(carbonato(l-))bexabydroxypen­
ta-; nickel hydroxycarbonate 

2Ni00:3.3Ni(OH>2 +2 

Nickel acetate 373-02-4 
(17593-69-0) 

Acetic acid, nickel (2 +) salt; nickel (II) 
acetate; nickel (2+) acetate; nickel di­

Ni(OCOCH3)2 +2 

acetate; nickelous acetate 

Nickel acetate 
tetrabydrate 

6018-89-9 Acetic add, nickel ( + 2) salt, tetrahydrate Ni(OCOCH3)2.4H20 +2 

Nickel ammo­
nium sulfates 

15699-18-0 Ammonium nickel sulfate 
((~)2Ni(S04)2); nickel ammonium sol­

Ni(Nl4)2(S04)2 +2 

fate (Ni(N~h(S04)2); sulfuric acid, am­
monium nickel (2+) salt (2:2:1) 

Nickel ammo­
nium sulfate 

25749-08-0 Ammonium nickel sulfate 
((NH4)2Ni:z(S04)3); sulfuric acid, ammo­

Ni2(NI4)2(S04h +2 

hexahydrate nium nickel (2 +) salt (3:2:2) 
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Table l ( contd) 

Chemical Chern. Abstr. Synonyms and trade names Formula 
name Serv. Reg. 

Numberz 

+2 

+2 

+2 

7785-20-8 	 Ammonium nickel (2+) sulfate hexahy­ Ni(Nf4)2(S04)2.
(51287-85-5, 	 drate; ammonium nickel sulfate 6H20
55526-16-4) 	 ((NH4)2Ni(S04)2); diammonium nickel 


disulfate hexahydrate; diammonium nickel 

(2+) disulfate hexahydrate; diammonium 

nickel (II) disulfate hexahydrate; nickel 

ammonium sulfate (Ni(NH4)2(S04)2) 

hexahydrate; nickel diammonium disulfate 

hexahydrate; sulfuric acid, ammonium 

nickel (2+) salt (2:2:1), hexahydrate 


Nickel 14721-18-7 Chromium nickel oxide (NiCr04); nickel NiCr04 
chromate chromate (NiCr04); nickel chromium 

oxide (NiCr04) 

Nickel 	 7718-54-9 Nickel (II) chloride; nickel (2 +) chloride; NiCI2 
chloride (37211-05-5) 	 nickel chloride (NiCI2); nickel dichloride; 


nickel dichloride (NiCh); nickelous chlo­
ride 


Nickel 7791-20-0 Nickel chloride (NiCI2) hexahydrate NiCl2.6H20 +2 
chloride 

:~
hexahydrate 	 .~ 

Nickel nitrate 	 13478-00-7 Nickel (2+) bis(nitrate)hexahydrate; nick- +2 
.~ 

Ni(N03)2.6H20
hexahydrate el dinitrate hexahydrate; nickel (II) nitrate 

hexahydrate; nickel nitrate (Ni(N03)2) a 
hexahydrate; nickelous nitrate hexahy- :~ 

drate; nitric acid, nickel (2+) salt, hexa­
hydrate 

Nickel sulfate 	 7786-81-4 Nickel monosulfate; nickelous sulfate; +2NiS04 
nickel sulfate (1:1); nickel (II) sulfate; 
nickel (2+) sulfate; nickel (2+) sulfate 
(1:1); nickel sulfate (NiS04); sulfuric 
acid, nickel (2 +)salt (1:1) 

Nickel sulfate 10101-97-0 Sulfuric acid, nickel (2 +) salt (1:1), hexa- NiS04 .6H20 +2 
hexahydrate hydrate 

Nickel sulfate 	 10101-98-1 Sulfuric acid, nickel (2+) salt (1:1), hep- +2NiS04.1H20 
heptahydrate 	 tahydrate 

Other nickel compounds 

Nickel 13463-39-3 Nickel carbonyl (Ni(C0)4), (T-4)-; nickel Ni(C0)4 0 
carbonyl (13005-31-7, tetracarbonyl; tetracarbonylnickel; tetra­

14875-95-7, 
 carbonylnickel (0) 

36252-60-5, 

42126-46-5, 

71327-12-3) 
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Table 1 (contd) 

Chemical name Chern. Abstr. Synonyms and trade names Formula Oxida-
Serv. Reg. tion 
Numberll stateb 

Nickel 12035-52-8 Antimony compound with nickel (1:1); NiSb NS 
antimonide (73482-18-5) nickel antimonide (NiSb); nickel com­

pound with antimony (1:1); nickel mono­
antimonide 

12125-61-0 Breithauptite (SbNi) NiSb NS 

Nickel 27016-75-7 Nickel arsenide (NiAs) NiAs NS 
arsenides (12068-59-6 

24440-79-7) 

1303-13-5 Nickeline; nickeline (NiAs); nicolite NiAs NS 
(23292-74-2) 

12256-33-6 Nickel arsenide (Ni11 As8); nickel arsenide Ni11 As8 
NS 

tetragonal 

12044-65-4 Maucherite (Ni11 As8); Placodine; Temis- Ni11 As8 NS 
kamite 

12255-80-0 Nickel arsenide (NisAs:2); nickel arsenide Ni5~ NS 
hexagonal 

Nickel 1314-05-2 Nickel monoselenide; nickel selenide NiSe NS 
selenide (NiSe) 

12201-85-3 Maekinenite; Makinenite (NiSe) NiSe NS 

Nickel 
subselenide 

12137-13-2 Nickel selenide (Ni3Se2) Ni3Se2 NS 

Nickel 12255-10-6 Nickel arsenide sulfide (NiAsS) NiAsS NS 
sulfarsenide 

12255-11-7 Gersdorffite (NiAsS) NiAsS NS 

Nickel 12142-88-0 Nickel monotelluride; nickel telluride NiTe NS 
telluride (NiTe) 

24270-51-7 Imgreite (NiTe) NiTe NS 

Nickel titanate 12035-39-1 Nickel titanate(IV); nickel titanate (Ni- Nm~ +2 
Ti03); nickel titanium oxide (NiTi03); 
nickel titanium trioxide 

Chrome iron 
nickel black 

71631-15-7 0 77504; CI Pigment Black 30; 
DCMA-13-50-9; nickel iron chromite 

(Ni,FeXCrFe)204 NS 

spinel black spinel 
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Table 1 (contd) 

Chemical name 	 Chem. Abstr. Synonyms and trade names Formula 
SelV. Reg. 
Number' 

"Replaced CAS Registry numbers are given in parentheses. 

INS, not specified; mixed formal oxidation states of nickel and/or complex coordination in the solid form 

'Chemical Abstracts SeiVice Registry lists hundreds of these compounds; some typical examples are given. 

dJn commercial usage, 'black nickel oxide' usually refers to the low-temperature crystalline form of nickel 

monoxide, but nickel trioxide (Ni2C>:3), an unstable oxide of nickel, may also be called 'black nickel oxide'. 


l 
i 

'·' " 
1.2 Chemical and physical properties of the pure substance 

Known physical properties ofsome of the nickel compounds considered in this 
monograph are given in Table 2. Data on solubility refer to saturated solutions of 
the compound in water or other specified solvents. Nickel compounds are some­
times classed as soluble or insoluble in water; such a classification can be useful in 
technical applications of the various compounds but may not be relevant to deter­
mining their biological activity. Water-soluble nickel compounds include nickel 
chloride(642 gil at 20°C) and nickel sulfate (293 g/1 at 20°C), while nickel monosul­
fide (3.6 mg/1 at 18°C) and nickel carbonate (93 mg/1 at 25°C) are classed as insolu­
ble (Weast, 1986). Compounds with solubilities towards the middle ofthis range are 
not easily classified in this way. Different forms of nominally the same nickel com­
pound can have very different solubilities in a given solvent, and particle size, hydra­
tion and crystallinitycan markedly affect the rate ofdissolution. For example, anhy­
drous nickel sulfate and the hexahydrate are similarly soluble in unbuffered water 
(Grandjean, 1986), but the hexahydrate dissolves several orders of magnitude faster 
than the anhydrate. 

Nickel ferrite 68187-10-0 
brown spinel 

Nickelocene 1271-28-9 
(51269-44-4) 

Cl Pigment Brown 34; DCMA-13-35-7 

Bis(l15-2,4-cyclopentadien-1-yl)nickel; 
di-1T-cyclopentadienylnickel; dicyclopen­
tadienylnickel; nickel, bis(l15-2,4-cyclo­
pentadien-1-yl}-; nickel, di-1T-cyclopenta­
dienyl­

NiFe;z04 NS 

1T-{Q;H5)2Ni +2 



I'- I'', '• >) ~~ •;;·· !",<;f •; t'r{' 

Table 2. Physical properties of nickel and nickel compounds a 

Chemical name 	 Atomic/ Melting- Boiling- Typical physical Solubility 
molecular point point description 
weight (oC) ec> 

Metallic nickel and nickel alloys 

Nickel 58.69 1455 2730 	 Lustrous white, hard fer- Soluble in dilute nitric acid; slightly sol­
romagnetic metalb or grey uble in hydrochloric and sulfuric acids; z 
powder 	 insoluble in cold or hot water -(") 

Ferronickel alloy - - - Grey solidc 	 Combined properties of metallic iron ~ 
and nickel, ammonia and alkali hydrox- t"""l 

ides ~ 
tj

Nickel oxides and hydroxides z 
Nickel hydroxide 9270 230 -	 Green crystals or amor- Nearly insoluble (0.13 g/1)4 in cold water; (") -

phous solid 	 soluble in acid, ammonium hydroxide ~ 
t"""lNickel monoxide 74.69 1984 - Grey, black or greene Insoluble in water (0.0011 gil at 20°C); 

powder soluble in acid, ammonium hydroxide4 () 
0 
~Nickel sulfides "'d 
0

Nickel disulfide 122.81 	 Decom- - Black crystalsc or powder Insoluble in water4 
poses at 
400" ~ 

Cll 

Nickel sulfide 

Amorphous 90.75 797 - Black crystals or powder Nearly insoluble (0.0036 g/1, P-formY' in 

a-form 90.75 - - - water at 18°C; soluble in aqua regia, ni­
P-form 90.75 - - Dark-green crystalsc tric acid, potassium hydrosulfide; slight­

ly soluble in acids 

Nickel subsulfide 240.19 790 - Lustrous pale-yellowish Insoluble in cold water; soluble in nitric 
(0!-form) or bronze metallic crys- acid 

tats ~ w 



Table 2 ( contd) 	 ~ 

Chemical name Atomic/ Melting- Boiling- Typical physical Solubility 
molecular point point description 
weight (oC) (OC) 

Nickel salts 

Nickel acetate 176.78 	 Decom- 16.6 Dull-green crystals Soluble in water (166 g/1 at 20°C)d; in­
poses soluble in ethanol 

~ 

Nickel acetate tetra- 248.84 Decom- 16 Dull-green crystals Soluble in water (160 g/1 at 20°C)d; solu­
hydrate poses ble in dilute ethanol ~ 

Nickel ammonium sulfates 	
0 
s: 
zHexahydrate 394.94 - - -	 Soluble in water (104 g/1 at 20°C)d 
0 
0Anhydrous 286.88 Decom- - Green crystalse Soluble in water (300 g/1 at 20°C)d; less 

posese soluble in ammonium sulfate solution; 
insoluble in ethanole ~ 

::r: 
Nickel carbonate 118.70 Decom- - Light-green crystals Nearly insoluble (0.093 g/1) in water at 

{I) 

poses 25°C; insoluble in hot water, soluble in <
0

acids E 
Nickel hydroxycarbonate 587.67 	 Decom- - Light-green crystals or Insoluble in cold water; decomposes in ~ 

poses brown powdere or wet hot water; soluble in acids tT1 
~ green paste 	 \0 

Nickel chlorides 

Anhydrous 129.60 1001 Sublimes Yellow deliquescent Soluble in water at woe (642 g/1) and at 
at 973 scales 	 100°C (876 g/1); soluble in ethanol, am­

monium hydroxide; insoluble in nitric 
acid 

Hexahydrate 237.70 - - Green deliquescent crys- Soluble in water (2540 g/1 at 20°C)d; 

tals very soluble in ethanol 


Nickel chromate 174.71 	 - - Black crystals Insoluble in water 

-,~ "-.J.•\ .... .;....! ~c· 

http:tetra-248.84


Table 2 (contd) 


Chemical name Atomic/ Melting- Boiling- Typical physical Solubility 
molecular point point description 
weight (oC) (oC) 

Nickel nitrate hexa­
hydrate 

Nickel sulfates 

Anhydrous 

Hexahydrate 

Heptahydrate 

Other nickel compounds 

Nickel antimonide 

Nickel arsenides 
NiAs 

Ni 11 As8 

Ni~2 

Nickel carbonyl 

290.79 

154.75 

'•262.84 

280.85 

180.44 

133.61 

1244.96 

443.39 

170.73 

56.7 

Decom­
poses at 
848 

53.3 

99 

1158 

968 

1000 

993 

-25 

Decom­
poses at 
136.7 

-

-

-

Decom­
poses at 
1400 

-

-
-
43 

Green deliquescent 
crystals 

Pale-green to yellow 
crystals 

Blue or emerald-green 
crystalse 

Green crystals 

Ught-copper to mauve 
crystalsc 

Grey crystalsc 

Platinum-grey crystals 

Grey crystalsc 

Colourless to yellow 
liquid 

Soluble in water (2385 gil at 0°C), am­
monium hydroxide and ethanol z 

() -
~ m 
~Soluble in water (293 gil at 20°C); insol­

uble in ethanol and diethyl etherd,e ~ 
tJ 
zSoluble in water (625 gil at 0°C); solu­
(")ble in ethanold -

Soluble in water (756 gil at 20°C); solu- ~ 
~ ble in ethanold (") 
0 
~ 
""dInsoluble in waterd 0c:: z 
tJ 

Insoluble in hot or cold water, soluble en 
in aqua regia 

Insoluble in water' 

Insoluble in water' 

Nearly insoluble (0.18 gil) in water at 
9.8°C; soluble in aqua regia, ethanol, 
diethyl ether, benzene, nitric acid; insol­
uble in dilute acids or dilute alkali 

~ 
VI 
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Table 2 ( contd) 

Chemical name Atomic/ Melting­ Boiling­ Typical physical Solubility 
molecular point point description 
weight (oC) (oC) 

Nickelocene 

Nickel selenide 
(NiSe) 

Nickel subselenide 
(Ni3Se2) 

Nickel telluride 

Nickel titanate 

188.88 

137.65 

333.99 

....186.29 

154.57 

171-173e 

Red heat 

Decom­
poses at 
600-900d 

Decom­
poses at 
1000 

Dark-green crystalse 

White or grey crystals 

Green crystalsc 

Grey crystalsc 

Yellow crystalsc 

"From Weast (1986~ unless otherwise specified; -, depending on composition 


llf'rom Windholz (1983) 


'From Sunderman (1984) 


df'rom Grandjean (1986) 


tf'rom Sax & Lewis (1987) 


Soluble in most organic solvents; insolu­
ble in water; decomposes in acetone, ~ ethanol, diethyl ether 

~ 
Insoluble in water and hydrochloric 0 
acid; soluble in aqua regia, nitric acid z 

0 
Insoluble in waterd 

Insoluble in water; soluble in nitric acid, 
aqua regia, bromine wate~ ~ 

a 
Insoluble in waterd 5 

~ 
~ 
\0 

..,;""""''·''"',jl~-'--~~ 
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t.3 Technical products and impurities 

This section does not include nickel-containing intermediates and by-products 
specific to nickel production and use, which are considered in section 2. 

(a) Metallic nickel and nickel alloys 

Fe"onickel contains 20-50% nickel (Sibley, 1985). Other components include 
carbon (1.5-1.8% ), sulfur ( < 0.3% ), cobalt ( < 2% ), silicon {1.8-4% ), chromium 
(1.2-1.8%) and iron (balance of alloy). It is delivered as ingots or granules 
(ERAMET-SLN, 1986). 

Pure unwrought nickel is available commercially in the form of cathodes, pow­
der, briquets, pellets, rondelles, ingots and shot. Its chemical composition is > 99% 
nickel, with carbon, copper, iron, sulfur and oxygen as impurities (Sibley, 1985). 
Metallic nickel undergoes surface oxidation in air; oxidation offinely divided nickel 
powder can result in the conversion of a large fraction of the metal to oxide upon 
prolonged storage (Cotton & Wilkinson, 1988). · 

Nickel-aluminium alloy (for the production ofRaney nickel) is available as Eu­
ropean Pharmacopoeia grade with the following typical analysis: nickel, 48-52%; 
aluminium, 48-52%; and chloride, 0.001% (Riedel-de Haen, 1986). 

Nickel alloys can be categorized as nickel-chromium, nickel-chromium-cobalt, 
iron-nickel-chromium and copper-nickel alloys. Typical analyses are given in Table 
3. Austenitic steels are the major group of nickel-containing steels. Typical composi­
tions are given in Table 4. 

(b) Nickel oxides and hydroxides 

The temperature of formation of nickel oxide (up to 1045°C) determines the 
colour of the crystal (jet-black to apple green), the crystalline surface area and the 
nickel [ill] content ( <0.03-0.81% by weight). The temperature of formation may 
also affect the crystalline structure and the incidence of defects within it (Sunder­
man et al., 1987; Benson et al., 1988a). 

Nickel monoxides are available commercially in different forms as laboratory 
reagents and as industrial products. Laboratory reagents are either green powder 
(Aldrich Chemical Co., Inc., 1988) or black powders; industrial products are either 
black powders, coarse particles (Sinter 75) or grey sintered rondelles (INCO, 1988; 
Queensland Nickel Sales Pty Ltd, 1989). Sinter 75 (76% Ni) contains about 22% oxy­
gen and small amounts of copper (0.75%), iron (0.3% ), sulfur (0.006%) and cobalt 
(1.0%) (Sibley, 1985). Sintered rondels (>85% Ni) are formed by partially reducing 
a cylindrical pressing of granular nickel oxide to nickel metal. The degree of reduc­
tion achieved determines the nickel content of the finished rondel (Queensland 
Nickel Sales Pty Ltd, 1989). 

http:0.03-0.81


~ 

Table 3. Elemental analyses of representative nickel alloys (weight %)a 

Alloy Ni Cu Cr Co Fe Mo w Ta Nb AI Ti Mn Si c Zr 

-Nickel-chromium ~ 
Cast alloy 625 
Hastelloy alloy X 
Inconel alloy 617 

Nickel-chromium-cobalt 

Haynes Alloy 1002 
Haynes Alloy No. 188 

Nickel-iron-chromium 
Haynes Alloy 556 
Incoloy Alloy BOOb 

Nickel-copper 

63.0 
47.0 
54.0 

16.0 
220 

20.0 
325 

-
-
-

-
-

-
-

21.6 
220 
22.0 

220 
220 

220 
21.0 

-
1.5 

125 

Bal 
39.0 

20.0 
-

20 
18.5 
-

1.5 
3.0 

max 

29.0 
46.0 

8.7 
9.0 
9.0 

-
-

3.0 
-

-
0.6 

-

7.0 
14.0 

25 
-

-
-
-

3.8 
-

0.9 
-

3.9 
-
-

-
-

0.1 
-

0.2 
-
1.0 

0.3 
-

0.3 
0.4 

0.2 
-
-

0.2 
-

-
0.4 

0.06 
0.50 
-

0.70 
1.25 
max 

1.50 
0.80 

0.20 
0.50 
-

0.40 
0.40 

0.40 
0.50 

0.20 
0.10 
0.07 

0.60 
0.10 

0.10 
0.05 

-
-
-

0.30 
-

-
-

(') 

~ 
0 
z 
0 
0 

~ 
::I: 
en 
<
0 
G 
~ 
trl 

Monel alloy 400b 
Monel alloy K-500b 

66.5 
65.0 

31.5 
29.5 

-
-

-
-

1.3 
1.0 

-
-

-
-

-
-

-
-

-
28 

-
0.5 

1.0 
0.6 

0.25 
0.15 

0.15 
0.15 

- ~ 
1..0 

'Prom Nickel Development Institute (1987a); Bal, balance 
bf'rom Tien & Howson (1981) 

···'· ····-~i!·•=·wee¥rnenr• 
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Table 4. 1YJ>ical composition of nickel-containing steels (weight %)a 

pCr Ni Mn Mo c Si s FeGrade 

16-18 3.5-5.5 5.5-7.5 0.15 1.0 0.03 0.06 BalanceAlSI-201 
17-19 8.0-10.0 20 0.15 1.0 0.03 0.045 BalanceAISI-302 
18-20 8.0-10.5 2.0 0.08 1.0 0.03 0.045 BalanceAISI-304 

AISI-316 16-18 10-14 20 2-3 0.08 1.0 0.03 0.045 Balance 

"From Nickel Development Institute (1987b); AISI, American Iron and Steel Institute 

Nickel hydroxide is commercially available at 97% purity (Aldrich Chemical 
Co., Inc., 1988). 

(c) Nickel sulfides 
Nickel sulfide exists in three forms: the high-temperature, hexagonal crystal 

form, in which each nickel atom is octahedrally coordinated to six sulfur atoms; the 
low-temperature, rhombohedral form (which occurs naturally as millerite), in which 
each nickel atom is coordinated to two other nickel atoms and five sulfur atoms 
(Grice & Ferguson, 1974); and amorphous nickel sulfide. Amorphous nickel sulfide 
is gradually converted to nickel hydroxy sulfide on contact with air (Cotton & Wil­
kinson, 1988). Grice and Ferguson (1974) referred to the rhombohedral (millerite) 
form as ~-nickel sulfide and the high-temperature hexagonal form as ~-nickel sul­
fide. Different nomenclatures have been used by other authors (Abbracchio eta/., 
1981; Grandjean, 1986). The term f3-nickel sulfide is used to denote the rhombohe­
dral millerite form throughout this monograph. 

Nickel subsu!fide exists in two forms: ~-nickel subsulfide, the low-temperature, 
rhombohedral form (heazlewoodite), in which nickel atoms exist in distorted tetra­
hedral coordination and the sulfur atoms form an almost cubic body-centred sub­
lattice, with six equidistant nickel neighbours; and ~-nickel subsulfide, the 
high-temperature form (Sunderman & Maenza, 1976). 

An examination of the surface ofcrystalline and amorphous nickel sulfide par­
ticles revealed that crystalline particles have a net negative surface charge, while the 
surface charge of amorphous nickel sulfide appears to be positive. X-Ray photo­
electron spectroscopy analysis of amorphous and crystalline nickel sulfide showed 
that the outermost surface of the two compounds differed with respect to the Ni/S 
ratio and the sulfur oxidation state (Abbracchio et a/., 1981). 

Nickel sulfides are intermediates in nickel smelting and refining which can be 
isolated as crude mattes for further processing but are not significant materials of 
commerce. Most nickel subsulfide is produced as an intermediate in many nickel 
refining processes (Boldt & Queneau, 1967). 
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(d) Nickel salts 

Nickel acetate is available as the tetrahydrate at a purity of > 97% (Mallinck­
rodt, Inc., 1987). 

Nickel ammonium sulfate hexahydrate is available as analytical reagent-grade 
crystals at a purity of99.0% min or at a grade for nickel plating (purity, 99-100%; 
Riedel-de-Haen, 1986). 

Nickel carbonate is available mainly as hydroxycarbonates, such as basic nickel 
carbonate. Laboratory reagent grades may contain 47.5% or 45% nickel; industrial 
grades, as green powders or wet pastes, contain approximately 45% nickel (INCO, 
1981-82; Pharmacie Centrale, 1988). 

Nickel chloride is available as the hexahydrate as a laboratory reagent of > 99% 
purity and as industrial products with about 24.7% nickel. It is also available in 
industrial quantities as an aqueous solution (ERAMET-SLN, 1985). 

Nickel nitrate is available as the hexahydrate at > 99% purity and as crystals 
and flakes (J.T. Baker, 1988). · 

Nickel sulfate is available as the heptahydrate at > 99% purity and as the hexa­
hydrate at 99% purity (Aldrich Chemical Co., Inc., 1988). 

(e) Other nickel compounds I""' 
Nickelocene is available in solid form at > 90% purity or as an 8-10% solution ~. 

in toluene (American Tokyo Kasei, 1988). ;;, 

2. Production, Use, Occurrence and Analysis 

2.1 Production 

Nickel was first isolated in 1751 by a Swedish chemist, Cronstedt, from an arse­
nosulfide ore (Considine, 1974). 

(a) Metallic nickel and nickel alloys 

Table 5 gives world mine production of nickel by region. Table 6 shows world 
nickel plant production, including refined nickel, ferronickel and nickel recycled 
from scrap (Chamberlain, 1988). 

Various combinations of pyrometallurgical, hydrometallurgical and vapome­
tallurgical operations are used in the nickel producing industry (Boldt & Queneau, 
1967; Evans eta/., 1979; Tien & Howsen, 1981; Tyroler & Landolt, 1988). The de­
scription that follows is a generalized discussion of some of the more common 
smelting and refining processes. 
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Table 5. World mine production of nickel, by region (thousand tonnes)a 

Region 1982 1983 1984 1985 1986 

Albania 6.0 7.2 9.2 9.6 9.7 

Australia 87.7 76.6 n.1 85.8 69.9 
Botswana 17.8 18.2 18.6 19.6 20.0 
Brazil 14.5 15.6 23.6 20.3 23.1 
Burma 0.02 0.02 0.02 0.02 0.02 
Canada 88.7 128.1 174.2 170.0 181.0 
China 120 13.0 14.0 25.1 25.5 
Colombia 1.8 17.5 21.9 15.5 22.1 
Cuba 36.2 37.7 31.8 324 327 
Dominican Republic 5.4 19.6 24.0 25.4 22.1 
Finland 6.3 5.3 6.9 7.9 6.5 
France (New Caledonia) 60.2 46.2 58.3 73.0 65.1 
German Democratic Republic 25 22 20 1.6 1.5 
Greece 5.0 16.8 16.7 18.7 17.5 
Indonesia 46.0 49.4 47.6 40.6 43.9 
Morocco 0.13 
Norway 0.39 0.36 0.33 0.44 0.40 
Philippines 19.7 13.9 13.6 28.2 13.6 
Poland 2.1 2.1 2.1 20 2.0 
South Africa 22.0 20.5 25.1 25.1 25.1 
USA 2.9 13.2 5.6 1.1 
USSR 165.1 170.0 174.2 180.0 186.0 
Yugoslavia 4.0 3.0 4.0 5.0 5.0 
Zimbabwe 15.8 12.0 12.2 11.1 11.0 

Total 622.24 675.28 770.65 802.96 784.82 

llf'rom Chamberlain (1988) 

Table 6. World production of processed nickel by region (thousands of 
tonnes)a 

Region 1982 1983 1984 1985 1986 

Australia 45.9 41.8 38.7 40.9 41.9 
Brazil 3.5 8.3 9.2 13.3 13.5 
Canada 58.6 87.2 104.0 100.0 115.0 
China 12.0 13.0 14.0 22.5 22.5 
Colombia 1.3 13.1 17.1 11.8 18.6 
Cuba 9.0 9.3 8.5 8.5 7.7 
Czechoslovalcia 1.5 3.0 4.5 4.5 4.5 
Dominican Republic 5.3 21.2 24.2 25.8 22.0 
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Table 6 (contd) 

Region 1982 1983 1984 1985 1986 

Finland 12.6 14.8 15.3 15.7 16.0 
France 7.4 4.9 5.2 7.1 10.0 
France (New Caledonia) 28.0 21.7 29.2 36.1 33.0 
German Democratic Republic 3.0 3.0 3.0 3.0 3.0 
Germany, Federal Republic of 1.2 1.2 1.0 0.7 
Greece 4.5 129 15.8 16.0 120 
Indonesia 5.0 4.9 4.8 4.8 5.0 
Japan 90.6 82.2 89.3 92.7 88.8 
Norway 25.8 28.6 35.6 37.5 38.2 
Philippines 11.2 6.1 3.5 17.0 2.1 
Poland 21 2.1 2.1 2.1 2.1 
South Africa 14.4 17.0 20.5 20.0 20.0 
UK 7.4 23.2 23.3 17.8 31.0 
USA 40.8 30.3 40.8 33.0 1.5 
USSR 180.0 185.1 191.4 198.0 215.0 
Yugoslavia 1.5 1.5 2.0 3.0 3.0 
Zimbabwe 13.3 10.2 10.3 9.4 9.8 

Ef. 
Total 585.9 646.6 713.3 741.2 736.2 

~rom Chamberlain (1988) 

Nickel is produced from two kinds of ore: sulfide and silicate-oxide. The latter 
occurs in tropical regions, such as New Caledonia, and in regions that used to be 
tropical, such as Oregon (USA). Both types of ore generally contain no more than 
3% nickel (Warner, 1984). Mining is practised by open pit and underground meth­
ods for sulfide ores and by open pit for silicate-oxide ores. Sulfide ores are extracted 
by flotation and magnetic separation into concentrates containing nickel and vari­
ous amounts of copper and other metals, such as cobalt, precious metals and iron. 
Silicate-oxide ores are extracted by chemical means. 

The extractive metallurgy of sulfide nickel ores (see Fig. 1) is practised in a 
large variety of processes. Most of these processes begin with oxidation of iron and 
sulfur at high temperatures in multiple hearth roasters or in fluid bed roasters, or, in 
the early days, in linear calciners or on travelling grate sinter machines ('sintering'). 
The roaster calcine is smelted in reverberatory or electric furnaces to remove rock 
and oxidized iron as a slag, leaving a ferrous nickel (copper) matte. In modern pro­
cesses, both operations- roasting and smelting- are combined in a single opera­
tion called 'flash smelting'. The furnace matte is upgraded by oxidizing and slagging 
most of the remaining iron in converters. If the converter matte or 'Bessemer matte' 
contains copper, the matte can be separated into nickel subsulfide, copper sulfide 
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Fig. 1. Extraction and refining of nickel and its compounds from sulfides ores a 
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and metallic concentrates by a slow cooling process followed by magnetic concen­
tration and froth flotation. 

The high-grade nickel subsulfide concentrate is then refined by various pro­
cesses. Most of them begin with roasting of the concentrate to a crude nickel oxide. 
When the copper content is low, this crude oxide is directly saleable ('Sinter 75'). In 
older processes, copper was leached directly from the crude oxide with sulfuric acid 
(as in Clydach, Wales) or by an acidic anolyte from copper electrowinning (as in 
Kristiansand, Norway). Refining can be pursued after reducing the crude nickel 
oxide to metal either in a rotary kiln or in an electric furnace with addition of a car­
bonaceous reductant. In the first case, the crude particulate metallic nickel is re­
fined by the atmospheric pressure nickel-carbonyl process (Mond carbonyl pro­
cess) which allows a clear-cut separation of nickel from other metals. Nickel is then 
produced either as nickel powder or as nickel pellets. The carbonylation residue is 
further processed to recover precious metals and some nickel and cobalt salts. In 
the second case, the molten crude nickel is cast into anodes which are 'electrore­
fined'. The anolyte is purified outside the electrolytic cell by removal of the main 
impurities, which are iron, arsenic, copper and cobalt. These impurities are gener­
ally extracted as filter cakes containing significant amounts of nickel, warranting 
recycling upstream in the process. Nickel is then produced in the form ofelectrolyt­
ic cathodes or small 'rounds'. This electrorefining process, which was used in Kris­
tiansand, Norway, and Port Colbome, Ontario, is no longer practised there. 

The Bessemer nickel (copper) matte can also be refined without roasting, 
either by a combination ofhydrometallurgy and electrolysis ('electrowinning') or by 
hydrometallurgy alone. There are three types of nickel 'electrowinning' processes: 
(i) directly from matte cast into (soluble) anodes; (ii) from nickel sulfate solutions 
obtained by leaching matte with a very low sulfur content; and (iii) from nickel chlo­
ride solutions obtained by leaching matte with chloride solution in the presence of 
chlorine gas. In the three cases, the solutions obtained by dissolving the matte must 
be purified before plating pure nickel, as for the electrorefining process. In the 
chloride-electrowinning process, purification is accomplished through solvent ex­
traction methods using tributylphosphate and aliphatic amines diluted in petro­
leum extracts. 

Complete hydrometallurgy can be practised directly on sulfide concentrates or 
on Bessemer matte by ammonia leaching in sulfate medium in autoclaves. The so­
lution is purified by precipitation of sulfides, and nickel is recovered as metal pow­
der by hydrogen precipitation in autoclaves. The nickel powder can be further sint­
ered into briquettes. 

Silicate-oxide ores ('garnierites' /'laterites') are processed either by pyrometal­
lurgy or by hydrometallurgy (Fig. 2). Pyrometallurgy consists ofdrying, calcining in 
rotary kilns, then reduction/smelting in electric furnaces. The crude ferronickel 



275 NICKEL AND NICKEL COMPOUNDS 

Fig. 2. Extraction and refining of nickel and its compounds from silicate-oxide 
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obtained (containing 20-40% Ni) is partially refined by thermic processes (in ladles) 
before being cast into ingots or granulated in water. With pyrometallurgy, nickel 
matte can be produced from silicate-oxide ore either by smelting the ore in the pres­
ence of calcium sulfate in a blast furnace (old process) or in an electric furnace, or 
by direct injection of molten sulfur into molten ferronickel. 

Hydrometallurgy of silicate-oxide ores, preferentially poor in silica and mag­
nesia, is practised by ammoniacal leaching or by sulfuric acid leaching. Ammonia­
calleaching is used for ore that is selectively reduced in rotary kilns by a mixture of 
hydrogen and carbon monoxide. Cobalt, the main dissolved impurity, is removed 
from solution by precipitation as cobalt monosulfide (containing nickel monosul­
fide). This by-product is further refined to separate and refine nickel and cobalt. 
The purified nickel stream is then transformed into the hydroxycarbonate by am­
monia distillation. The hydroxycarbonate is then dried, calcined and partially re­
duced to a saleable nickel oxide sinter. Sulfuric acid leaching is conducted under 
pressure in autoclaves. Nickel and cobalt are extracted from the process liquor by 
precipitation with hydrogen sulfide, and the mixed nickel-cobalt (10:1) sulfide is fur­
ther refined in one of the processes described above. 

Nickel is obtained not only by recovery from nickel ores but also by recycling 
process or consumer scrap. Nickel scrap is generated in forming and shaping oper­
ations in fabricating plants where nickel-containing materials are used and is also 
recovered from obsolete consumer goods containing nickel. Small amounts of nick­
el are also produced as a coproduct of copper and platinum metal refining (Sibley, 
1985). 

Nickel-containing steels (stainless steels and others) are produced by melting 
cast iron and adding ferronickel and/or pure nickel or steel scraps in large electric 
furnaces. The melt is transferred to a refining vessel to ad just the carbon content 
and impurity levels and is then cast into ingots or continuously into casting shapes. 
Defects in cast steel are repaired by cutting or scarfing or by chipping or grinding. 
The desired shapes are produced by a variety of operations, including grinding, pol­
ishing and pickling (Warner, 1984). Production volumes of stainless-steel are given 
in Table 7. 

The technology for the production of nickel alloys is very similar to that used for 
steel production, except that melting and decarburizing units are generally smaller, 
and greater use is made of vacuum melting and remelting (Warner, 1984). In west­
ern Europe, it was estimated that 15% of nickel consumption was in nonferrous 
nickel alloys (Eurometaux, 1986). 
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Table 7. Stainless-steela production (in thousands 
of tonnes) in selected regionsb 

Region 1987 1988 

Austria 54 67 

Belgium 182 254 

Finland 189 206 
France 720 784 

Germany, Federal Republic of 957 1186 
Italy 550 623 

Spain 327 426 
Sweden 457 482 
United Kingdom 393 427 
Yugoslavia 30 30 

Total Europe 3859 4485 

USA 1840 1995 
Japan 2722 3161 
Other countries 787 798 

Total 9208 10 439 

"Stainless steels with and without nickel 

IIERAMET-SLN (1989a) 


(b) Nickel oxides and hydroxides 

Nickel oxide sinter (a coarse, somewhat impure form of nickel monoxide) is 
manufactured by roasting a semipure nickel subsulfide at or above 1000°C or by 
decomposing nickel hydroxycarbonate. The sinters produced commercially contain 
either 76% nickel or, in partially reduced form, 90% nickel. Nickel oxide sinter is 
produced in Australia, Canada and Cuba (Sibley, 1985). 

Green nickel oxide, a finely divided, relatively pure form of nickel monoxide, is 
produced by firing a mixture of nickel powder and water in air at 1000°C (Anton­
sen, 1981). Nickel monoxide is currently produced by two companies in the USA, 
six in Japan, two in the UK and one in the Federal Republic of Germany (Chemical 
Information Services Ltd, 1988). 

Black nickel oxide, a finely divided, pure nickel monoxide, is produced by calci­
nation of nickel hydroxycarbonate or nickel nitrate at 600°C (Antonsen, 1981). It is 
produced by one company each in Argentina, Brazil, Canada, Japan, Mexico, the 
UK and the USA (Chemical Information Services Ltd, 1988). 
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Nickel hydroxide is prepared by (1) treating a nickel sulfate solution with so­
dium hydroxide to yield a gelatinous nickel hydroxide which forms a fine precipitate 
when neutralized, (2) electrodeposition at an inert cathode using metallic nickel as 
the anode and nickel nitrate as the electrolyte, or (3) extraction with hot alcohol of 
the gelatinous precipitate formed by nickel nitrate solution and potassium hydrox­
ide (Antonsen, 1981). Nickel hydroxide is currently produced by four companies in 
Japan, three in the USA and one each in the Federal Republic of Germany and the 
UK (Chemical Information Services Ltd, 1988). 

(c) Nickel sulfides 

Purified nickel sulfide can be prepared by (i) fusion of nickel powder with mol­
ten sulfur or (ii) precipitation using hydrogen sulfide treatment of a buffered solu­
tion of a nickel[II] salt (Antonsen, 1981). 

Nickel subsulfide can be made by the direct fusion of nickel with sulfur. Impure 
nickel subsulfide is produced during the processing of furnace matte. 

Nickel sulfide and nickel subsulfide are formed in large quantities as interme­
diates in the processing of sulfidic and silicate-oxide ores and are traded and trans­
ported in bulk quantities for further processing. No data on production volumes 
are available for any of the nickel sulfides. 

(d) Nickel salts 

Nickel acetate is produced by heating nickel hydroxide with acetic acid in the 
presence of metallic nickel (Sax & Lewis, 1987). This salt is currently produced by 
six companies in the USA, three each in Argentina, Brazil, Italy, Japan and the UK, 
two each in the Federal Republic of Germany and Mexico, and one each in Australia 
and Spain (Chemical Information Services Ltd, 1988). 

An impure basic nickel carbonate (roughly 2NiC03.3Ni(OH)z.4H20) is- ob­
tained as a precipitate when sodium carbonate is added to a solution ofa nickel salt. 
A pure nickel carbonate is prepared by oxidation of nickel powder in ammonia and 
carbon dioxide (Antonsen, 1981). Nickel carbonate is currently produced by six 
companies each in the USA and Japan, three each in India and the Federal Repub­
lic of Germany, two each in Argentina, France, Italy, Mexico and the UK, and one 
each in Belgium, Brazil, Canada, Spain and Switzerland (Chemical Information 
Services Ltd, 1988). Finland and Japan produce the largest volumes of nickel 
carbonate (ERAMET-SLN, 1989b ). 

Nickel ammonium sulfate is prepared by reacting nickel sulfate with ammo­
nium sulfate and crystallizing the salt from a water solution (Antonsen, 1981; Sax & 
Lewis, 1987). Nickel ammonium sulfate (particular form unknown) is currently 
produced by three companies in the UK, two in the USA and one in Japan (Chemi­
cal Information Services, Ltd, 1988). 
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Nickel chloride (hexahydrate) is prepared by the reaction of nickel powder or 
nickel oxide with hot aqueous hydrochloric acid (Antonsen, 1981). It is currently 
produced by eight companies in the USA, six in India, four each in the Federal Re­
public of Germany, Japan and the UK, three in Mexico, two each in Brazil, France 
and Italy and one each in Spain, Switzerland and Taiwan (Chemical Information 
Services Ltd, 1988). The countries or regions that produce the largest volumes are: 
Czechoslovakia, Federal Republic of Germany, France, Japan, Taiwan, UK, USA 
and USSR (ERAMET-SLN, 1989b ). 

Nickel nitrate (anhydrous) can be prepared by the reaction offuming nitric acid 
and nickel nitrate hexahydrate. The hexahydrate is prepared by reaction of dilute 
nitric acid and nickel carbonate (Antonsen, 1981). Nickel nitrate hexahydrate is 
manufactured on a commercial basis by three methods: (1) slowly adding nickel 
powder to a stirred mixture of nitric acid and water; (2) a two-tank reactor system, 
one with solid nickel and one with nitric acid and water; and (3) adding nitric acid to 
a mixture of black nickel oxide powder and hot water (Antonsen, 1981). Nickel ni­
trate is currently produced by six companies in the USA, four each in Brazil, Japan 
and the UK, two each in the Federal Republic of Germany, France, India, Italy and 
Spain and one each in Argentina, Australia, Belgium, Mexico and Switzerland 
(Chemical Information Services Ltd, 1988). 

Nickel sulfate hexahydrate is made by adding nickel powder or black nickel ox­
ide to hot dilute sulfuric acid or by the reaction of nickel carbonate and dilute sulfu­
ric acid. Large-scale manufacture of the anhydrous form may be achieved by 
gas-phase reaction of nickel carbonyl with sulfur dioxide and oxygen at 100o Cor in 
a closed-loop reactor that recovers the solid product in sulfuric acid (Antonsen, 
1981). 

, Nickel sulfate hexa- and heptahydrates are currently produced by nine com­
panies each in Japan and the USA, six in India, four each in Argentina, the Federal 
Republic of Germany, Mexico and the UK, three in Canada, two each in Austria, 
Belgium, Brazil and Italy, and one each in Australia, Czechoslovakia, Finland, the 
German Democratic Republic, Spain, Sweden, Switzerland, Taiwan and the USSR 
(Chemical Information Services Ltd, 1988). The countries or regions that produce 
nickel sulfate in the largest volumes are: Belgium, Czechoslovakia, the Federal 
Republic of Germany, Finland, Japan, Taiwan, the UK, the USA and the USSR 
(ERAMET-SLN, 1989b ). 

(e) Other nickel compounds 

Nickel carbonyl can be prepared by the Mond carbonyl process, described 
above for nickel. Two commercial processes are used to manufacture nickel carbo­
nyl. In the UK, the pure compound is produced by an atmospheric method in which 
carbon monoxide is passed over freshly reduced nickel. In Canada, high-pressure 
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carbon monoxide is used in the formation of iron and nickel carbonyl, which are 
separated by distillation. In the USA, nickel carbonyl was prepared commercially 
by the reaction of carbon monoxide with nickel sulfate solution (Antonsen, 1981). 
Nickel carbonyl is currently produced by two companies each in the Federal Repub­
lic of Germany and the USA and by one in Japan (Chemical Information Services, 
Ltd., 1988). 

Nickelocene is formed by the reaction of nickel halides with sodium cyclopen­
tadienide (Antonsen, 1981). It is currently produced by two companies in the USA 
{Chemical Information Services Ltd, 1988). 

Nickel selenide (particular form unknown) is produced by one company each in 
Japan and the USA, nickel titanate by one company each in the UK and the USA 
and potassium nickelocyanate by one company each in India and the USA (Chemi­
cal Information Services Ltd, 1988). 

2.2 Use 

Uncharacterized alloys of nickel have been used in tools and weapons since 
1200 AD or earlier (Considine, 1974; Tien & Howsen, 1981). In fact, the principal 
use of nickel has always been in its metallic form combined with other metals and 
nonmetals as alloys. Nickel alloys are typically characterized by their strength, 
hardness and resistance to corrosion (Tien & Howsen, 1981). The principal current 
uses ofnickel are in the production ofstainless and heat-resistant steels, nonferrous 
alloys and superalloys. Other major uses of nickel and nickel salts are in electro­
plating, in catalysts, in the manufacture of alkaline (nickel-cadmium) batteries, in 
coins, in welding products (coated electrodes, filter wire) and in certain pigments 
and electronic products (Antonsen, 1981; Tien & Howsen, 1981; Mastromatteo, 
1986). Nickel imparts strength and corrosion resistance over a wide range of tem­
peratures and pressures (Sibley, 1985; Chamberlain, 1988). 

Worldwide demand for nickel in 1983 was 685 000 tonnes (Sibley, 1985). US 
consumption of nickel ranged from approximately 93 000 to 122 000 tonnes over the 
period 1982-86 {Chamberlain, 1988). Table 8 shows the US consumption pattern by 
end-use for 1983. In 1978, 44% was used in stainless steels and alloy steels, 33% in 
nonferrous and high-temperature alloys, 17% in electroplating and the remaining 
6% primarily as catalysts, in ceramics, in magnets and as salts (Tien & Howson, 
1981). In western Europe, it was estimated that, in 1982, 50% of the nickel was used 
in stainless steels, 10% in alloy steel, 15% in nonferrous alloys, 10% in foundry 
alloys, 10% in plating and 5% in other applications, such as catalysts and batteries 
(Eurometaux, 1986). 
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Table 8. US consumption pattern of nickel in 1983 (%)a 

Transportation 
Aircraft 10.3 
Motor vehicles and equipment 10.2 

.-1.:: ., Ship and boat building and repairs 4.3~­
·~ Chemicals 15.6

·'ir:' _.....{_ 

Petroleum 8.2 
Fabricated metal products 8.8 
Electrical 10.7 
Household appliances 7.9 
Machinery 7.2 
Construction 9.7 
Other 7.1 

Use Consumption (%) 

tlf'rom Sibley (1985) 

(a) Metallic nickel and nickel alloys 

Pure nickel metal is used to prepare nickel alloys (including steels). It is used as 
such for plating, electroforming, coinage, electrical components, tanks, catalysts, 
battery plates, sintered components, magnets and welding rods (Eurometaux, 

-~· 
1986). 

Ferronickel is used to prepare steels. Stainless and heat-resistant steels ac­
counted for 93% of its end use in 1986 (Chamberlain, 1988). 

Nickel-containing steels with low nickel content ( < 5% Ni) are used for con­
struction and tool fabrication. Stainless steels are used for general engineering 
equipment, chemical equipment, domestic applications, hospital equipment, food 
processing, architectural panels and fasteners, pollution control equipment, cryo­
genic uses, automotive parts and engine components. 

Nickel-copper alloys are used for coinage, in industrial piping and valves, ma­
rine components, condenser tubes, heat exchangers, architectural trim, thermocou­
ples, desalination plants, ship propellers, etc. Nickel-chromium alloys are used in 
many high-temperature applications, such as furnaces, jet engine parts and reac­
tion vessels. Molybdenum-containing nickel alloys are notable for their corrosion 
resistance and thermal stability, as are the nickel-iron-chromium alloys, and are 
used in nuclear and fossil-fuel steam generators, food-processing equipment and 
chemical-processing and heat-treating equipment. The majority of permanent 

· magnets are made from nickel-cast iron alloys (Mastromatteo, 1986). The other 
groups of nickel alloys are used according to their specific properties for acid-resis­
tant equipment, heating elements for furnaces, low-expansion alloys, cryogenic 
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uses, storage of liquefied gases, high magnetic-permeability alloys and surgical im­
plant prostheses. 

(b) Nickel oxides and hydroxides 

The nickel oxide sinters are used in the manufacture of alloys, steels and stain­
less steels (Antonsen, 1981). 

Green nickel oxide is used to make nickel catalysts and in the ceramics industry. 
In specialty ceramics, it is added to frit compositions used for porcelain enamelling 
of steel; in the manufacture of magnetic nickel-zinc ferrites used in electric motors, 
antennas and television tube yokes; and as a colourant in glass and ceramic stains 
used in ceramic tiles, dishes, pottery and sanitary ware (Antonsen, 1981). 

Black nickel oxide is used in the manufacture of nickel salts and specialty 
ceramics. It is also used to enhance the activity of three-way catalysts containing 
rhodium, platinum and palladium used in automobile exhaust control. Like green 
nickel oxide, black nickel oxide is also used for nickel catalyst manufacture and in 
the ceramic industry (Antonsen, 1981). 

The major use ofnickel hydroxide is in the manufacture of nickel-cadmium bat­
teries. It is also used as a catalyst intermediate (Antonsen, 1981). 

(c) Nickel sulfides 

Nickel sulfide is used as a catalyst in petrochemical hydrogenation when high 
concentrations ofsulfur are present in the distillates. The major use ofnickel mono­ ~\ 
sulfide is as an intermediate in the hydrometallurgical processing of silicate-oxide j~: I 

_;:;y:. ~ 

nickel ores. -· 
(d) Nickel salts 

Nickel acetate is used as a catalyst intermediate, as an intermediate in the for­
mation of other nickel compounds, as a dye mordant, as a sealer for anodized alu­
minium and in nickel electroplating (Antonsen, 1981). 

Nickel carbonate is used in the manufacture of nickel catalysts, in the prepara­
tion of coloured glass, in the manufacture of nickel pigments, in the production of 
nickel oxide and nickel powder, as a neutralizing compound in nickel electroplating 
solutions, and in the preparation of specialty nickel compounds (Antonsen, 1981). 

Nickel ammonium sulfate has limited use as a dye mordant and is used in met­
al-finishing compositions and as an electrolyte for electroplating (Sax & Lewis, 
1987). 

Nickel chloride is used as an intermediate in the manufacture ofnickel catalysts 
and to absorb ammonia in industrial gas masks. The hexahydrate is used in nickel 
electroplating (Antonsen, 1981) and hydrometallurgy (Warner, 1984). 

Nickel nitrate hexahydrate is used as an intermediate in the manufacture of 
nickel catalysts, especially sulfur-sensitive catalysts, and as an intermediate in 
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loading active mass in nickel-cadmium batteries of the sintered-plate type (Anton­
sen, 1981). 

Nickel sulfate hexahydrate is used as an electrolyte primarily for nickel electro­
plating and also for nickel electrorefining. It is also used in 'electro-less' nickel plat­
ing, as a nickel strike solution for replacement coatings or for nickel flashing on steel 
that is to be porcelain-enamelled, as an intermediate in the manufacture of other 
nickel chemicals, such as nickel ammonium sulfate, and as a catalyst intermediate 
(Antonsen, 1981). 

(e) Other nickel compounds 

The primary use for nickel carbonyl is as an intermediate in the Mond carbo­
nyl-refining process to produce highly pure nickel. Other uses of nickel carbonyl 
are in chemical synthesis as a catalyst, as a reactant in carbonylation reactions such 
as the synthesis of acrylic and methacrylic esters from acetylene and alcohols, in the 
vapour plating of nickel, and in the fabrication of nickel and nickel alloy compo­
nents and shapes (Antonsen, 1981; Sax & Lewis, 1987). 

Nickelocene is used as a catalyst and complexing agent and nickel titanate as a 
pigment (Sax & Lewis, 1987). 

No information was available on the use ofnickel selenides orpotassium nicke­
locyanate. 

2.3 Occurrence 

(a) Natural occu"ence 

Nickel is widely distributed in nature, forming about 0.008% of the earth's 
crust (0.01% in igneous rocks). It ranks twenty-fourth among the elements in order 
of abundance (Grand jean, 1984), just above copper, lead and zinc (Mastromatteo, 
1986). The core of the earth contains about 8.5% nickel; meteorites have been found 
to contain 5-50% (National Research Council, 1975). Nickel is also an important 
constituent of deep-sea nodules, typically comprising about 1.5% (Mastromatteo, 
1986). Nickel-containing ores are listed in Table 9. 

Laterites are formed by the long-term weathering of igneous rocks which are 
rich in magnesia and iron and contain about 0.25% nickel. Leaching by acidified 
groundwater over a long period removes the iron and magnesia, leaving a nickel-en­
riched residue with nickel contents up to 2.5%. Nickel is found as mixed nickeViron 
oxide and as nickel magnesium silicate (garnierite) (Grandjean, 1986; Mastromat­
teo, 1986). Laterite deposits have been mined in many regions of the world, includ­
ing New Caledonia, Cuba, the Dominican Republic, Indonesia, the USSR, Greece, 
Colombia, the Philippines, Guatemala and the USA (Mastromatteo, 1986). 
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Table 9. Nickel-containing mineralsa 

Name Chemical composition 

Breithauptite 

Niccolite 

Zaratite 

Bunsenite 

Morenosite 

Millerite 

Vaesite 
Polydomite 

Heazlewoodite 

Pentlandite 

Pyrrhotite, nickeliferous 

Gamierite 

NiSb 

NiAs 

NiC032Ni(OHk.4H20 

NiO 

NiS04.7H20 

NiS 

NiS2 
Ni:$4 

Ni3S2 

(Ni,Fe)eSs 

(Fe,Ni)1-xSb 

(Ni, Mg) Si03.nH20 

CZf'rom Grandjean (1986) 

bf'rom Warner (1984); Grandjean (1986) 


Nickel and sulfur combine in a wide range of stoichiometric ratios. Nickel 
monosulfide (millerite), nickel subsulfide (heazlewoodite), nickel disulfide (vaesite) 
and Ni3S4 (polydymite) are found in mineral form in nature (Considine, 1974). Sul­
fide nickel ores contain a mixture of metal sulfides, principally pentlandite, chalco­
pyrite (CuFeS2 ) and nickeliferous pyrrhotite in varying proportions. The major 
nickel mineral is pentlandite. While pentlandite may contain about 35% of nickel 
by weight, the nickel content of pyrrhotite is usually 1% or less, and the sulfide ore 
available for nickel production generally contains only 1-2% nickel (Grandjean, 
1986). A large deposit of pentlandite is located in Sudbury, Ontario, Canada. 

Other nickel ores include the nickel-arsenicals and the nickel-antimonials, but 
these are of much less commercial importance (Mastromatteo, 1986). 

(b) Occupational exposures 

Occupational exposure to nickel may occur by skin contact or by inhalation of 
dusts, fumes or mists containing nickel or by inhalation of gaseous nickel carbonyl. 
Nickel-containing dusts may also be ingested by nickel workers (Grand jean, 1984). 
The National Institute for Occupational Safety and Health (1977a) published a list 
of occupations with potential exposure to nickel (Table 10); it has estimated that 
about 1.5 million workers in the USA are exposed to nickel and nickel compounds 
(National Institute for Occupational Safety and Health, 1977b ). 
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Table 10. Occupations with potential exposure to 
nickela 

Battery makers, storage 

Catalyst workers 

Cemented carbide makers 

Ceramic makers 

Chemists 

Disinfectant makers 

Dyers 

Electroplaters 

Enamellers 

Gas-mask makers 

Ink makers 

Jewellers 

Magnet makers 

Metallizers 

Mond process workers 

Nickel-alloy makers 

Mould makers 

Nickel miners 

Nickel refiners 

Nickel smelters 

Nickel workers 

Oil hydrogenators 

Organic chemical synthesizers 

Paint makers 

Penpoint makers 

Petroleum refinery workers 

Spark-plug makers 

Stainless-steel makers 

Textile dyers 

Vacuum tube makers 

Varnish makers 

Welders 

aAdapted from National Institute for Occupational Safety and 
Health (1977b) 

Occupational exposure to nickel is evaluated by monitoring air and blood se­
rum, plasma or urine. (For recent reviews on this subject, see Rigaut, 1983; Grand­
jean, 1984; Nieboer eta/., 1984a; Warner, 1984; Grandjean, 1986; Sunderman eta/., 
1986a). Tables 11-13 summarize exposure to nickel as measured by air and biologi­
cal monitoring in various industries and occupations. The biological indicator lev­
els are influenced by the chemical and physical properties of the nickel compound 
studied and by the time of sampling. It should be noted that the nickel compounds, 
the timing of collection of biological samples (normally at the end of a shift) and the 
analytical methods used differ from study to study, and elevated levels of nickel in 
biological fluids and tissue samples (Table 11) are mentioned only as indications of 
uptake of nickel, and may not correlate directly to exposure levels (Angerer eta/., 
1989). (See also section 3.3(b) and the monographs on chromium and chromium 
compounds, and on welding.) 



Table 11. Occupational exposure to nickel in the nickel producing industry ~ 
Industry and activity (country) No. of Air (J.Lg/m3 ) Urine (J.Lg/1) Serum (J.Lg/l) Reference 
[year, when available] workers (mean ±SD) 

Mean ±SD Range Mean ±SD Range 

Mines, Ontario (Canada) (1976] 20 6-40 Rigaut (1983) 

Mines, Oregon (USA) [1981] 30 Rigaut (1983) 

Mines, New Caledonia 
[1982] 

20 6-40 Rigaut (1983) ~ 
Smelter, producing ferronickel 
and matte, New Caledonia 

Laterite minin§ and smelting, 
Oregon (USA) 

Ore handling 
Drying 
Calcining 
Skull drilling 
Ferrosilicon manufacturing 
Mixing 
Refining 
Handling of finished products 
Maintenance 

3 
4 
4 
8 

15 
17 
10 
6 
9 

5-16a 

52 
17 
90 
16 
32 
6 

11 
5 

39 

2-274b 

5-145 
9-21 
37-146 
4-43 
4-214 
4-7 
4-34 
4-9 
7-168 

{ < 10 (86% of samples) 
< 20 (98% of samples) 

Warner (1984) 

Warner (1984) 

~ 
0 z 
0 
0 

~ 
C'/) 

~ 

~ 
~ 

Miscellaneous 3 193 8-420 

Refinery, Clydach (Wales, UK) 
Kiln 

Before shut-downc 

On return to workc 

310 
(26 samples) 

10-5000 24±24 
(67 samples) 

14±7 
(20 samples) 

8.9±5.9 
(37 samples) 
3.0±20 
(20 samples) 

Morgan & 
Rouge (1984) 

;,t·-·.·· :·~.· ,;~:·J:!:.h~,·.~:f·L :.. ;·~:·:-~:/~:-: .... ·. '.·', _;:. .-}; ··::.;·-· 
,._,_.. 



Table 11 (contd) 

Industry and activity (country) 
(year, when available] 

No. of 
workers 

Air(JJ.glm3) 

Mean±SD Range 

Urine (J.Lg/1) 

Mean±SD Range 

Serum (JJ.g/1) 
(mean ±SD) 

Reference 

Refinery, Clydach (Wales, UK) 
Kiln (contd) 

One month later 

New powder plant 

Before shut-downc 

On return to \Wrkc 

One month later 

Old powder plant 

Wet-treatment (A'/ 

Wet-treatment (B)' 

Refinery, Kristiansand (Norway"f 
Roasting-smelting 
Electrolytic department 
Other processes 

24 
90 

13 

190 

(30 samples) 

310 
(20 samples) 

500 
(22 samples) 

1460 
(5 samples) 

1540 
(8 samples) 

90 
(17 samples) 

860±1200 
230±420 
420±490 

10-2890 

90-1530 

50-1810 

80-5000 

220--4180 

30-150 

22±10 
(14 samples) 

37±30 
(48 samples) 

13±12 
(17 samples) 

31±13 
(16 samples) 

33±13 
(12 samples) 

39±28 
(15 samples) 

34±24 
(36 samples) 

65±58 
129±106 
45±27 

5.5±20 
(16 samples) 

7.2±4.8 
(25 samples) 

4.0±23 
(17 samples) 

7.6±3.5 
(15 samples) 

9.o±3.7 
(6 samples) 

7.4±5.1 
(7 samples) 

3.4±19 
(13 samples) 

7.2±28 
119±8.0 
6.4±19 

Htl)getveit et al. 
(1978) 

z-~ 
~ 

~ 
~ 
(j 

~ 
~ 
(j 
0 

~ 
0 

~ 
C/.) 

~ 
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Table 11 (contd) 

Industry and activity (country) 
[year, when available] 

No. of 
workers 

Air (Jlg!m3) Urine {Jlg/l} Serum {Jlg/l} 
(mean ±SD) 

Reference 

Mean ±SD Range Mean ±SD Range 

-Refinery, Kristiansand (Norway) 

Roasting-smelting 97 34±35 5.2±27 

Torjussen & 
Andersen (1979) ~ 

Electrolysis 
Other processes 

Electrolytic refinery (USA} 

144 
77 

15 489 20-2200 

73±85 
22±18 

222 
124 (Jlg/g 
creatinine) 

8.6-813 
6.1-287 

8.1±6.0 
4.3±22 

Bernacki et al. 
(1978a) 

~ 
0 z 
0 
0 

~ 
Electrolytic refinery (FRO) 

Electrolytic refinery 
(Czechoslovakia) 

50 

600 86-1265 

14.8 (Jlg/g 
creatinine) 

264 

2.5-63 

125-450 

Raithel (1987) 

Rigaut (1983) 

::X:: en 

a 
~ 

Hydrometallurgical refinery 
(Canada} 

Acid leaching of matte 99 5-1630 

Warner (1984) tT1 
,J::a.. 
\0 

Purification of nickel electrolyte: 
Tube filterman 12 

12' 
144 
129 

13-316 
11-316 

Filter pressman 16 
16' 

209 
152 

61-535 
31-246 

Filter-press area 11 
11t 

242 
221 

64-508 
52-466 

~~-.'it.: ,.., ·~~········r~illlllfvhliM'6·';·fW
L1,: ~.i ·: ,'lttJ<'... 'I"I. 
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Table 11 (contd) 

Industry and activity (country) 
[year, when available] 

No. of 
workers 

Air (J.Lg/m3) 

Mean ±SD Range 

Urine (J.Lg/l) 

Mean±SD Range 

Serum (J.Lg/l) 
(mean ±SD) 

Reference 

H ydrometallurgical refinery 
(Canada) (contd) 

Purification of nickel electrolyteO: 
Cementation of copper on 
nickel in Pachuca tanks 
Removal of iron slimes with 
a tube filter 

Oxidizing cobalt with chlorine 

General operations in a tank 
house using insoluble anodes 

Tankhouse using nickel matte 
anodes: 

General area 

Tankman 

Anode scrapman 

39 
3fJI 
56 
Sf! 
47 
47' 
96a 
45b 

ua 
uaJ 
15b 
1sbJ 
llb 
ubf 

168 
38 

200 
85 

183 
66 

336 
185 

48 
29 
48 
30 

179 
52 

48-644 
1-133 
27-653 
3-433 
30-672 
1-267 
40-1100 
80-400 

14-223 
5-210 
18-88 
12-71 
43-422 
1-236 

z 
(j -

~ 
tr1 
1_-4 

~ 

0 

~ n 
?d 
1_-4 

n 
0 

~ 

0c:: 
~ 

en 

aArea air sampling 
bpersonal air sampling 
CSpecimens obtained before and after six months' closure of refinery operations 
cighort exposures to high levels of insoluble nickel compounds 
echronic exposures to soluble nickel sulfate 
~oluble nickel ~ 




~ 
Table 12. Occupational exposure in industries using primary nickel products 

Industry and activity (country) 	 No. of Air (J.lg/m3) Urine (J.lg/l) Reference 
workers -


Mean Range Mean Range 

Stainless-steel production Warner (1984) 
Electric furnace shop 8a 36 9-65 ~ 

Argon-oxygen decarburization 5 35 13-58 
Continuous casting 2 14 11-15 ~ 
Grinding/polishing (machine) 6 134 75-189 ~ 

0Grinding/chipping (hand tool) 	 2 39 23-48 z 
Welding, cutting and scarfingb 5 111' 13-188' 	 0 

0Heat treating 1 54d < 1-104d 

Rolling and forging 6 49 < 11-72 
 ~ Other operations (maintenance, 	 5 58 10-107 :I: 
pickling) 	 C/) 

<High nickel alloy production (FRG) 59 300e 	 2.6 0.5-52 Raithel (1987) 0 
(a few persons exposed to nickel 
powder) 5 

High nickel alloy production! Warner (1984) ffi 
Weighing and melting 369 BY 1-4400 ~ 
Hot working 153 111 1-4200 
Cold working 504 64 1-2300 
Grinding 96 298 1-2300 
Pickling and cleaning 18 8 1-15 
Maintenance 392 58 1-73 

Production of wrought nickel and alloys 226 .!Soot 1-60000 Warner (1984) 
via metal powder foundries 

,l" , • !',.~ ·1:-1,.J...:i~J~.·-~tt t;~·b H~~ift.,\t /-i.~~·, .·i.;-'ti:!-.;.~ 1i1·.~·-•~1 :!1. :. :.- ..:; ..'_ 



Table 12 (contd) 

Industry and activity (country) 	 No. of Air (Jlg/m3) Urine (Jlg/l) Reference 
workers -

Mean Range Mean Range 

Six jobbing foundries processing alloys 
containing 0-60% nickel, averaging 
10-15% nickel: 
Melting 
Casting 
Cleaning room: 

Cutting and gouging 
Welding 
Hand grinding 
Swing grinding 

15 
7 

11 
14 
24 
3 

21 
14 

233 
94 
94 
19 

<5-62 
<4-35 

7-900 
20-560 
<5-440 
13-30 

Scholz & Hoi­
comb (1980) z-(j 

~ 
~ 

~ ·o 
z-(j 

~ Jobbing foundry processing carbon, alloy 
and stainless steel containing 0-10% nickel: 

Melting and casting 
Cleaning room: 

Air arc gouging 

16 

7 

13 

310 

ND'-70 

40-710 

Warner (1984) ~ 
(j 
0 
s:: 
'"d 
0 

Welding 

Three low alloy (0-2% nickel) iron and steel 
foundries 

34 67 10-170 

Warner (1984) 
~ 
0 
C/) 

Melting and casting 16 13 4-32 
Cleaning room (grinding, air arc 

gouging, welding) 
18 54 7-156 

Steel foundry (Finland) (steel cutters) 4 518 145-1100 39 18-77 Aitio et a/. (1985) 

Production of soluble nickel salts (Wales, 
UK)' 

66 
60 

500 
450 

10-20 000 
< 10-12 070 

(68) 6511 

(60) 4~ 
10-20Qia 
< 10-21011 

Morgan & 
Rouge (1979) 

~-
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Table 12 (contd) 

lndu~try and activity (country) 	 No. of Air (JJ.g/m3) Urine (JJ.g/1) Reference 
workers - -

Mean Range Mean Range ~ 
~ Production of nickel salts from nickel or 	 Warner (1984) 0

nickel oxide: z 
Nickel sulfate 12 1171 9-590 0 

i 
0Nickel chloride 10 196f.i 20-485; 


Nickel acetate/nitrate 6 1551 38-525 


acompanies reporting exposures 
~amples taken outside protective hood a 
C£xcludes one suspiciously high measurement (1460 Jig Ni/m3) E 
df:xcludes one suspiciously high measurement (500 Jig Ni/m3) ~ rrhe median nickel concentration in workroom air was 300 JJ.g/m3 ; values that exceeded 500 JJ.g/m3 were found at 2 of 8 measuring 
stations to 
.!Mainly from personal sampling 
BNot detected 
"Corrected to 1.6 g/1 creatinine 
i&:ctudes one suspiciously high value (2780 Jig Ni/m3 ) 

,;..~,_.)~ib" > ....~W:!,.;:h(~ 



Table 13. Occupational exposure in industries using nickel in special applications 

Industry and activity (country) 	 No. of Air (Jlglm3) Urine (Jlg/l) Serum (J..Lg/1) Reference 
workers 

Mean Range Mean±SD Range Mean Range 

Ni/Cd-battery production with 
nickel and nickel hydroxide; 
assembly and welding of plates 

36 318a,b 20-1910a,b Warner (1984) 
z-n 

Ni/Cd-battery production 
(FRG) 

51 4.oc 1.9-10.9 Raithel (1987) ~ 
t""4 

Ni/Cd or Ni/Zn-battery 
production (USA) 

6 11.7±7.5 
10.2 

3.4-25 
7.2-23 (Jlg/g creatinine) 

Bernacki et a/. 
(1978a) ~ 

Ni/H2-battery production 

Ni/Cd-battery production 

Ni-catalyst production 
(Netherlands) 

Ni-catalyst production from 
nickel sulfate (USA) 

Ni-catalyst use; coal gasifica­
tion workers (USA) 

7 

73 

7 
5 

9 

150a 
370d 

12-33 

<200-5870 

10-600a 
190-530d 

322±40.4 

64 (J..Lg/g 
creatinine) 

4.2 
3.2 

28-103 

24-27 (J..Lg/g creatinine) 

9-300 8 

0.4-7.9 
0.1-5.8 (J..Lg/g creatinine) 

2-41 

Adamsson et 
al. (1980) 

Zwennis & 
Franssen 
(1983) 

Warner (1984) 

Bernacki et al. 
(1978a) 

~ 
n 
fa 
t""-4 
(") 
0 
~ 
1-0 
0 
c::: 
9 
C/) 

Electroplating Warner (1984) 

Sulfate bath, 45°C 
Area 1 sample 16 <6 <5-<8 
Area 2 samples 
Personal samples 

3 
6 

<4 
<11 

<2-<7 
<7-< 16 

~ w 



~ Table 13 (contd) -'='-

Industry and activity (country) No. of 
workers 

Air (J.lg/m3 ) Urine ().lg/1) Serum ().lg/1) Reference 

Mean Range Mean ±SD Range Mean Range 

Electroplating (contd) 

Sulfate bath, 70°C 
Area samples 6 <3 <2-<3 -Sulfamate bath, 45-55°C ~ Area 1 sample 9 <4 <4 
Area 2 samples 

Electroplating (Finland) 

6 <4 

90 

<4 

20-170 53.5 12-109 6.1 1.2-14.1 Tossavainen 
et al. (1980) 

~ 
0 z 
0 
0 

Electroplating (Finland) - 30-160 - 25-120 - 3-14 Tola et al. 
(1979) ~ 

Electroplating (USA) 9.3a 0.5-21.2 48 5-262 Bernacki et al. Cl:l 

(1980) <
0 

Electroplating (USA) 21 30.4 
(21.0 

3.6-85 
24-62 )J.g/g creatinine) 

Bernacki et al. 
(1978a) Ba: 

Electroplating (India) 12 122 11-26 Tandon et al. 
(1977) 

tr1 
-'='­\0 

Electroplating (FRG) 10 (soluble anode) Gross (1987) 

110 (insoluble anode) 

7 (insoluble anode and wet­ 1.7-·3.6 
ting agent) 

Exposed persons in the hollow 9 3-3800 11.9 3.6-421e 1.6 0.75-3.25e Raithel (1987) 
glass industry (FRG) (946 samples) (288 sam­

pies) 
Flame sprayer 3-600 25.3 8.5-81.5 1.95 0.75-3.25 

(114 samples) (40 sam­
~~ .. 

"'''··•;'I ....... :.<;u,V 
 ·'"'·';~.;:;'•'·""'"•:t;t:A''· .,.,.. ~,.{~..l~ 
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Table 13 ( contd) 

Industry and activity (country) No. of 
workers 

Air (J..lg/rn3) Urine (J..Lg/1) Serum (J.Lg/1) Reference 

Mean Range Mean±SD Range Mean Range 

Grinder, polisher 18-3800 7.4 29-24.3 0.9 0.75-205 
(406 samples) (140 sam-

Mixed mechanical work 300-410 17.5 4.9-53.9 1.65 
pies) 
0.75-4.10 

~ 
(') 

and flame spraying (394 samples) (108 samples) ~ 
t""4 

Plasma spraying (FRG) 6 200 3.4-125 Gross (1987) 

~Spark eroding (FRG) 

Flame spraying (USA) 

6 

5 

<10 

24 < 1-6.5 17.2 
(16.0 

0.7-21 

1.4-26 
1.4-54 J..lg/g creatinine) 

Gross (1987) 

Bernacki et a/. 
(1978a) 

z-(') 

~ 
Plasma cutting (FRG) 17 < 100 1.1-6.5 Gross (1987) t""4 

Painting 
(')' 

0 
Spray painting in a construe­ 13 3.2 <0.5-9.2 4.4 < 0.5-17.2 Grandjean et ~ tion shipyard (USA) a/. (1980) 0 
Painting in repair shipyard 

(USA) 
18 5.9 <0.5-13 Grandjean et 

a/. (1980) ~ Manufacturing paints (USA) 10 15.3±11.1 6-39 Tandon et a/. v.l 

(1977) 
Buffing, polishing, grinding 

Buffers and polishers (air­
craft engine factory) (USA) 

7 26 < 1-129 4.1 
(24 

0.5-9.5 
0.5-4. 7 J..lg/g creatinine) 

Bernacki et a/. 
(1978a) 

Grinders (abrasive wheel 9 1.6 < 1-9.5 5.4 21-8.8 Bernacki et a/. 
grinding of aircraft parts) 
(USA) 

(3.5 1.7-6.1 J..lg/g creatinine) (1978a) 

~ 
01 
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Table 13 ( contd) 

Industry and activity (country) No. of 
workers 

Air (J.Lg/m3) Urine (J.Lg/l) Serum (J.lg/1) Reference 

Mean Range Mean ± SD Range Mean Range 

Polisher, grinder (FRG) 
Polisher, grinder (stainless 

15 
46 

140 
350c 10-1o ooor 28 

0.7-9.9 
(12) 3-71 

Gross (1987) 
Heidermanns 

steel) (FRG) et al. (1983) 

Miscellaneous exposure 
Bench mechanics (assemb­ 8 52 < 1-252 122 1.4-41 Bernacki et al. 
ling, fittings and finishing (7.2 0.7-20 J.Lg/g creatinine) (1978a) 
aircraft parts made of Ni­
alloys) (USA) 
Riggers/carpenters (construe­ 16 3.7 1.1-13.5 3.3 1.1-13.5 Grand jean 
tion shipyard) (USA) et al. (1980) 
Riggers/carpenters (repair 11 3.6 <0.5-7.4 Grandjean 
shipyard) (USA) et al. (1980) 
Shipfitters/pipefitters (con­ 6 4.9 3.7-7.1 4.1 1.5-6.8 Grand jean 
struction shipyard (USA) et al. (1980) 
Shipfitters/pipefitters (repair 15 9.1 0.5-3.8 Grand jean 
shipyard) (USA) et al. (1980) 

apersonal air sampling 
hExcludes three suspiciously high values (5320; 18 300; 53 300 J.lg/m3) 
'Median 
dArea air monitoring 
e68th percentile range 

~Oth percentile range 

1-4 

~ 
(') 

~ 
0 
z 
0 
0 

~ 

::r:: 
C/) 

<

0 

5 

~ 
trl 
.J:>. 
\0 

·'·; ' • ' ..·l~.· \'")~;.~~t'!•~'':.,.,.J,,':~~~ 
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(i) Nickel mining and ore comminution 

On the basis of personal gravimetric sampling among Canadian underground 
miners of nickel, the time-weighted average concentration of total airborne nickel 
was about 25 J.Lg/m3 and that of respirable nickel, < 5 J.Lg/m3(see Table 11; Warner, 
1984). Ore miners may also be exposed to radon, oil mist, diesel exhausts and asbes­
tos (see IARC, 1977, 1988a, 1989). 

(ii) Nickel roasting, calcining, smelting and refining 

The nickel content of air samples from a Sudbury (Canada) smelter seldom 
exceeded 0.5 mg/m3 but could be as high as 1 mg/m3. The average concentrations of 
airborne nickel were higher in the roaster areas (0.048 mg/m3) than in the converter 
areas (0.033 mg/m3), because the handling of fine solids is a greater source of dust 
than the handling of molten phases. Thus, work-place air may contain roaster feed 
and product, which include various nickel-containing minerals and solid solutions 
of nickel in iron oxides. Nickel-bearing dusts from converters contain mainly nickel 
subsulfide (Warner, 1984). Arsenic, silica, copper, cobalt and other metal com­
pounds may also occur in work-place air. 

Emissions from the high-temperature ore calcining and smelting furnaces 
used to produce ferronickel from lateritic ores would contain nickel predominantly 
in the form of silicate oxides and iron-nickel mixed/complex oxides of the ferrite or 
spinel type. The nickel content of these dusts can range from 1 to 10% (Interna­
tional Committee on Nickel Carcinogenesis in Man, 1990). 

Average concentrations of airborne nickel in refining operations can be con­
siderably higher than those encountered in mining and smelting because of the 
higher nickel content of the materials being handled in the refining process (Table 
11). The nickel species that may be present in various refining operations include 
nickel subsulfide, nickel monoxide, nickel-copper oxides, nickel-iron oxides, metal­
lic nickel, pure and alloyed, nickel sulfate, nickel chloride and nickel carbonate. 
Other possible exposures would be to hydrogen sulfide, ammonia, chlorine, sulfur 
dioxide, arsenic and polycyclic aromatic hydrocarbons (Warner, 1984; International 
Committee on Nickel Carcinogenesis in Man, 1990). 

A recentattempt has been made, in conjunction with a large epidemiological 
study (International Committee on Nickel Carcinogenesis in Man, 1990), to esti­
mate past exposures in various nickel refineries using different processes. Expo­
sure estimates were made first for total airborne nickel, based either on historical 
measureptents (after 1950) or on extrapolation ofrecent measurements. In all cases, 
further estimates were made of nickel species (metallic, oxidic, sulfidic and soluble), 
as defined in the report, on the basis of knowledge of the processes and rough esti­
mates of the ratio of the various species generated in each process. 
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Prior to the widespread use of personal samplers, high-volume samplers were 
used to take area samples; however, in many instances, neither personal gravimetric 
nor high-volume samples were available, and konimeter readings were the only 
available means of assessing the level of airborne dust. No measurement of the ac­
tual concentration of nickel, and especially nickel species, in work places exists for 
any refining operation prior to 1950. More recently, measurements have been made 
of total dust and, in some cases, total nickel content of dust or mist in refinery 
work-place air. Conversion of high-volume sampler and konimeter measurements 
to concentrations comparable to personal gravimetric sampler measurements in­
troduces another uncertainty in the environmental estimates. The main reason for 
this uncertainty is that it is impossible to derive unique conversion factors to inter­
relate measurements from the three devices; different particle size distributions 
give rise to different conversion factors. Information concerning particle size in 
airborne dusts was seldom available in the work places under study (International 
Committee on Nickel Carcinogenesis in Man, 1990). 

Estimates of nickel exposure were further divided into four categories repre­
senting different nickel species: (i) metallic nickel, (ii) oxidic nickel [undefined, but 
generally understood to include nickel oxide combined with various other metal ox­
ides, such as iron, cobalt and copper oxides], (iii) sulfidic nickel (including nickel 
subsulfide) and (iv) soluble nickel, defined as consisting 'primarily of nickel sulfate 
and nickel chloride but may in some estimates include the less soluble nickel car­
bonate and nickel hydroxide'. No actual measurement of specific nickel species in 
work-place air was available upon which to base exposure estimates. As a result, 
the estimates are necessarily very approximate. This is clear, for example, from the 
estimates for linear calciners at the Clydach refinery (Wales, UK), which gave total 
nickel concentrations of 10-100 mg/m3 , with 0-5% soluble nickel. Because of the 
inherent error in the processes of measurement and speciation and the uncertainty 
associated with extrapolating estimates from recent periods to earlier periods, the 
estimated concentrations ofnickel species in work places in this study (Internation­
al Committee on Nickel Carcinogenesis in Man, 1990) must be interpreted as broad 
ranges indicating only estimates of the order of magnitude of the actual exposures. 

(iii) Production ofstainless steel and nickel alloys 

While some stainless steels contain up to 25-30% nickel, nearly half ofthat pro­
duced contains only 8-10% nickel. Nickel oxide sinter is used as raw material for 
stainless and alloy steelmaking in some plants, and oxidized nickel may be found in 
the fumes from many melting/casting and arc/torch operations in the melting 
trades. The nickel concentrations in air in the stainless and alloy producing indus­
tries were given in Table 12. Occupational exposure in alloy steel making should 
generally be lower than those observed for comparable operations with stainless 
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steel. The normal range of nickel in alloy steels is 0.3-5% but the nickel content can 
be as high as 18% for certain high-strength steels. The production of 'high nickel' 
alloys consumes about 80% of the nickel used for nonferrous applications. The 
technology is very similar to that used for stainless steel production except that 
melting and decarburizing units are generally smaller and greater use is made of 
vacuum melting and remelting. Since these alloys contain more nickel than stain­
less and alloy steels, the concentrations of nickel in workroom air are generally high­
er than for comparable operations with stainless and alloy steels (Warner, 1984). 

(iv) Steel foundries 
In foundries, shapes are cast from a wide variety of nickel-containing materi­

als. Melts ranging in size from 0.5 to 45 tonnes are prepared in electric arc or induc­
tion furnaces and cast into moulds made of sand, metal or ceramic. The castings 
are further processed by chipping and grinding and may be repaired by air arc 
gouging and welding. Foundry operations can thus be divided roughly into melting/ 
casting and cleaning room operations. Typical levels of airborne nickel in steel 
foundries were presented in Table 12 (Warner, 1984). Health hazards in foundry 
operations include exposure to silica and metal fumes and to degradation products 
from moulds and cores, such as carbon monoxide, formaldehyde and polycyclic 
aromatic hydrocarbons (see IARC, 1984). 

(v) Production ofnickel-containing batteries 

The principal commercial product in nickel-containing batteries is the electro­
chemical couple nickel/cadmium. Other couples that have been used include nick­
el/iron, nickel/hydrogen and nickel/zinc. In nickel-cadmium batteries, the positive 
electrode is primarily nickel hydroxide, contained in porous plates. The positive 
material is made from a slurry of nickel hydroxide, cobalt sulfate and sodium hy­
droxide, dried and ground with graphite flake. Sintered nickel plates impregnated 
with the slurry may also be used. The nickel/hydrogen system requires a noble met­
al catalyst and operates at high pressures, requiring a steel pressure vessel. NickeV 
iron batteries can be produced using nickel foil (Malcolm, 1983). 

The concentrations of nickel in air and in biological samples from workers in 
the nickel-cadmium battery industry were summarized in Thble 13. Workers in such 
plants are also exposed to cadmium. 

(vi) Production and use ofnickel catalysts 

Metallic nickel is used as a catalyst, often alloyed with copper, cobalt or iron, 
for hydrogenation and reforming processes and for the methane conversion and 
Fischer-Tropsch reactions. Mixed, nickel-containing oxides are used as partial oxi­
dation catalysts and as hydrodesulfuration catalysts (cobalt nickel molybdate) 
(Gentry et al., 1983). Occupational exposure occurs typically in the production of 
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catalysts from metallic nickel powder and nickel salts such as nickel sulfate (Warn. 
er, 1984), but coal gasification process workers who use Raney nickel as a hydroge­
nation catalyst have also been reported to be exposed to nickel (Bernacki eta/., 
1978a). Exposure levels are generally higher in catalyst production than during the 
use of catalysts (see Table 13). 

(vii) Nickel plating 

Metal plating is an operation whereby a metal, commonly nickel, is deposited 
on a substrate for protection or decoration purposes. Nickel plating can be per­
formed by electrolytic processes (electroplating) or 'electroless' processes (chemi­
cal plating), with aqueous solutions (the 'baths'). During electroplating, nickel is 
taken out of the .solution and deposited on the substrate, which acts as the cathode. 
Either soluble anodes, made from metallic nickel feed, or insoluble anodes, in which 
the nickel is introduced as the hydroxycarbonate, are used. The baths contain a 
mixture of nickel sulfate and/or chloride or, less often, sulfamate. In electroless 
processes, a hypophosphite medium is used, the nickel feed being nickel sulfate. 

The electrolyte contains soluble nickel salts, such as nickel fluoborate, nickel 
sulfate and nickel sulfamate (Warner, 1984). Nickel plating can be performed with a 
soluble (metallic nickel) or insoluble anode. The principal source of air contamina­
tion in electroplating operations is release of the bath electrolyte into the air. Elec­
troplaters are exposed to readily absorbed soluble nickel salts by inhalation, which 
subsequently causes high levels in urine (Tola et a/., 1979; see Table 13). 

(viii) Welding 

Welding produces particulate fumes that have a chemical composition reflect­
ing the elemental content of the consumable used. For each couple of process/mat­
erial of application, there is a wide range of concentrations of elements present in 
the fume. Nickel and chromium are found in significant concentrations in fumes 
from welding by manual metal arc, metal inert gas and tungsten inert gas processes 
on stainless and alloy steels. Typical ranges of total fume and nickel, as found in the 
breathing zone ofwelders, are presented in Table 14. Certain special process appli­
cations not listed can also produce high nickel and chromium concentrations, and 
manual metal arc and metal inert gas welding of nickel in confined spaces produce 
significantly higher concentrations of total fume and elemental constituents. Expo­
sure to welding fumes that contain nickel and chromium can lead to elevated levels 
of these elements in tissues, blood and urine (see monograph on welding for details). 

(ix) Thermal spraying ofnickel 

Thermal spraying of nickel is usually performed by flame spraying or plasma 
spraying (Gross, 1987). For flame spraying, nickel in wire form is fed to a gun 
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Table 14. Total fume and nickel concentrations found in 
the breathing zone of welders a 

Processb 

MMNSS 4-10 10-1000 

MIG/SS 2-5 30-500 

TIG/SS 2-6 10-40 

acompiled from Table 4 of monograph on welding 
~manual metal arc; SS, stainless steel; MIG, metal inert gas; TIG, 
tungsten inert gas 
CS0-90% range 

fuelled by a combustible gas such as acetylene, propane or natural gas. The wire is 
melted in the oxygen-fuel flame, atomized with compressed air, and propelled from 
the torch at velocities up to 120 m/s. The material bonds to the workpiece by a com­
bination of mechanical interlocking of the molten particles and a cementation of 
partially oxidized material. 

The material can also be sprayed in powder form, the fuel gases being either 
acetylene or hydrogen and oxygen. The powder is aspirated by an air stream, and 
the molten particles are deposited on the workpiece with high efficiency. For plas­
ma spraying, an electric arc is established in the controlled atmosphere of a special 
nozzle. Argon is passed through the arc, where it ionizes to form a plasma that 
continues through the nozzle and recombines to create temperatures as high as 
16 700°C. Powder is melted in the stream and released from the gun at a velocity of 
approximately 10 m/s (Burgess, 1981; Pfeiffer & Willert, 1986). 

Workers who construct or repair nickel-armoured moulds in hollow-glass and 
ceramics factories use flame spraying with metallic powder (70-98% Ni) and are 
exposed to nickel dusts (as metallic and oxidic nickel) and fumes. After the moulds 
have been polished with grinding discs, abrasives and emery paper, they are in­
stalled in glass-making machines. Exposure levels in various types. of thermal 
spraying, cutting and eroding were shown in Table 13. 

(x) Production and use ofpaints 

Some pigments for paints (e.g., nickel flake) and co lou~ for enamels (e.g., nick­
el oxide) contain nickel. Exposure to nickel can occur when spraying techniques are 
used and when the paints are manufactured (Tan don eta/., 1977; Mathur & Tan don, 
1981). Paint and pigment workers have slightly higher concentrations of nickel in 
plasma and urine than controls (see Table 13). Sandblasters may be exposed to 
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dusts from old paints containing nickel and, additionally, to nickel-containing abra­
sive materials (Stettler et al., 1982). 

(xi) Grinding, polishing and buffing of nickel-containing metals 

Grinding, polishing and buffing involve controlled use of bonded abrasives for 
metal finishing operations; in many cases the three operations are conducted in se­
quence (for review, see Burgess, 1981). Grinding includes cutting operations in 
foundries for removal of gates, sprues and risers, rough grinding of forgings and 
castings, facing off of welded assemblies and grinding out major surface imperfec­
tions. Grinding is done with wheels made of selected abrasives in bonding structur­
al matrices. The commonly used abrasives are aluminium oxide and silicon car­
bide. The wheel components normally make up only a small fraction of the total 
airborne particulates released during grinding, and the bulk of the particles arise 
from the workpiece. Polishing techniques are used to remove workpiece surface 
imperfections such as tool marks, and this may remove as much as 0.1 mm of stock 
from a workpiece. In buffing, little metal is removed from the workpiece, and the 
process merely provides a high lustre surface by smearing any surface roughness 
with a high weight abrasive; e.g., ferric oxide and chromium oxide are used for soft 
metals, aluminium oxide for harder metals. Sources of airborne contaminants from 
grinding, polishing and buffing have been identified (Burgess, 1981; Konig et al., 
1985). Grinding, polishing and buffing cause exposures to metallic nickel and to 
nickel-containing alloys and steels (see Table 13). 

(xii) Miscellaneous exposure to nickel 

A group of employees exposed to metallic nickel dust was identified among 
employees of the Oak Ridge Gaseous Diffusion Plant in the USA. In one depart­
ment, finely-divided, highly pure, nickel powder was used to manufacture 'barrier', 
a special porous medium employed in the isotope enrichment of uranium by gas­
eous diffusion. The metallic powder was not oxidized during processing. Routine 
air sampling was performed at the plant from 1948 to 1963, during which time 3044 
air samples were collected in seven areas of the barrier plant and analysed for nickel 
content. The median nickel concentration was 0.13 mg/m3 (range, < 0.1-566 
mg/m3), but the authors acknowledged that the median exposures were probably 
underestimated (Godbold & Tompkins, 1979). Other determinations of nickel in 
miscellaneous industries and activities were presented in Table 13. 

(c) Air 

Nickel enters the atmosphere from natural sources (e.g., volcanic emissions 
and windblown dusts produced by weathering of rocks and soils), from combustion 
of fossil fuels in stationary and mobile power sources, from emissions from nickel 
mining and refining operations, from the use of metals in industrial processes and 
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from incineration of wastes (Sunderman, 1986a; US Environmental Protection 
Agency, 1986). The estimated global emission rates are given in Table 15. The pre­
dominant forms of nickel in the ambient air appear to be nickel sulfate and complex 
oxides of nickel with other metals (US Environmental Protection Agency, 1986). 

Table 15. Emission of nickel into the global 
atmospherea 

Source 	 Emission rate 
(1()6 kg/year) 

Natural 
Wind-blown dusts 4.8 
Volcanoes 25 
Vegetation 0.8 
Forest fires 0.2 
Meteoric dusts 0.2 
Sea spray 0.009 
Total 8.5 

Anthropogenicb 
Residual and fuel oil combustion 27 
Nickel mining and refining 7.2 
Waste incineration 5.1 
Steel production 1.2 
Industrial applications 1.0 
Gasoline and diesel fuel combustion 0.9 
Coal combustion 0.7 
Total 43.1 

'Prom Bennett (1984) 
~missions during the mid-1970s 

Nickel concentrations in the atmosphere at remote locations were about 1 ng/ 
m3(Grandjean, 1984). Ambient levels of nickel in air ranged from 5 to 35 ng/m3 at 
rural and urban sites (Bennett, 1984). Surveys have indicated wide variations but no 
overall trend. In the USA, atmospheric nickel concentrations averaged 6 ng/m3 in 
nonurban areas and 17 ng/m3 (in summer) and 25 ng/m3 (in winter) in urban areas 
(National Research Council, 1975). Salmon eta!. (1978) reported nickel concentra­
tions in 1957-74 at a semirural site in England to range from 10 to 50 ng/m3(mean, 
19 ng/m3). Nickel concentrations at seven sites in the UK ranged, with one excep­
tion, from < 2 to 4.8 ng/kg ( < 2.5 to 5.9 ng/m3] (Cawse, 1978). Annual averages in 
four Belgian cities were 9-60 ng/m3 during 1972-77 (Kretzschmar et a/., 1980). 
Diffuse sources (traffic, home heating, distant sources) generally predominated. 

f 

I 
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High levels of nickel in air (110-180 ng/m3) were recorded in heavily industrialized 
areas and larger cities (Bennett, 1984). 

Local airborne concentrations ofnickel are high around locations where nickel 
is mined (e.g., 580 ng/m3in Ontario, Canada) (McNeely eta/., 1972). The average 
atmospheric nickel concentration near a nickel refinery in West Virginia (USA)was 
1200 ng/m3, compared to 40 ng/m3 at six sampling stations not contiguous to the 
nickel plant. The highest concentration on a single day was about 2000 ng/m3 near a 
large nickel production facility (Grandjean, 1984). 

Average exposure to nickel by inhalation has been estimated to be 0.4J.!g/day 
(range, 0.2-1.0 J.!g/day) for urban dwellers and 0.2 J.lg/day (range, 0.1-0.4J.!g/day)for 
rural dwellers (Bennett, 1984). 

(d) Tobacco smoke 

Cigarette smoking can cause a daily absorption of nickel of 1 J,!g/pack due to 
the nickel content of tobacco (Grandjean, 1984). Sunderman and Sunderman 
(1961) and Szadkowski et al. (1969) found average nickel contents of 2.2 and 2.3 J.!g/ 
cigarette, respectively, with a range of 1.1-3.1. The latter authors also showed that 
10-20% of the nickel in cigarettes is released in mainstream smoke; most of the nick­
el was in the gaseous phase. The nickel content of mainstream smoke ranges from 
0.005 to 0.08 J..Lg/cigarette (Klus & Kuhn, 1982). It is not yet known in what form 
nickel occurs in mainstream smoke (US Environmental Protection Agency, 1986); it 
has been speculated that it may be present as nickel carbonyl (Grandjean, 1984), 
but, if so, it must occur at concentrations of < 0.1 ppm (Alexander eta/., 1983). Pipe 
tobacco, cigars and snuff have been reported to contain nickel at levels of the same 
magnitude (2-3 J.!g/g tobacco) (National Research Council, 1975). 

(e) Water and beverages 

Nickel enters groundwater and surface water by dissolution of rocks and soils, 
from biological cycles, from atmospheric fallout, and especially from industrial pro­
cesses and waste disposal, and occurs usually as nickel ion in the aquatic environ­
ment. Most nickel compounds are relatively soluble in water at pH values less than 
6.5, whereas nickel exists predominantly as nickel hydroxides at pH values exceed­
ing 6. 7. Therefore, acid rain has a pronounced tendency to mobilize nickel from soil 
and to increase nickel concentrations in groundwater. 

The nickel content ofgroundwater is normally below 20 J.!g/l (US Environmen­
tal Protection Agency, 1986), and the levels appear to be similar in raw, treated and 
distributed municipal water. In US drinking-water, 97% of all samples (n = 2503) 
contained <20 J.Lg/1, while about 90% had <10 J.!g/1 (National Research Council, 
1975). Unusually high levels were found in groundwater polluted with soluble nickel 
compounds from a nickel-plating facility (up to 2500 J.lg/1) and in water from 12 
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wells (median, 180 Jlg/l) (Grand jean, 1984). The median level in Canadian ground­
water was <2 Jlg/l, but high levels were reported in Ontario (Meranger et al., 1981). 
In municipal tap-water near large open-pit nickel mines, the average nickel concen­
tration was about 200 J..Lg/1, while that in a control area had an average level of about 
1 J..Lg/1 (McNeely et a/., 1972). 

Nickel concentrations in drinking-water in European countries were reported 
to range in general from 2-13 ).lg/1 (mean, 6 Jlgfl) (Amavis eta/., 1976). Other studies 
have suggested low background levels in drinking-water, e.g., in Finland an average 
of about 1 Jlg/l (Punsar eta/., 1975) and in Italy mostly below 10 J..Lg/l. In the German 
Democratic Republic, drinking-water from groundwater showed an average level of 
10 J.!g/1 nickel, slightly below the amount present in surface water (Grand jean, 1984). 
In the Federal Republic of Germany, the mean concentration of nickel in drink­
ing-water was 9 J..Lg/1, with a maximal value of 34 Jlgfl (Scheller et al., 1988). 

The nickel concentration in seawater ranges from 0.1 to 0.5 J,J.g/l, whereas the 
average level in surface waters is 15-20 ).lg/1. Freshly fallen arctic snow was reported 
to contain 0.02 Jlg/kg, a level that represents 5-10% of those in annual condensed 
layers (Mart, 1983). 

Nickel concentrations of 100 ).lg/1 have been found in wine; average levels of 
about 30 ).lg/1 were measured in beer and levels of a few micrograms per litre in 
mineral water (Grand jean, 1984). In the Federal Republic of Germany, however, the 
mean concentration of nickel in mineral waters was 10 Jlg/l, with a maximal value of 
31 J..Lg/1 (Scheller eta/., 1988). 

(f) Soil 

The nickel content of soil may vary widely, depending on mineral composition: 
a normal range of nickel in cultivated soils is 5-500 Jlg/g, with a typical level of 50 
J..Lg/g (National Research Council, 1975). In an extensive survey of soils in England 
and Wales, nickel concentrations were generally 4-80 J..Lg/g (median, 26 J..Lg/g; maxi­
mum, 228 Jlg/g) {Archer, 1980). Farm soils from different parts of the world con­
tained 3-1000 Jlg/g. Nickel may be added to agricultural soils by application of sew­
age sludge (National Research Council, 1975). 

The nickel content of coal was 4-24 Jlg/g, whereas crude oils (especially those 
from Angola, Colombia and California) contained up to 100 J,J.g/g (Tissot & Weltle, 
1984; World Health Organization, 1990). 
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(g) Food 

Nickel levels in various foods have been summarized recently (Grandjean, 
1984; Smart & Sherlock, 1987; Scheller eta/., 1988; Grandjean eta/., 1989). Table 16 
gives the results of analyses for nickel in various foodstuffs in Denmark; the mean 
level of nickel in meat, fruit and vegetables was <0.2 mg/kg fresh weight. This result 
was confirmed by analysis of hundreds of food samples from Denmark, the Federal 
Republic of Germany and the UK (Nielsen & Flyvholm, 1984; Veien & Andersen, 
1986; Smart & Sherlock, 1987; Scheller et al., 1988): the nickel content of most sam­
ples was < 0.5 mglkg. The nickel concentration in nuts was up to 3 mg/kg (Veien & 
Andersen, 1986) and that in cocoa up to 10 mg/kg (Nielsen & Flyvholm, 1984). The 
nickel content of wholemeal flour and bread was significantly higher than that of 
more refined products due to the high nickel content ofwheat germ (Smart & Sher­
lock, 1987). High nickel levels in flour may also originate from contamination dur­
ing milling. In addition, fats can contain nickel, probably owing to the use of nickel 
catalysts in commercial hydrogenation. Margarine normally contains less than 0.2 
mglkg, but levels up to 6 mglkg have been found (Grandjean, 1984). 

Table 16. Nickel content (mg/kg) in foods in the average 
Danish dieta 

Food No. of Range Mean 
samples 

Milk products 
Full milk 63 BDLb-0.13 0.02 
Yogurt 3 0.004-0.03 0.01 
Cream 3 0.01-0.04 0.03 
Cheese 25 0.02-0.34 0.10 

Meat, fish, eggs 
Beef 32 0.01-0.03 0.02 
Pork 20 < 0.02-0.02 0.02 
Chicken 9 0.02-0.24 0.11 
Lamb 12 <0.02-0.02 0.02 

I 
I 

Liver, kidney 108 0-0.94 0.11 

Fish 658 0.005-0.303 0.04 

Egg 30 0.01-0.35 0.05 


Roots and vegetables 
Potatoes 45 BDL-0.44 0.14 
Carrots 17 <0.01-0.16 0.04 
Celery root 8 0.04-0.1 0.06 
Beetroot 7 0.01-0.3 0.12 
Cabbage 31 0.01-0.63 0.17 
Cauliflower 5 0.03-1.0 0.3 

http:0.01-0.63
http:0.01-0.16
http:BDL-0.44
http:0.01-0.35
http:0.02-0.02
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Table 16 (contd) 

Food No. of Range Mean 
samples 

Roots and vegetables (contd) 
Kale 2 0.15-0.24 0.20 
Lettuce 21 BDL-1.4 0.36 
Spinach 15 0.02-299 0.52 
Asparagus 1 0.42 
Cucumber 8 0.01-0.11 0.04 
Tomatoes 21 0.01-0.25 0.07 
Peas 24 0.13-0.8 0.42 

Fruits 
Apples 11 BDL-0.03 0.01 
Pears 10 0.07-0.42 0.14 
Plums 10 0.03-0.20 0.12 
Currants 13 0.01-0.2 0.06 
Strawberries 9 0.03-0.08 0.05 
Rhubarb 10 0.01-0.22 0.13 
Grapes 4 0.01-0.04 0.02 
Raisins 3 0.02-0.04 0.03 
Citrus fruits 3 0.01-0.04 0.03 
Bananas 4 0.01-0.03 0.02 
Canned fruits 65 0.02-1.36 0.31 
Juice 11 .0.01-0.17 0.04 

Meal, grain and bread 
Wheat flour 32 0.03-0.3 0.13 
Rye flour 15 0.03-0.3 0.1 
Oatmeal 18 0.80-4.7 1.76 
Rice 16 0.08-0.45 0.21 

Other 
Butter 4 0.03-0.2 0.1 
Margarine 13 0.2-25 0.34 
Sugar 22 0.01-0.09 0.05 

"From Grandjean et al. (1989) 

bJJDL, below detection limit [not specified] 


Stainless-steel kitchen utensils have been shown to release nickel into acid so­
lutions, especially during boiling (Christensen & Moller, 1978). The amount ofnick­
elliberated depends on the composition of the utensil, the pH of the food and the 
length of contact. The average contribution of kitchen utensils to the oral intake of 
nickel is unknown, but they could augment alimentary exposure by as much as 
1 mg/day (Grandjean eta/., 1989). 
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A study of hospital diets in the USA showed that the general diet contained 160 
J..Lg/day, and special diets varied by less than 40% from this level (Myron et al., 1978). 
A recent study (Nielsen & Flyvholm, 1984) suggested a daily intake of 150 J.Lg in the 
average Danish diet. Knutti and Zimmerli {1985) found dietary intakes in Switzer­
land of73 ± 9 J.Lg in a restaurant, 83 ± 9 J.Lg in a hospital, 141 + 33 J.Lg in a vegetarian 
restaurant and 142± 20 J.Lg in a military canteen. The mean nickel intake in the UK 
in 1981-84 was 140-150 J.Lg/day (Smart & Sherlock, 1987). 

(h) Humans tissues and secretions 

The estimated average body burden of nickel in adults is 0.5 mg/70 kg (7.4 J..Lg/ 
kg bw). In post-mortem tissue samples from adults with no occupational or iatro­
genic exposure to nickel compounds, the highest nickel concentrations were found 
in lung, bone, thyroid and adrenals, followed by kidney, heart, liver, brain, spleen 
and pancreas in diminishing order (Seemann et a/., 1985; Sunderman, 1986b; Rai­
thel, 1987; Raithel et al., 1987; Rezuke eta/., 1987; Kollmeier eta/., 1988; Raithel eta/., 
1988). Reference values for nickel concentrations in autopsy tissues from nonex­
posed persons are listed in Table 17. 

The mean nickel concentration in lung tissues from 39 nickel refinery workers 
autopsied during 1978-84 was 150 (1-1344) J,Lg/g dry weight. Workers employed in 
the roasting and smelting department had an average nickel concentration of 333 
(7-1344) J.Lg/g, and those who had worked in the electrolysis department had an aver­
age nickel concentration of 34 (1-216) J.Lg/g dry weight. Lung tissue from 16 persons 
who were not connected with the refinery contained an average level of 0.76 
(0.39-1.70) J..Lg/g dry weight {Andersen & Svenes, 1989). 

The concentrations of nickel in body fluids have diminished substantially over 
the past ten years as a consequence of improved analytical techniques, including 
better procedures to minimize nickel contamination during collection and assay. 
Concentrations of nickel in human body fluids and faeces are given in Table 18 (see 
also Sunderman, 1986b; Sunderman eta/., 1986a). 

(i) Iatrogenic exposures 

Potential iatrogenic sources of exposure to nickel are dialysis treatment, leach­
ing of nickel from nickel-containing alloys used as prostheses and implants and con­
taminated intravenous medications (for review, see Grand jean, 1984; Sunderman et 
al., 1986a ). 

http:0.39-1.70
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Table 18. Nickel concentrations in specimens from healthy, unexposed 
adults6 

.. 

Specimen Mean±SD Range Units 

Whole blood 

Serum 

Urine (spot collection) 

Urine (24-h collection) 

Faeces (3-day collection) 

0.34 ± 0.28 

0.28 ± 0.24 

20 ± 1.5 
20 ± 1.5 
28± 1.9 

22± 1.2 

26± 1.4 

14.2± 27 

258±126 

<0.05-1.05 

<0.05-1.08 

0.5-6.1 
0.4-6.0 
0.5-8.8 

0.7-5.2 

0.5-6.4 

10.8-18.7 

80-540 

J..Lg/1 

J..Lg/1 

J..Lg/1 
J..Lg/g creatinine 
J..Lg/lb 

J..Lg/l 

J..Lg/day 

J..Lg/g (dry weight) 

JJ.g/day 

"From Sunderman et al. (1986a) 

11f'actored to specific gravity = 1.024 


Hypemickelaemia has been observed in patients with chronic renal disease 
who are maintained by extracorporeal haemodialysis or peritoneal dialysis (Table 
19; Linden et al., 1984; Drazniowsky et al., 1985; Hopfer et a/., 1985; Savory et al., 
1985; Wills et al., 1985). In one severe incident, water from a nickel-plated stain­
less-steel water-heater contaminated the dialysate to approximately 250 J.lg/l, result­
ing in plasma nickel levels of 3000 J.lg/1 and acute nickel toxicity (Webster et al., 
1980). Even during normal operation, the average intravenous uptake of nickel may 
be 100 J.lg per dialysis (Sunderman, 1983a). 

Nickel-containing alloys may be implanted in patients as joint prostheses, 
plates and screws for fractured bones, surgical clips and steel sutures (Grand jean, 
1984). Corrosion of these prostheses and implants can result in accumulation of 
alloy-specific metals in the surrounding soft tissues and in release of nickel to the 
extracellular fluid (Sunderman et al., 1986a, 1989a). 

High concentrations of nickel have been reported in human albumin solutions 
prepared by six manufacturers for intravenous infusion. In three lots that con­
tained 50 gil albumin, the average nickel concentration was 33 J.lg/l (range, 11-17 
J.lg/1); in nine lots that contained 250 g/1 albumin, the average nickel concentration 
was 83 J.lg/l (range, 26-222 J.lg/l) (Leach & Sunderman, 1985). Meglumine diatri­
zoate ('Renografin-76'), an X-ray contrast medium, tends to be contaminated with 
nickel. Seven lots of this preparation (containing 760 g/1 diatrizoate) contained 

http:0.05-1.08
http:0.05-1.05
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i 	 Table 19. Nickel concentrations in dialysis fluids and in serum specimens 


from patients with chronic renal disease (CRD)a 


Region and patients No. of Ni cone. in Serum Ni concentration {J.l.g/1) 
subjects dialysis fluid 

(~gil) Pre-dialysis Post-dialysis 

USA 
Healthy controls 
Non-dialysed CRD patients 
CRD patients on haemodialysis 

Hospital A 
Hospital B 
Hospital C 

30 
7 

40 
9 

10 

0.82 
0.40-0.42 
0.68 

0.3 ± 0.2 
0.6 ± 0.3 

6.2± 1.8 
3.9± 20 
3.0 ± 1.3 

7.2± 22 
5.2± 25 
3.7± 1.3 

USA 
Healthy controls 50 0.4± 0.2 
CRD patients on haemodialysis 28 3.7 ± 1.5 

UK and Hong Kong 
Healthy controls 
Non-dialysed CRD patients 
CRD patients on haemodialysis 

Hospital A 
Hospital B 

71 
31 

25 
16 

2-3 

1.0 ( < 0.6-3.0) 
1.6 ( < 0.6-3.6) 

8.6 (0.6-16.6) 
29 (1.8-4.0) 

8.8 (3.0-21.4) 
3.4 (22-5.4) 

CRD patients on peritoneal dialysis 13 2-3 8.6 (5.4-11.4) 

Gf'rom Sunderman et al. {1986a) 

nickel at 144 ± 44 J.!g/1. Serum nickel concentrations in 11 patients who received 
intra-arterial injections of 'Renografin-76' (164 ± 10 ml per patient [giving 19.1 ± 
4.0 Jlg Ni per patient]) for coronary arteriography increased from a pre-injection 
level of 1.33 J.!g/l (range, 0.11-5.53 J.!g/1) to 2.95 J.!g/1 (range, 1.5-7.19 Jlg/1) 15 min 
post-injection. Serum levels remained significantly elevated for 4 hand returned to 
baseline levels only 24 h post-injection (Leach & Sunderman, 1987). 

(.]) Regulatory status and guidelines 

Occupational exposure limits for nickel in various forms are given in Table 20. 

http:1.5-7.19
http:0.11-5.53
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Table 20. Occupational exposure limits for airborne nickel in various fonns4 

Country or region Year Nickel species Concentration Interpretationb 
~~ 

(mg/m3) 

Belgium 1987 

Brazil 1987 

Chile 1987 

China 1987 

Denmark 1988 

Finland 1987 

France 1986 
German Democratic 1987 

Republic 

Hungary 1987 

India 1987 
Indonesia 1987 

Italy 1987 

Japan 1987 

Mexico 1987 

Nickel metal and insoluble 

nickel compounds (as Ni) 

Nickel carbonyl (as Ni) 


Nickel carbonyl (as Ni) 


Soluble nickel compounds 

(as Ni) 


Nickel carbonyl (as Ni) 


Nickel metal 

Nickel carbonyl 

Soluble nickel compounds 

(as Ni) 

Insoluble nickel compounds 

(as Ni) 


Nickel metal 

Nickel carbonyl 

Soluble nickel compounds 

(as Ni) 


Nickel sulfide (as Ni) 

Nickel compounds (as Ni) 

Nickel carbonyl (as Ni) 

Nickel compounds (as Ni) 

Nickel carbonyl (as Ni) 


Nickel compounds (as Ni) 

Nickel carbonyl (as Ni) 


Nickel carbonyl (as Ni) 


Nickel metal and insoluble 

nickel compounds (as Ni) 

Nickel carbonyl (as Ni) 


Nickel carbonyl (as Ni) 


Nickel 

Nickel carbonyl (as Ni) 


Nickel metal and insoluble 

nickel compounds (as Ni) 

Soluble nickel compounds 

(as Ni) 


Nickel carbonyl (as Ni) 


0.1 

0.35 

0.28 

0.08 

0.001 
0.5 
0.007 
0.1 

1 

1 
0.007 
0.1 

1 
0.25 
0.01 
0.5 
0.03 

0.005 
0.007 

0.35 
1 

0.007 

0.007 

1 
0.007 
1 

0.1 

0.35 

TWA 
l 
j 
' lTWA 

TWA f 
j

TWA 

TWA 

TWA 
TWA 
TWA 

TWA 

TWA 
TWA 
TWA 

TWA 
TWA 
TWA 
STEL 
STEL 

T\VNSTEL 
TWNSTEL 

TWA 

TWA 

TWA 

TWA 
-·: '· 

TWA 
:"·'-• 

it-f-TWA ·-·"7:!,.• 
•.i..>.. lTWA :'-:~·~.. ... 

i 
~ 

TWA 1 

~~· 

TWA ·~: 
It 
i.. <...:. 

·~':"' 

~~I 
~~ 

i'':i~: 
·~ 
~~: l 

·;:.~-< ; 

Zi.•-.:: 
•' 
'. 
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Table 20 (contd) 

Country or region Year Nickel species Concentration Interpretationb 
(mg/m3) 

Netherlands 1986 	 Nickel 1 TWA 
Soluble nickel compounds 0.1 TWA 
(as Ni) 
Nickel carbonyl (as Ni) 0.35 TWA 

Poland 1987 Nickel carbonyl (as Ni) 0.007 TWA 
Romania 1987 Nickel carbonyl (as Ni) 0.002 TWA 

Nickel carbonyl (as Ni) 0.005 Ceiling 
Sweden 1987 	 Nickel metal 0.5 TWA 

Nickel carbonyl 0.007 TWA 
Nickel subsulfide 0.01 TWA 
Other nickel compounds (as 0.1 TWA 
Ni) 

Switzerland 1987 	 Nickel metal and insoluble 0.5 TWA 
nickel compounds (as Ni) 
Soluble nickel compounds 0.05 TWA 
(as Ni) 

Taiwan 1987 Nickel carbonyl (as Ni) 0.35 TWA 
UK 1987 Nickel and insoluble nickel 1 TWA 

compounds (as Ni) 

Soluble nickel compounds 0.1 TWA 

(as Ni) 

Soluble nickel compounds 0.3 STEL (10 min) 

(as Ni) 

Insoluble nickel compounds 3 STEL {10 min) 

(as Ni) 

Nickel carbonyl (as Ni) 0.35 TWA 


USA 
ACGIH 1988 Nickel metal; nickel sulfide 1 TWA 

roasting, fume and dust (as 
Ni) 
Soluble compounds (as Ni) 0.1 TWA 
Nickel carbonyl 0.35 TWA 

NIOSH 1988 Nickel, inorganic com- 0.015 TWA 

pounds (as Ni) 

Nickel carbonyl 0.007 TWA 


OSHA 1987 Metallic nickel 1 TWA 

Nickel carbonyl 0.007 TWA 
Soluble nickel compounds 0.1 TWA 
(as Ni) 



314 IARC MONOGRAPHS VOLUME 49 

Table 20 (contd) 

Country or region Year Nickel species Concentration Interpretationb 
(m{¥m3) 

USSR 1987 Nickel metal and insoluble 0.5 MAC 
nickel compounds (as Ni) 
Nickel carbonyl (as Ni) 0.0005 MAC 
Nickel monoxide, oxide, sul­ 0.5 MAC 
fide 

4Zf"rom Arbeidsinspectie, 1986; InstitutNational de Recherche et de Securite, 1986; National Institute 

for Occupational Safety and Health (NIOSH), 1988; Arbetarskyddsstyrelsens, 1987; Cook, 1987; 

Health and Safety Executive, 1987; Tyesuojeluhallitus, 1987; US Occupational Safety and Health Ad­

ministration (OSHA), 1987; American Conference ofGovernmental Industrial Hygienists (ACGIH), 

1988; Arbejdstilsynet, 1988 

lrfwA, time-weighted average; STEL, short-term exposure limit; MAC, maximum allowable concen­

tration 


2.4 Analysis 

Typical methods for the analysis of nickel in air, water, food and biological ma­
terials are summarized in Table 21. A method has been developed for classifying 
nickel in airborne dust samples into four species -'water-soluble', 'sulfidic', 'me­
tallic' and 'oxidic' -on the basis of a sequential leaching procedure (Blakeley & 
Zatka, 1985; Zatka, 1987, 1988; Zatka et a/., undated). 

Atomic absorption spectrometry and differential pulse anodic stripping vol­
tammetry (DPASV) are the most common methods for analysis of nickel in environ­
mental and biological media. Air samples are collected on cellulose ester mem­
brane filters, wet digested with nitric acid-perchloric acid and analysed by electro­
thermal atomic absorption spectrometry (EAAS) or inductively coupled argon 
plasma emission spectrometry (ICP) (National Institute for Occupational Safety 
and Health, 1984; Kettrup eta/., 1985). The National Institute for Occupational 
Safety and Health (1977b, 1981) has recommended standard procedures for person­
al air sampling and analysis of nickel. The routine procedure does not permit iden­
tification of individual nickel compounds. 

Assessment of individual nickel compounds, especially as components ofcom­
plex mixtures, necessitates procedures such as X-ray diffraction and would not be 
feasible for routine monitoring. Sampling and analytical methods used to monitor 
air, water and soil have been summarized (US Environmental Protection Agency, 
1986). 

Nickel concentrations in blood, serum or urine are used as biological indica­
tors of exposure to or body burden of nickel. Biological monitoring as a part of 
biomedical surveillance has been evaluated in several reviews (Aitio, 1984; Norseth, 



Table 21. Methods for the analysis of nickel 


Sample matrix 

Air 

Water 

Food 

Blood 

Sample preparation 

Collect on cellulose ester membrane filter; 
digest with nitric acid and perchloric acid 

Collect on cellulose acetate membrane 
filter; digest with nitric acid and hydro­
chloric acid 

Collect on cellulose ester membrane filter; 
digest with nitric acid and perchloric acid 

Collect on cellulose ester membrane filter; 
digest with nitric acid . 

Chelate; extract with ammonium pyrroli­
dine dithiocarbamate: methyl isobutyl ke­
tone 

Filter; irradiate with ultraviolet 

Chelate; extract with ammonium pyrroli­
dine dithiocarbamate: methyl isobutyl ke­
tone 

Digest with acid 

Wet digest with nitric acid, hydrogen per­
oxide and sulfuric acid 

Dry ash 

Dry ash, chelate with sodium(ditrifluor­
ethyl)dithiocarbamate 

Wet digest with nitric acid, hydrogen per­
oxide and sulfuric acid 

Assay procedurea Sensitivity/detection Reference 
limit 

AAS 

AAS 

ICP 

AAS 

AAS 

DPASV (dimethylglyox­
ime-sensitized) 

BAAS 

AAS 

DPASV (dimethylglyox­
ime-sensitized) 

DPASV (dimethylglyox­
ime-sensitized) 

Chelate-GC 

DPASV (dimethylglyox­
ime-sensitized) 

-

1 J..lg absolute; 
10 J..lg/m3 (sample 
volume, 0.1 m3) 

1.5 J..lg/sample 

20 ng/m3 (sample 
volume, 1.5 m3) 

0.04 J..lg/l 

1 ng/1 

0.2 J..lg/l 

-
1 ng/1 digestion solu­
tion 

5 nglsample 

100 nglsample 

1 ng/1 digestion solu­
tion 

National Institute for 
Occupational Safety and 
Health (1981) 

Hauptverband der gewerb­
lichen Berufsgenossen- z 
schaften (1981) -(") 

~ ·mNational Institute for 
t"-4Occupational Safety and 

Health (1984) ~ 
Kettrup eta/. (1985) tJ 

z 
(")

McNeely et al. (1972) 
-
~ 
tT1 
t"-4 
(") 

Pihlar eta/. (1981) 0a: 
1-0 

Sunderman (1986b) 0
c:: z 
tJ 

Evans et a/. (1978) 
(I) 

Pihlar et a/. (1981) 

Meyer & Neeb (1985) 

Meyer & Neeb (1985) 

Pihlar et a/. (1981) 
~ ...... 
t.ll 
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Table 21 (contd) 

0'\ 

Sample matrix Sample preparation Assay procedurea Sensitivity/detection Reference 
limit 

Serum/whole 
blood 

Digest with nitric acid; heat BAAS (Zeeman) 0.05 J..Lg/1 serum 
0.1 J..Lg/l whole blood 

Sunderman et al. (1984a) 

Body fluids/ 
tissues 

Digest with nitric acid, perchloric acid and 
sulfuric acid; chelate; extract with ammo­
nium pyrrolidine dithiocarbamate: methyl 
isobutyl ketone 

BAAS 0.2 J..Lg/l body fluids 
0.4 J..Lg/kg tissues 

Sunderman (1986b) -~ 
() 

Tissues Homogenize; digest with nitric acid, 
perchloric acid and sulfuric acid 

Digest with nitric acid and sulfuric acid 

EAAS (Zeeman) 

EAAS (Zeeman) 

0.01 J..Lg/g dry wt 

0.8 J.Lg/g wet wt 

Sunderman et a/. (1985a) 

Raithel et al. (1987) 

~ 
0 z 
0 
0 

Serum/urine 

Urine 

Digest with nitric acid, perchloric acid and 
sulfuric acid; chelate; extract with ammo­
nium pyrrolidine dithiocarbamate: methyl 
isobutyl ketone 

Chelate; extract with ammonium pyrroli­
dine dithiocarbamate: methyl isobutyl ke-

EAAS 

BAAS 

-

0.5 J..Lg/1 

Brown et al. (1981) 

Schaller & Zober (1982) 

~ ::r: 
(/} 

d 
B 

tone 

Digest with nitric acid, perchloric acid and 
sulfuric acid 

DPASV 1 J..Lg/1 Schrarnel et al. (1985) 

~ 
t'd 
~ 
\0 

Chelate; extract with hexamethylene am­
monium: hexamethylene dithiocarbamate: 
diisopropylketone 

AAS 0.2 )J.g/1 Angerer & Schaller (1985) 

Dilute with nitric acid BAAS (Zeeman) 0.5 J..Lg/1 Sunderman et a/. (1986b) 

Dilute directly with nitric acid BAAS 1.2 J..Lg/1 Kiilunen et a/. (1987) 

aAAS, flameless atomic absorption spectrometry; ICP, inductively coupled argon plasma spectrometry; DPASV, differential pulse anodic 
stripping voltammetry; BAAS, electrothermal atomic absorption spectrometry; GC, gas chromatography 

, . ....:...tu. ···~~;j" 
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1984; Sunderman eta/., 1986a). Choice of specimen, sampling strategies, specimen 
collection, transport, storage and contamination control are offundamental impor­
tance for an adequate monitoring programme (Sunderman eta/., 1986a). As dis­
cussed in recent reviews (Stoeppler, 1980; Schaller eta/., 1982; Stoeppler, 1984a,b; 
Sunderman eta/., 1986a, 1988a), EAAS and DPASV are practical, reliable tech­
niques that furnish the requisite sensitivity for measurements of nickel concentra­
tions in biological samples. The detection limits for determination of nickel by 
EAAS with Zeeman background correction are approximately 0.45 JJ.g/1 for urine, 
0.1 JJ.g/1 for whole blood, 0.05 jJ.g/1 for serum or plasma, and 10 ng/g (dry wet) for 
tissues, foods and faeces (Andersen eta/., 1986; Sunderman eta/., 1986a,b; K.iilunen 
eta/., 1987; Angerer & Heinrich-Ramm, 1988). An EAAS procedure for the deter­
mination of nickel in serum and urine, which was developed on the basis ofcollabo­
rative interlaboratory trials involving clinical biochemists in 13 countries, has been 
accepted as a reference method by the International Union of Pure and Applied 
Chemists (Brown eta/., 1981). This procedure, with additional applications for 
analysis of nickel in biological matrices, water and intravenous fluids, has·also been 
accepted as a reference method by the IARC (Sunderman, 1986b ). A new working 
method based on EAAS and Zeeman background correction for the analysis of 
nickel in serum, whole blood, tissues, urine and faeces has been recommended 
(Sunderman eta/., 1986a,b, 1988a). Sample preparation depends on the specimen 
and involves acid digestion for tissue and faeces, protein precipitation with nitric 
acid and heat for serum and whole blood, and simple acidification for urine. 

Greater sensitivity can be achieved with DPASV analysis using a dimethylgly­
oxime-sensitized mercury electrode; this method has been reported to have a detec­
tion limit of 1 ng/1 for determination of nickel in biological media (Flora & Nieboer, 
1980; Pihlar eta/., 1981; Ostapczuk eta/., 1983). However, DPASV techniques are 
generally more cumbersome and time consuming than EAAS procedures. Isotope 
dilution mass spectrometry provides the requisite sensitivity, specificity and preci­
sion for determination of nickel (Fassett et a/., 1985) but has not yet been used to 
analyse nickel in biological samples. 

Nickel carbonyl has been measured in air and exhaled breath by gas chroma­
tography and chemiluminescence (Sunderman eta/., 1968; Stedman eta/., 1979). 
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3. Biological Data Relevant to the Evaluation 
of Carcinogenic Risk to Humans 

3.1 Carcinogenicity studies in animals 1 

Experimental studies on animals exposed to nickel and various nickel com­
pounds were reviewed previously in the !ARC Monographs (IARC, 1976, 1987). Re­
cen~ reviews on the biological and carcinogenic properties of nickel have been com­
piled by Fairhurst and Illing (1987), Kasprzak (1987) and Sunderman (1989), among 
others. In addition, a detailed document on the health effects of nickel has been 
prepared for the Ontario (Canada) Ministry of Labour (Odense University, 1986). 
A comprehensive technical report on nickel, emphasizing mutagenicity and carci­
nogenicity, was published by the European Chemical Industry Ecology and Toxicol­
ogy Centre (1989). 

(a) Metallic nickel and nickel alloys 

(i) Inhalation 

Mouse: A group of 20 female C57Bl mice, two months of age, was exposed by 
inhalation to 15 mg/m3 metallic nickel powder ( > 99% pure; particle diameter, <4 
J.lm)for 6 h per day on four or five days per week for 21 months. All mice had died 
by the end of the experiment. No lung tumour was observed. No control group was 
available (Hueper, 1958). [The Working Group noted the short duration of treat­
ment.] 

Rat: Groups of 50 male and 50 female Wistar rats and 60 female Bethesda 
black rats, two to three months of age, were exposed by inhalation to 15 mg/m3 me­
tallic nickel powder ( > 99% pure nickel; particle diameter, <4 J.Lm) for 6 h per day 
on four or five days per week for 21 months and observed up to 84 weeks. Histolog­
ical examination of the lungs of 50 rats showed numerous multicentric, adenoma­
toid alveolar lesions and bronchial proliferations that were considered by the au­
thor as benign neoplasms. No specific control was included in the study (Hueper, 
1958). 

1The Working Group was aware of studies in progress of the carcinogenicity ofnickel, nickel acetate 
tetrahydrate, nickel alloys, nickel-aluminium alloys, nickel chloride hexahydrate, nickel oxide, nickel 
sulfide and nickel sulfate hexa- and heptahydrate in experimental animals by intraperitoneal, subcu­
taneous, inhalation and intratracheal administration (IARC, 1988b ). 
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In a further experiment with Bethesda black rats, exposure to metallic nickel 
powder (99.95% nickel; particle diameter, 1-3 Jl.ffi) was combined with 20-35 ppm 
(50-90 mg/m3) sulfur dioxide as a mucosal irritant; powdered chalk was added to 
prevent clumping. Exposure was for 5-6 h per day [nickel concentration unspeci­
fied]. Forty-six of 120 rats lived for longer than 18 months. No lung tumour was 
observed, but many rats developed squamous metaplasia and peribronchial adeno­
matoses (Hueper & Payne, 1962). 

Guinea-pig; A group of 32 male and 10 female strain 13 guinea-pigs, about 
three months of age, was exposed by inhalation to 15 mg/m3metallic nickel powder 
( > 99% pure nickel) for 6 h per day on four or five days per week for 21 months. 
Mortality was high: only 23 animals survived to 12 months and all animals had died 
by 21 months. Almost all animals developed adenomatoid alveolar lesions and ter­
minal bronchiolar proliferations. No such lesion was observed in nine controls. 
One treated guinea-pig had an anaplastic intra-alveolar carcinoma, and another 
had an apparent adenocarcinoma metastasis in an adrenal node, although the pri­
mary tumour was not identified (Hueper, 1958). 

(ii) Intratracheal instillation 

Rat: Two groups of female Wistar rats [number unspecified], 11 weeks of age, 
received either ten weekly intratracheal instillations of 0.9 mg metallic nickel pow­
der [purity unspecified] or 20 weekly injections of 0.3 mg metallic nickel powder in 
0.3 ml saline (total doses, 9 and 6 mg, respectively) and were observed for almost 2.5 
years. Lung tumour incidence in the two groups was 8/32 (seven carcinomas, one 
mixed) and 10/39 (nine carcinomas, one adenoma), respectively; no lung tumour de­
veloped in 40 saline-treated controls maintained for up to 124 weeks. Pathological 
classification of the tumours in the two groups combined revealed one adenoma, 
four adenocarcinomas, 12 squamous-cell carcinomas and one mixed tumour. Aver­
age time to observation of the tumours was 120 weeks, the first tumour being ob­
served after 98 weeks (Pott et a/., 1987). 

Hamster. In a study reported in an abstract, groups of 100 Syrian golden ham­
sters received either a single intratracheal instillation of 10, 20 or 40 mg of metallic 
nickel powder (particle diameter, 3-8 J.lm) or ofone of two nickel alloy powders (par­
ticle diameter, 0.5-2.5 J.lm; alloy I: 26.8% nickel, 16.2% chromium, 39.2% iron, 
0.04% cobalt; alloy II: 66.5% nickel, 12~8% chromium, 6.5% iron, 0.2% cobalt) or 
four intratracheal instillations of 20 mg of one of the substances every six months 
(total dose, 80 mg). In the groups receiving single instillations of alloy II, the inci­
dence of malignant intrathoracic tumours was reported as 1, 8 and 12%, respective­
ly, suggesting a dose-response relationship. In the group receiving multiple instilla­
tions of alloy II, 10% of the animals developed intrathoracic malignant neoplasms, 
diagnosed as fibrosarcomas, mesotheliomas and rhabdomyosarcomas. Metallic 
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nickel induced comparable numbers and types of intrathoracic neoplasms, but no 
tumour was observed in animals treated with alloy I or in control animals (Ivankovic 
et a/., 1987). 

A group of approximately 60 male and female Syrian golden hamsters (strain 
Cpb-ShGa 51), ten to 12 weeks of age, received 12 intratracheal instillations of 0.8 
mg metallic nickel powder (99.9% nickel; mass median diameter, 3.1 J.Uil) in 0.15 ml 
saline at two-week intervals (total dose, 9.6 mg). Additional groups were treated 
similarly with 12 intratracheal instillations of 3 mg pentlandite (containing 34.3% 
nickel; total dose, 36 mg), 3or 9mg chromium/nickel stainless-steel dust (containing 
6.79% nickel; total doses, 36 and 108 mg) or 9 mg chromium stainless-steel dust 
(containing 0.5% nickel; total dose, 108 mg). The median lifespan was 90-130 weeks 
in the different groups. Two lung tumours were observed: an adenocarcinoma in the 
group that received nickel powder and an adenoma in the pentlandite-treated 
group. No lung tumour was observed in vehicle-treated controls or in the groups 
treated with stainless-steels (Muhle eta/., 1990). [The Working Group noted that no 
lung tumour was observed in the positive control group.] 

(iii) Intrapleural administration 

Rat: A group of 25 female Osborne-Mendel rats, six months of age, received 
injections of a 12.5% suspension of metallic nickel powder in 0.05 mllanolin into the 
right pleural cavity [6.25 mg nickel powder] once a month for five months. A group 
of 70 rats received injections of lanolin only. The experiment was terminated after 
16 months. Four ofthe 12 treated rats that were examined had developed round-cell 
and spindle-cell sarcomas at the site of injection; no control animal developed a 
local tumour fp < 0.01] (Hueper, 1952). 

A group of five male and five female Fischer 344 rats, 14 weeks of age, received 
injections of 5 mg metallic nickel powder suspended in 0.2 ml saline into the pleura 
(total dose, 25 mg) once a month for five months. Two rats developed mesothelio­
mas within slightly over 100 days; no tumour occurred in 20 controls (Furst et al., 
1973). [The Working Group noted the limited reporting of the experiment.] 

(iv) Subcutal}eous administration 

Rat Groups of five male and five female Wistar rats, four to six weeks of age, 
received four subcutaneous implants ofpellets (approximately 2x2 mm) of metallic 
nickel or nickel-gallium alloy (60% nickel) used for dental prostheses and were ob­
served for 27 months. Local sarcomas were note·d in 5/10 rats that received the me­
tallic nickel and in 9110 rats that received the nickel-gallium alloy. No local tumour 
occurred in ten groups of rats that received similar implants of other dental materi­
als (Mitchell et al., 1960). 
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(v) Intramuscular administration 

Rat: A group of ten female hooded rats, two to three months of age, received a 
single intramuscular injection of28.3 mg pure metallic nickel powder in 0.4 ml fowl 
serum into the right thigh. All animals developed rhabdomyosarcomas at the injec­
tion site within 41 weeks. Historical controls injected with fowl serum alone did not 
develop local tumours (Heath & Daniel, 1964). 

Groups of 25 male and 25 female Fischer 344 rats [age unspecified] received 
five monthly intramuscular injections of 5 mg metallic nickel powder in 0.2 ml trioc­
tanoin. Fibrosarcomas occurred in 38 treated animals but in none of a group of 25 
male and 25 female controls given trioctanoin alone (Furst & Schlauder, 1971). 

Two groups of ten male Fischer 344 rats, three months of age, received a single 
intramuscular injection of metallic nickel powder (3.6 or 14.4 mg/rat) in 0.5 ml peni­
cillin G procaine. Surviving rats were killed 24 months after the injection. Sarco­
mas at the injection site were found in 0/10 and 2/9 treated rats, respectively, as 
compared with 0/20 vehicle controls (Sunderman & Maenza, 1976). [The Working 
Group noted the small number of animals used.] 

Groups of 20 WAG rats [sex and age unspecified] received a single intramus­
cular injection of 20 mg metallic nickel powder in an oil vehicle [type unspecified]. 
A group of 56 control rats received 0.3 ml of the vehicle alone. Local sarcomas de­
veloped in 17/20 treated and 0/56 control rats (Berry et al., 1984). [The Working 
Group noted the inadequate reporting of tumour induction.] 

Groups ~f20 or 16 male Fischer 344 rats, two to three months of age, received a 
single intramuscular injection of 14 mg metallic nickel powder (99.5% pure) or 14 
mg (as nickel) of a ferronickel alloy (NiFe,.6) in 0.3-0.5 ml penicillin G vehicle into 
the right thigh. Of the 20 rats receiving nickel powder, 13 developed tumours at the 
site of injection (mainly rhabdomyosarcomas), with an average latency of 34 weeks. 
No local tumour developed in the 16 rats given the ferronickel alloy, in 44 controls 
given penicillin Gorin 40 controls given glycerol (Sunderman, 1984). 

Groups of 40 male inbred WAG rats, 10-15 weeks of age, received a single in­
tramuscular injection of 20 mg metallic nickel in paraffin oil. One group also 
received intramuscular injections of interferon at 5 x 1(}4 U/rat twice a week begin­
ning in the tenth week after nickel treatment. Rhabdomyosarcomas occurred in 
14/30 and 5/10 rats in the two groups, respectively. Metallic nickel depressed natu­
ral killer cell activity. Prospective analysis of individual natural killer cell responses 
indicated that a persistent depression was restricted to rats that subsequently de­
veloped a tumour (Judde eta/., 1987). 

Hamster. Furst and Schlauder (1971) compared the tumour response in Syrian 
hamsters with that of Fischer 344 rats (see above) to metallic nickel powder. 
Groups of 25 male and 25 female hamsters, three to four weeks old, received five 
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monthly intramuscular injections of 5 mg nickel powder in 0.2 ml trioctanoin. Two 
fibrosarcomas occurred in males. No local tumour occurred in 25 male and 25 fe­
male controls injected with trioctanoin alone. 

(vi) Intraperitoneal administration 

Rat: As reported in an abstract, a group of male and female Fischer rats [ num­
bers unspecified], weighing 80-100 g, received intraperitoneal injections of5 mg me­
tallic nickel powder in 0.3 ml corn oil twice a month for eight months. A control 
group received injections of corn oil only. In the treated group, 30-50% of rats were 
reported to have developed intraperitoneal tumours (Furst & Cassetta, 1973). 

A group of50 female Wistar rats, 12weeks of age, received ten weekly intraper­
itoneal injections of 7.5 mg metallic nickel powder [purity unspecified] (total dose, 

- -~ 
.:::..75 mg). Abdominal tumours (sarcomas, mesotheliomas or carcinomas) developed 

in 46/48 (95.8%) rats at an average tumour latency of approximately eight months. 
Concurrent controls were not reported, but, in non-concurrent groups of saline con­
trols, abdominal tumours were found in 0-6% of animals (Pott eta/., 1987). 

Groups of female Wistar rats, 18 weeks of age, received single or repeated in­
traperitoneal injections of metallic nickel powder (100% nickel) or of one of three 
nickel alloys in 1 ml saline once or twice a week. All animals were sacrificed 30 
months after the first injection. The incidences of local sarcomas and mesothelio­
mas in the peritoneal cavity are shown in Table 22. A dose-response trend was ap­
parent for metallic nickel, and the tumour responses to the nickel alloys increased 
with the proportion of nickel present and the dose (Pott et al., 1989, 1990). [The 
Working Group noted that the results at 30 months were available as an extended 
abstract only.] 

(vii) Intravenous administration 

Mouse: A group of25 male C57Bl mice, six weeks old, received two intravenous 
injections of 0.05 ml of a 0.005% suspension of metallic nickel powder in 2.5% gela­
tin into the tail vein. Nineteen animals survived more than 52 weeks, and six sur­
vived over 60 weeks. No tumour was observed. No control group was used (Hueper, 
1955). [The Working Group noted the short period of observation.] 

Rat: A group of 25 Wistar rats [sex unspecified], 24 weeks of age, received in­
travenous injections of 0.5 mllkg bw metallic nickel powder as a 0.5% suspension in 
saline into the saphenous vein once a week for six weeks. Seven rats developed sar­
comas in the groin region along the injection route [probably from seepage at the 
time of treatment]. No control group was used (Hueper, 1955). 
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Table 22. Thmour responses of rats to intraperitoneal injection of nickel and 
nickel alloysa 

compound Total dose Schedule Mesotheliomas Sarcomas at Local tumours 
(mg, as Ni) at two years two years at 30 monthsb 

Metallic nickel 6 Single injection 3 0 4/34 
12 2 X 6mg 3 2 5/34 
25 25 X 1 mg 16 9 25/35 

Alloy (SO% Ni) so Single injection 1 7 8/35 
150 3 X 50 mg 2 8 13/35 

Alloy (29% NiY 50 Single injection 0 0 2/33 
100 2 X 50 mg 0 1 1}36 

Alloy (66% Nif 50 Single injection 0 11 12/35 
150 3 X 50 mg 4 20 22/33 

Saline 3 X 1 ml 0 1 1}33 

50 X 1 ml 0 0 0/34 

tlf'rom Pott et al. (1989, 1990) 

~esults not given separately for mesotheliomas and sarcomas 

'Before milling: 32% Ni, 21% Cr, 0.8% Mn, 55% Fe 

d&fore milling: 74% Ni, 16% Cr, 7% Fe 


(viii) Intrarenal administration 

Rat: A group of 20 female Sprague-Dawley rats, weighing 120-140 g, received 
an injection of 5 mg metallic nickel in 0.05 ml glycerine into each pole of the right 
kidney. No renal carcinoma or erythrogenic response developed within the 
12-month period of obseiVation (Jasmin & Riopelle, 1976). 

Groups ofmale Fischer 344 rats, approximately two months ofage, received an 
. intrarenal injection of7 mg metallic nickel powder or of a ferronickel alloy (NiFe,.6; 

7 mg Ni per rat) in 0.1 or 0.2 ml saline solution into each pole of the right kidney. The 
study was terminated after two years; the median survival time was 100weeks in the 
two treated groups compared with 91 weeks in controls. Renal cancers occurred in 
0/18 and 1/14 rats, respectively, compared with 0/46 saline-treated controls. The 
tumour was a nephroblastoma which was observed at 25 weeks (Sunderman et al., 
1984b). 

(ix) Implantation of ear-tags 

Rat: In a study carried out to assess the carcinogenicity of cadmium chloride, 
168 male Wistar rats, six weeks of age, received identification ear-tags fabricated of 
nickel-copper alloy (65% Ni, 32% Cu, 1% Fe, 1% Mn). A total of 14 tumours, mostly 
osteosarcomas, developed within 104weeks at the site of implantation. The authors 
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implicated nickel in the alloy as the probably causative agent and apparent local 
microbial infection as a contributory factor (Waalkes et a/., 1987). 

(x) Other routes ofadministration 

Rat: In groups of20 WAG rats [sex and age unspecified] subpenostea/ injection 
of20 mg metallic nickel powder resulted in local tumours in 11/20 rats; intramedul­
lary injection of 20 mg metallic nickel resulted in local tumours in 9/20 rats (Berry 
eta/., 1984). [The Working Group noted the absence of controls and the inadequate 
reporting of tumour induction.] 

(xi) Administration with known carcinogens 
Rat: Four groups of female Wistar rats [initial numbers unspecified], four to 

six weeks old, received intratracheal instillations of 1 or 5 mg 20-methylcholan­
threne (MC) alone or with 10 mg metallic nickel powder (99.5% nickel). A fifth 
group received 10 mg metallic nickel powder only. At 12 weeks, squamous-cell car­
cinomas had developed as follows: 5 mg MC, 2/7; 5 mg MC plus Ni, 3/5; 1 mg MC, 
0/8; 1 mg MC plus Ni, 017; metallic Ni alone, 017. Pretumorous lesions were more 
marked and the amount of epithelial metaplasia enhanced in groups receiving the 
combined treatment or MC only (Mukubo, 1978). [The Working Group noted the 
small number of animals used and the short duration of observation.] 

(b) Nickel oxides and hydroxides 

The compounds considered under this heading include a variety of substances 
of nominally similar composition, which, however, may vary considerably due to 
differences in production methods. These differences were not generally defined in 
the studies described below, beyond the relatively recent designation of green and 
black nickel oxide. 

(i) Inhalation 
Rat: Groups of six or eight male Wistar rats, two months of age, were exposed 

by inhalation to 0.6 or 8.0 mg/m3 nickel monoxide (green) particles (median aerody­
namic diameter, 1.2 J.lm) for 6 h per day on five days per week for one month, after 
which they were maintained with no further exposure for an additional 20 months. 
Histopathological examination revealed one adenocarcinoma and one adenoma­
taus lesion of the lung in the low-exposure rats and one adenomatosis in the high-ex­
posure group. Bronchial glandular hyperplasia was seen in five and six rats in the 
low- and high-dose groups, respectively; a malignant histiocytoma that emanated 
from the paranasal region was noted in the upper respiratory tract ofone rat [group 
unspecified]. None of the five control rats developed these lesions, although both 
control and exposed animals exhibited some- squamous metaplasia (Rorie et al., 
1985). [The Working Group noted the small number of animals used and the short 
exposure period.] 
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Groups of 40 and 20 male Wistar rats, five weeks of age, were exposed by inha­
lation to 60 and 200 J..Lg/m3 nickel as nickel monoxide aerosol (particle size, <0.3 
Jlm) continuously for 18 months, followed by an observation period of one year un­
der normal atmospheric conditions. At 24 months, 80% of animals in the treatment 
group had died, and at termination of the study (30 months) 62.5% of controls had 
died. No carcinogenic effect was observed (Glaser et al., 1986). [The Working 
Group noted that the toxic effects, particularly alveolar proteinosis, were severe, 
that the survival of the animals was too short for carcinogenicity to be evaluated 
fully, and that nickel oxide aerosols were generated by atomization of aqueous nick­
el acetate solutions.] 

Hamster. A group of 51 male Syrian golden hamsters, two months of age, was 
exposed by inhalation to a mean aerosol concentration of 53.2 mg/m3 nickel monox­
ide (mean particle diameter, 0.3 J..Lm) for 7 h per day on five days per week for life. 
Another group of 51 males was exposed to nickel monoxide plus cigarette smoke. 
Two control groups of 51 animals were exposed to smoke and sham dust or to sham 
smoke and sham dust. Massive pneumoconiosis with lung consolidation developed 
in the nickel monoxide-exposed animals but did not affect their lifespan. Mean life­
span was 19.6 ± 1.6 months for animals exposed to smoke and nickel monoxide, 16.1 
± 1.1 for sham-exposed nickel oxide-treated animals and 19.6 ± 1.4 and 15.3 ± 1.3 
months for the respective controls. No significant increase in the incidence of respi­
ratory tumours or any evidence of cocarcinogenic interaction with cigarette smoke 
was noted for nickel monoxide. One osteosarcoma occurred in the nickel monox­
ide-treated group and one osteosarcoma and one rhabdomyosarcoma in the muscle 
of the thorax were seen in the group given nickel monoxide plus cigarette smoke 
(Wehner et al., 1975, 1979). 

(ii) Intratracheal instillation 

Rat: Groups of female Wistar rats [numbers unspecified], 11 weeks of age, 
received ten weekly intratracheal instillations of 5 or 15 mg nickel as nickel monox­
ide (99.99% pure) in 0.3 ml saline to give total doses of 50 and 150 mg nickel, respec­
tively. A control group of 40 rats received injections of saline only and were ob­
served for 124 weeks. Lung tumour incidence in the two treated groups was 10/37 
(27%) and 12/38 (31.6%), respectively; the tumours in the two groups consisted of 
four adenocarcinomas, two mixed tumours and 16 squamous-cell carcinomas. No 
lung tumour occurred in controls (Pott et al., 1987). 

Hamster. In an experiment designed to study the effects of particulates on the 
carcinogenesis ofN-nitrosodiethylamine, groups of25 male and 25 female hamsters 
[strain unspecified], five weeks old, received intratracheal instillations of0.2 ml of a 
suspension of 2 g nickel monoxide (particle size, 0.5-1.0 J..Lffi) in 100 ml 0.5% w/v 
gelatin/saline once a week for 30 weeks. A group of 50 controls received injections 
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ofcarbon dust in the vehicle. Only three hamsters in each group survived beyond 48 
weeks. One respiratory tract tumour [unspecified] was found in the 47 nickel mon­
oxide-treated animals that were necropsied and four in controls. A high incidence 
ofrespiratory-tract tumours was observed in animals treated with N-nitrosodiethyl­
amine alone (Farrell & Davis, 1974). [The Working Group noted the poor survival 
of treated and control animals.] 

(iii) Intrapleural administration 

Rat: A group of 32 male Wistar rats, three months of age, received a single 
intrapleural injection of 10 mg nickel monoxide in 0.4 ml saline suspension. A posi­
tive control group of 32 rats received a 10 mg injection of croci do lite, and a negative 
control group of 32 rats received saline alone. After 30 months, 31/32 rats in the 
nickel monoxide-treated group had developed injection-site tumours (mostly rhab­
domyosarcomas). Median survival time was 224 days. Nine of 32 rats in the croci­
dolite-treated group had local tumours, but none of the saline controls developed 
local sarcomas (Skaug eta/., 1985). 

(iv) Intramuscular administration 
Mouse: Two groups of50 Swiss and 52 C3H mice, equally divided by sex, two to 

three months of age, received single intramuscular injections of 5 mg nickel monox­
ide in penicillin G procaine into each thigh muscle and were observed for up to 476 
days. Local sarcomas (mainly fibrosarcomas) occurred in 33 Swiss and 23 C3H 
mice. No control was reported (Gilman, 1962). 

Rat: A group of 32 Wistar rats [sex unspecified], two to three months of age, 
received single intramuscular injections of20 mg nickel monoxide powder into each 
thigh muscle and were observed for up to 595 days. Twenty-one rats developed a 
total of 26 tumours at the site of injection; 80% of the tumours were rhabdomyosar­
comas, and the average latent period was 302 days. No control was reported (Gil­
man, 1962). · 

Groups of 20 Fischer rats [sex and age unspecified] received single intramus­
cular injections at two sites of either nickel hydroxide or nickel monoxide [dose un­
specified] in aqueous penicillin G procaine. Local sarcomas developed in 15/20 (19 
tumours at 40 sites) and 2/20 rats, respectively. Concurrent vehicle controls were 
not used. Seventeen of20 animals given nickel subsulfide [dose unspecified] as pos­
itive controls developed local sarcomas. No tumour developed at the injection sites 
in two other groups of rats in the same experimental series injected intramuscularly 
with either nickel sulfate or nickel sulfide (presumed to be amorphous] (Gilman, 
1966). 

Ten male and ten female Wistar rats, weighing 150-170 g, received an intramus­
cular injection of 3 mg nickel trioxide powder. No control group was reported. No 
neoplasm developed at the injection site (Sosinski, 1975). 
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A group of 15 male Fischer 344 rats, two months of age, received a single intra­
muscular injection of nickel at 14 mg/rat as nickel monoxide (bunsenite, green-grey 
(Sunderman, 1984); 99.9% pure; particle diameter, < 2 Jllll) in 0.3 ml of a 1:1 v/v 
glycerol:water vehicle into the right thigh and were observed for 104 weeks. Four­
teen animals developed local sarcomas (mostly rhabdomyosarcomas) with a me­
dian tumour latency of49 weeks and a median survival time of58 weeks; metastases 
occurred in 4/14 rats. None of 40 control rats injected with vehicle alone developed 
tumours at the site of injection; 25/40 control rats were still alive at termination of 
the experiment (Sunderman & McCully, 1983). 

Groups of20 male Wistar rats, weighing 200-220 g, received a single intramus­
cular injection of 120 Jlmol [7.1 mg] nickel as one of three nickel hydroxide prepara­
tions - an air-dried gel, crystalline industrial nickel hydroxide and a freshly pre­
pared colloidal nickel hydroxide - in 0.1 ml distilled water. A positive control 
group was treated with 120 JlffiOl [7.1 mg] nickel as nickel subsulfide (see alsop. 337) 
and a negative control group was treated with sodium sulfate. Seven rats treated 
with the colloidal preparation and one treated with the gel died from haematuria 
one to two weeks after the treatment. Six ulcerating, tumour-like growths developed 
between five and six months after treatment in the crystalline-treated group, but 
these regressed and were not included in tabulations. Local tumours occurred in 
5119 rats (four rhabdomyosarcomas, one fibrosarcoma) given the dried gel, 3/20 (all 
rhabdomyosarcomas) given the crystalline compound, 0/13 given the colloidal prep­
aration, 16/20 positive controls and 0/20 negative controls (Kasprzak et a/., 1983). 
[See also pp. 360-361.] 

In the study by Berry eta/. (1984) described on p. 321, no tumour was induced 
by 20 mg nickel monoxide by either the intramuscular or subperiosteal route in 
groups of 20 rats. 

In the study by Judde eta/. (1987) described on p. 321, no tumour was induced 
by 20 mg nickel trioxide in ten rats. 

(v) Intraperitoneal administration 

Rat: A group of 50 female Wistar rats, 12 weeks of age, received two intraperi­
toneal injections of 500 mg nickel as nickel monoxide (99.99% pure); 46/47 of the 
animals developed abdominal tumours (sarcomas, mesotheliomas or carcinomas) 
with an average tumour latency of 31 months. Concurrent controls were notre­
ported but, in other groups of saline controls, the incidence of abdominal tumours 
ranged from 0 to 6% (Pott et a/., 1987). 

In a study described earlier (p. 322), single injections of25 and 100 mg nickel as 
nickel monoxide induced local sarcomas and mesotheliomas in the peritoneal cav­
ity in 12/34 and 15/36 female Wistar rats, respectively, after 30 months (Pott et a/., 
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1989, 1990). [The Working Group noted that the results at 30 months were available 
as an extended abstract only.] 

(vi) Intrarenal administration 

Rat: A group of 12 male Fischer 344 rats, two months of age, received an in jec­
tion of nickel monoxide (green; 7 mg/rat nickel) in 0.1 or 0.2 ml saline into each pole 
of the right kidney and were observed for two years. No renal carcinoma was ob­
served (Sunderman et al., 1984b; see also p. 323). 

(vii) Intracerebral injection 

Rat: A group of ten male and ten female Wistar rats, weighing 150-170 g, re­
ceived an intracerebral injection of 3 mg nickel trioxide powder into the cerebral 
cortex. No control group was reported. Cerebral sarcomas [gliomas] were observed 
in two rats that were killed at 14 and 21 months, respectively, and a meningioma was 
found in one rat that was killed at 21 months (Sosinski, 1975). 

(c) Nickel sulfides 

The experiments described below refer primarily to ~-nickel subsulfide and to 
.,other crystalline forms of nickel sulfide, except where specifically stated that an 
.i. 

amorphous form was tested. 

(i) Inhalation 

Rat: A group of 122male and 104 female Fischer 344 rats [age unspecified] was 
exposed by inhalation to 0.97 mg/m3 nickel subsulfide (particle diameter, < 1.5 J.lm) 
for 6 h per day on five days per week for 78 weeks. The remaining rats were observed 
for another 30weeks, by which time survival was less than 5%. Survival ofa group of 
241 control rats exposed to filtered room air was 31% at 108 weeks. A significant 
increase in the incidence of benign and malignant lung tumours was observed com­
pared to_ controls. Among treated rats, 14 malignant (ten adenocarcinomas, three 
squamous-cell carcinomas, one fibrosarcoma) and 15 benign lung tumour-bearing 
animals were identified; one adenocarcinoma and one adenoma developed among 
controls. The earliest tumour appeared at 76 weeks, and the average tumour latency 
was approximately two years. An elevated incidence of hyperplastic and metaplas­
tic lung lesions was also noted among nickel subsulfide-treated rats (Ottolenghi et 
al., 1974). 

(ii) Intratracheal instillation 

Mouse: Groups of 20 male B6C3F1 mice, eight weeks of age, received intratra­
cheal instillations of 0.024, 0.056, 0.156, 0.412 or 1.1 mg!kg bw nickel subsulfide (par­
ticle size, < 2 J.LID) in saline once a week for four weeks and were observed for up to 
27 months, at which time about 50% of the animals had died. Lung tumours 

... 
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occurred in all groups; no significant difference from controls and no dose-response 
relationship was observed. No damage to the respiratory tract that was attributable 
to treatment was seen (Fisher eta/., 1986). [The Working Group noted the low doses 
used.] 

Rat: Groups of 47, 45 and 40 female Wistar rats, 11 weeks of age, received in­
tratracheal instillations of 0.063, 0.125 or 0.25 mg/animal nickel subsulfide in 0.3 ml 
saline (total doses, 0.94, 1.88 and 3.75 mg/animal) once a week for 15 weeks. At 120 
weeks, 50% of the animals were still alive; the experiment was terminated at 132 
weeks. The incidences of malignant lung tumours were 7/47, 13/45 and 12/40 in the 
low-, medium- and high-dose groups; 12 adenocarcinomas, 15 squamous-cell carci­
nomas and five mixed tumours occurred in the lungs of treated animals. No lung 
tumour occurred in 40 controls given 20 intratracheal injections of 0.3 ml saline 
(Pott et a/., 1987). 

Hamster. In the study reported on p. 320 (Muhle eta/., 1990), no lung tumour 
was seen in 62 animals given 12 doses of 0.1 mg ~-nickel subsulfide by intratracheal 
instillation. [The Working Group noted the low total dose given.] 

(iii) Intrapleural administration 

Rat: A group of 32 male Wistar rats, three months of age, received a single 
intrapleural injection of 10 mg nickel subsulfide in 0.4 ml saline. Average survival 
was 177 days. Local malignant tumours (mainly rhabdomyosarcomas) developed in 
28/32 animals but in none of 32 saline-injected controls (Skaug et a/., 1985) 

(iv) Topical administration 

Hamster. Groups of male golden Syrian hamsters of the LVG/LAKstrain, two 
to three months of age, were painted on the mucosa ofthe buccal pouches with 1 or 2 
mg ~-nickel subsulfide in 0.1 ml glycerol three times a week for 18 weeks (six to 
seven animals; total doses, 54 and 108 mg nickel subsulfide) or with 5 or 10 mg three 
times a week for 36 weeks (13-15 animals; total doses, 540 and 1080 mg nickel subsul­
fide), and were observed for more than 19 months. Two control groups received 
applications of glycerol. No tumour developed in the buccal pouch, oral cavity or 
intestinal tract in the treated or control groups. Squamous-cell carcinomas of the 
buccal pouch developed in all four hamsters that received applications of 1 mg di­
methylbenz[a ]anthracene in glycerol three times a week for 18 weeks (Sunderman, 
1983b). 

(v) Intramuscular administration 

Mouse: Groups of 45 Swiss and 18 C3H mice, approximately equally divided 
by sex, two to three months of age, received single intramuscular injections of 5 mg 
nickel subsulfide into both or only one thigh muscle. Local tumours (mainly sarco­
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mas) developed in 27 and nine mice, respectively. No control was reported (Gilman, 
1962). 

Three groups of ten female and one group of ten male NMRI mice, six weeks of 
age, received an injection of 10 mg labelled nickel subsulfide into the left thigh 
muscle, or of 5 mg into the interscapular subcutaneous tissue, in 0.1 ml olive 
oil:streptocillin (3:1). Two mice from each group were killed two months after injec­
tion for whole-body autoradiography; no tumour was seen at this stage. The re­
maining animals were autopsied at 14 months, when local sarcomas were seen in 7/8 
and 4/8 females that received subcutaneous injections and in 4/8 males and 4/8 fe­
males.that received intramuscular injections. Metastases to the lung, liver andre­
gional lymph nodes occurred in approximately half of the 19 tumour-bearing mice. 
No control group was used (Oskarsson et al., 1979). 

Groups of four male and six female DBA/2 and five male and five female 
C57Bl6 mice, two to three months of age, received a single intramuscular injection 
of 2.5 mg a-nickel subsulfide in 0.1-0.5 ml penicillin G procaine solution into one 
thigh muscle. Local sarcomas developed in six DBA/2 (p < 0.01) and in five C57Bl6 
(p < 0.05) mice, with median latent periods of 13 and 14 months, respectively. None 
of nine control mice of each strain injected with penicillin G alone developed a sar­
coma (Sunderman, 1983b ). 

Rat: A group of 32 male and female Wistar rats, two to three months of age, 
received a single intramuscular injection of 20 mg nickel subsulfide into one or both 
thigh muscles. After an average of 21 weeks, 25/28 rats had developed 36 local tu­
mours. Vehicle controls were not available, but two further groups of 30 rats each 
injected with ferrous sulfide did not develop tumours at the site of injection after 
627 days (Gilman, 1962). 

Groups of ten male and ten female Fischer rats, five months of age, were ad­
ministered nickel subsulfide either by an intramuscular injection of 10 mg powder 
(particle size, 2-4 Jlm), by implantation of an intact 11-mm disc (500 mg), by implan­
tation of 3-5-mm disc fragments or by implantation of 10 mg powder in a 0.45-J.lm 
porosity millipore diffusion chamber. Local tumours (mostly rhabdomysarcomas) 
developed in 71-95% of rats, which demonstrated diffusion of soluble nickel from 
the chambers. The mean tumour latency for the last group was 305 days, almost 
twice that for the other three groups. Among 19 controls given 38 implants ofempty 
diffusion chambers, one tumour developed after 460 days. The authors considered 
that the experiment demonstrated that the induction of neoplasms by nickel subsul­
fide is a chemical rather than a physical (foreign-body) reaction and that phagocy­
tosis is not essential for nickel tumorigenesis (Gilman & Herchen, 1963). 

Groups of 15 Fischer rats received implants ofnickel subsulfide discs (250 mg) 
or 8 x 1-mm discs of ferric oxide (control) in opposite sides of the gluteal 

http:0.45-J.lm
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musculature. The nickel subsulfide discs were removed in a geometric sequence at 
two, four, eight... up to 256 days after implantation, and average tumour incidence 
after 256 days was 66%. The critical exposure (tissue contact) period necessary for 
nickel subsulfide to induce malignant transformation was 32-64 days (Herchen & 
Gilman, 1964). 

Groups of 15 male and 15 female hooded and 15 male and 12 female NIH 
(Bethesda) black rats, two to three months ofage, received injections of 10 mg nickel 
subsulfide in penicillin G procaine into each gastrocnemius muscle. NIH Black rats 
were less susceptible to local tumour induction (14/23 rats) than hooded rats 
(28/28). Massive phagocytic invasion of the nickel injection site occurred in the NIH 
black rats (Daniel, 1966). 

Groups of 20 male and 20 female Fischer 344 rats, five weeks of age, received a 
single subcutaneous injection of 10 or 3.3 mg nickel subsulfide in 0.25 ml saline. Two 
further groups received single intramuscular injections of 10 or 3.3 mg nickel sub­
sulfide. A group of 60 male and 60 female control rats received injections of 0.25 ml 
saline twice a week for 52 weeks, and a further control group received no treatment. 
At 18 months, the groups injected subcutaneously with nickel subsulfide had tu­
mour incidences of 90 and 95%, and the groups injected intramuscularly had tu­
mour incidences of 85% and 97%. Most tumours in both groups were rhabdomyo­
sarcomas. No local tumour occurred in controls (Mason, 1972). 

Groups often male Fischer 344 rats, three months of age, received intramuscu­
lar injections of amorphous nickel sulfide and ~-nickel subsulfide in 0.5 ml penicil­
lin G procaine suspension at two comparable dose levels (about 5 and 20 mg/rat), to 
provide 60 and 240 J.Lg Ni per rat. A further group received injections ofnickel ferro­
sulfide matte (85 and 340 J.Lg atom of nickel per rat). Sarcomas at the injection site 
developed in 8/10 and 9/9 ofthe low- and high-dose nickel subsulfide-treated groups 
and in 1/10 and 8110 of the low- and high-dose nickel ferrosulfide matte-treated 
groups, respectively. No local sarcoma developed in the groups given nickel sulfide, 
among control rats given penicillin G procaine suspension alone or in two control 
groups treated with metallic iron powder (Sunderman & Maenza, 1976). 

Groups of 63 male and female inbred Fischer and 20 male and female hooded 
rats, ten to 14 weeks old, received an intramuscular injection of 10 mg nickel subsul­
fide in penicillin G procaine. Tumour-bearing rats were autopsied 30 days after 
detection of the tumour. Tumours occurred in 59/63 Fischer and 11/20 hooded rats; 
81.9% of tumours in hooded rats metastasized, compared to 25.4% in Fischer rats. 
Metastatic lesions were observed in the heart, pleura, liver and adrenal glands, as 
well as in lungs and lymph nodes of nine hooded rats. Of the primary tumours, 67% 
were rhabdomyosarcomas (Yamashiro et al., 1980). 
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Groups of 30 male Fischer 344 rats, approximately two months of age, received 
a single intramuscular injection of0.6, 1.2, 2.5 or 5 mg nickel subsulfide. Local sar­
comas were recorded in 7/30, 23/30, 28/30 and 29/30 of the animals, respectively 
[p < 0.01], indicating a dose-related increase in incidence. No such tumour devel­
oped in 60 untreated controls (Sunderman et al., 1976). In an extension of this study, 
a total of 383 animals received injections of 0.63-20 mg ~-nickel subsulfide. Sarco­
ma incidence at 62 weeks after treatment ranged from 24% at the lowest dose level 
to 100% at the highest dose level. Of the 336 sarcomas induced, 161 were rhabdo­
myosarcomas, 91 undifferentiated sarcomas, 72 fibrosarcomas, nine liposarcomas, 
two neurofibrosarcomas and one a haemangiosarcoma. Metastasis was seen in 137 
of the 336 tumour-bearing animals (Sunderman, 1981). 

In a study on the relationship between physical and chemical properties and 
carcinogenic activities of 18 nickel compounds at a standard 14-mg intramuscular 
dose of nickel under comparable experimental conditions in male Fischer 344 rats 
(seep. 321), five nickel sulfides were among the compounds tested. Three of these 
( 0!-nickel subsulfide, crystalline {3-nickel sulfide and nickel ferrosulfide matte) in­
duced local sarcomas in 100% of animals (9/9, 14/14 and 15/15). Metastases devel­
oped in 56, 71 and 67%, respectively, of the tumour-bearing rats. Nickel disulfide 
induced local tumours in 86% (12/14) animals and amorphous nickel sulfide in 12% 
(3/25). Median latent periods were 30 weeks for nickel subsulfide, 40 weeks for crys­
talline nickel sulfide, 36 weeks for nickel disulfide, 41 weeks for amporphous nickel 
sulfide, but only 16 weeks for nickel ferrosulfide. Median survival times were 39, 48, 
47, 71 and 32 weeks, respectively (Sunderman, 1984). 

In the study by Berry et al. (1984) described on p. 321, tumours developed in 
10/20 rats given 5 mg nickel subsulfide intramuscularly, in 0/20 treated subperios­
teally and in 10/20 given intrafemoral injections. 

In the study by Judde et al. (1987) described on p. 321, a single intramuscular 
injection of 5 mg nickel subsulfide induced tumours in 2/100 rats. 

[The Working Group was aware of several other studies in which nickel subsul­
fide was used as a positive control or as a model for the induction of rhabdomyosar­
comas.] 

Hamster. Groups of 15 or 17 male Syrian hamsters, two to three months of age, 
received a single intramuscular injection of 5 or 10 mg nickel subsulfide in 0.02-0.5 
ml sterile saline. Of the 15 animals receiving the 5-:mg dose, four developed local 
sarcomas, with a median latent period of ten months. At the 10-mg dose, 12/17 
hamsters had local tumours, with a mean latency of 11 months [p < 0.01, trend test]. 
No tumour occurred among 14 controls injected with saline alone (Sunderman, 
1983a). 
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Rabbit: Six-month-old white rabbits [sex and number unspecified] received 
intramuscular implants of agar-agar blocks containing approximately 80 mg nickel 
subsulfide powder. Sixteen rabbits with local tumours (rhabdomyosarcomas)were 
examined. Tumours were first observed about four to six months after implantation 
as small growths, which usually ceased active progression for up to 80 weeks then 
grew rapidly over the next four or five weeks (Hildebrand & Biserte, 1979a,b ). [The 
Working Group noted the limited reporting of the study.] 

Four male New Zealand albino rabbits, two months old, received bilateral in­
tramuscular injections of 25 mg ~-nickel subsulfide (50 mglrabbit) in 0.1-0.5 ml 
penicillin G procaine suspension. All animals died between 16 and 72 months. No 
local tumour was found on autopsy (Sunderman, 1983a). [The Working Group 
noted the short observation period.] 

(vi) Intraperitoneal administration 

Rat: Of a group of 37 Fischer rats [sex and age unspecified] that received a 
single intraperitoneal injection of nickel subsulfide [dose unspecified], nine devel­
oped tumours, eight of which were rhabdomyosarcomas and one a mesothelioma 
(Gilman, 1966). [The Working Group noted the limited reporting of the study.] 

A group of 50 female Wistar rats, 12weeks of age, received a single intraperito­
neal injection of25 mg nickel subsulfide. Abdominal tumours (sarcomas, mesothe­
liomas and carcinomas) occurred in 27 I42 animals, with ail average latent period of 
eight months (Pott et a/., 1987). 

In a study described above (p. 322), three doses of nickel subsulfide were in­
jected into the peritoneal cavities of groups of female Wistar rats. Local tumours 
were observed at 30 months in 20/36 animals that received 6 mg (as Ni) as a single 
injection, in 23/35 receiving 12 mg (as Ni) as two 6-mg injections and in 25/34 given 
25 mg (as Ni) as 251-mg injections. The tumours were mesotheliomas or sarcomas 
of the abdominal cavity (Pott eta/., 1989, 1990). [The Working Group noted that the 
results at 30 months were available as an extended abstract only.] 

(vii) Intrarena/ administration 

Rat: Groups of 16 and 24 female Sprague-Dawley rats, weighing 120-140 g, 
received a single injection of 5 mg nickel subsulfide in 0.05 ml glycerine or 0.5 ml 
saline into each pole of the right kidney. Renal-cell carcinomas occurred in 7/16 and 
11124 animals compared with 0/16 in animals given 0.5 ml glycerine (Jasmin & Rio­
pelle, 1976). 

In a second experiment (Jasmin & Riopelle, 1976), the activity of other nickel 
compounds and divalent metals was investigated under identical experimental con­
ditions using glycerine as the vehicle; all rats were autopsied after 12 months' expo­
sure. In one group of 18 rats, nickel sulfide [probably amorphous] exhibited no 
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renal tumorigenic activity. (The Working Group noted that it was not stated wheth­
er crystalline or amorphous nickel sulfide was used.] 

Groups of male and female Wistar Lewis, NIH black, Fischer 344 and 
Long-Evans rats, eight weeks of age, received an intrarenal injection of5 mg a-nick­
el subsulfide. The incidence of malignant renal tumours 100 weeks after exposure 
was 7/11 in Wistar Lewis, 6/12 in NIH black, 9/32 in Fischer and 0/12 in Long-Evans 
rats. Groups of 11-24 male Fischer rats were given an intrarenal injection of0.6, 1.2, 
2.5, 5 or 10 mg nickel subsulfide; no tumour was seen with 0.6, 1.2 or 2.5 mg, but 
responses of 5/18 and 18/24 were obtained with 5 mg and 10 mg, showing a dose-re­
sponse effect. All tumours were malignant, but the authors could not establish 
whether the tumours were ofepithelial or mesenchymal origin; 70% had distant me­
tastases (Sunderman et al., 1979a). 

Groups of male Fischer 344 rats [initial number unspecified], approximately 
eight weeks old, received an intrarenal injection of 7 mg nickel as one of several 
sulfides in 0.1 or 0.2 ml saline or in glycerol:distilled water (1:1, v/v) in each pole of 
the right kidney and were observed for two years after treatment. The incidence of 
renal cancer was significantly elevated in treated groups: nickel disulfide, 2/10 
(fibrosarcomas); crystalline ~-nickel sulfide, 8/14 (three fibrosarcomas, three other 
sarcomas, one renal-cell carcinoma, one carcinosarcoma); and a-nickel subsulfide, · 
4/15 (mesangial-cell sarcomas). Renal cancers occurred in 1/12 (sarcoma) rats 
treated with nickel ferrosulfide and in 0115 rats treated with amorphous nickel sul­
fide. No local tumour developed in vehicle controls (Sunderman et a!., 1984b). 

(viii) lntratesticular administration 

Rat: A group of 19 male Fischer 344 rats, eight weeks of age, received an injec­
tion of 10 mg n:-nickel subsulfide in 0.3 ml saline into the centre of the right testis 
and were observed for 20 months, at which time all the animals had died. A control 
group of 18 rats received an injection of 0.3 ml saline only, and a further two groups 
offour rats each received injections ofeither 10 mg metallic iron powder in saline or 
2 mg zinc[II] as zinc chloride in distilled water. Of the nickel subsulfide-treated 
rats, 16/19 developed sarcomas in the treated testis, ten of which were fibrosarco­
mas, three malignant fibrous histiocytomas and three rhabdomyosarcomas. Four 
of the rats had distant metastases. No tumour occurred in the other groups (Dam­
janov et al., 1978). 

(ix) Intraocular administration 

Rat: A group of 14 male and one female Fischer 344 rats, four weeks of age, 
received an injection of 0.5 mg a!-nickel subsulfide in 20 J.ll saline into the vitreous 
cavity of the right eye under anaesthetic. Eleven male controls were similarly in­
jected with saline alone. The experiment was terminated at 40-42 weeks after 
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treatment, when 11 control and one surviving treated rats were killed. Between 26 
and 36 weeks after injection, 14/15 rats developed ocular tumours. Five of the tu­
morous eyes contained multiple neoplasms, and 22 distinct ocular tumours were 
identified as 11 melanomas, four retinoblastomas, three gliomas, one phakocarci­
noma [lens capsular tumour] and three unclassified malignant tumours. No tu­
mour developed in either the controls or in the unin jected, left eyes of treated rats. It 
was postulated that the very high incidence (93%) and short latent periods may have 
been due in part to the relative isolation of the vitreous bodies from the systemic 
circulation (blood-retina barrier), which would result in a high concentration of 
nickel[II]. The authors also pointed out that nickel particles within the vitreous 
body were relatively sequestered from phagocytosis. The visibility of developing 
tumours within the chamber permits their very early recognition (Albert eta/., 1980; 
Sunderman, 1983b ). 

Salamander: A group ofeight lentectomized Japanese common newts received 
a single injection of 40-100 J.!g nickel subsulfide into the vitreous chamber of the eye 
under anaesthetic. Seven newts developed ocular melanoma-like tumours within 
nine months, while no tumour occurred in six controls injected with 2-3 J.ll sterile 
0.6% saline or eye-dropper oil after lens extirpation. The lens regenerated in each of 
the control eyes. The site of tumour origin could not be determined, although it was 
suggested to be the iris, which showed numerous aberrant proliferating cells at 
three months (Okamoto, 1987). 

(x) Transplacental administration 

Rat: A group of eight pregnant female Fischer 344 rats, 120-150 days of age, 
received an intramuscular injection of20 mg a-nickel subsulfide in 0.2 ml procaine 
penicillin G suspension on day 6 of gestation, allowing for gradual dissolution of the 
nickel subsulfide throughout the remainder of the pregnancy. A group of controls 
received an injection of vehicle only. No difference in the incidence of benign or 
malignant tumours was seen between the 50 pups born to treated dams and 53 con­
trol pups observed for 26 months (Sunderman eta/., 1981). [The Working Group 
noted that only one dose was used, which was not toxic to the fetuses.] . 

(xi) Implantation into subcutaneously implanted tracheal grafts 

Rat: Groups of 30 and 32 female Fischer 344 rats, ten weeks of age, received 
five gelatin pellets containing 1 or 3 mg nickel subsulfide in heterotopic tracheal 
transplants inserted under the dorsal skin. At the lower dose level, tumours devel­
oped in 9/60 tracheas (six carcinomas and three sarcomas); at the higher dose level, 
tumours developed in 45/64 tracheas (one carcinoma and 44 sarcomas). No tumour 
developed in 20 control transplanted tracheas. The high dose resulted in necrosis of 
the epithelium and thus favoured the development of sarcomas (Yarita & Nettes­
heim, 1978). 
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(xii) 	 Intramuscular, subcutaneous or intra-articular injection or injection 
into retroperitoneal fat 

Rat: In a study designed to determine the types of sarcoma that develop from 
various mesenchymal tissue components, groups of 20 male Fischer 344 rats, seven 
to eight weeks of age, received injections of 5 mg nickel subsulfide either intramus­
cularly, subcutaneously, into the intra-articular space or into retroperitoneal fat. 
Control groups often rats each were injected with 0.5 ml aqueous procaine penicil­
lin G vehicle. The incidences and types of sarcoma that developed in the exper­
imental groups were: intramuscular, 19/20 (all rhabdomyosarcomas); subcuta­
neous, 18/19 (ten malignant fibrous histiocytomas, five rhabdomyosarcomas, three 
fibrosarcomas or unclassified); intra-articular, 16/19 (eight rhabdomyosarcomas, 
three malignant fibrous histiocytomas, five fibrosarcomas or unclassified); andre­
troperitoneal fat, 9/20 (five malignant fibrous histiocytomas, three rhabdomyosar­
comas, one fibrosarcoma or unclassified). Controls did not develop tumours (Shi­ :.;:;_ i ··-- j 

:~?-bata et a/., 1989). 

(xiii) Administration with known carcinogens 
-~·.Rat: Groups of 30 male Fischer rats, eight to nine weeks of age, received intra­

muscular injections in both thighs of either 10 mg nickel subsulfide, 10 mg ben­
zo[a]pyrene or 20 mg nickel subsulfide plus 10 mg benzo[a]pyrene in penicillin G 
procaine suspension, or vehicle alone. All treated rats developed sarcomas; rhab­
domyosarcomas occurred in 24/30 given 10 mg nickel subsulfide, 4/30 given ben­
zo[a ]pyrene and 28/30 given 20 mg nickel subsulfide plus benzo[a ]pyrene. No sarco­
ma occurred in controls (Maenza et al., 1971). 

Groups of 13, 13 and 12 male Wistar rats, weighing approximately 200 g, re­
ceived single intratracheal injections of5 mg nickel subsulfide, 2 mg benzo[a ]pyrene 
or 5 mg nickel subsulfide plus 2 mg benzo[a ]pyrene and were observed for 15 
months. One rat from each group developed a tumour, consisting of one hepatoma, 
one retroperitoneal tumour and one squamous-cell carcinoma of the lung, respec­
tively. Significant differences were seen in the incidence of preneoplastic lesions 
(peribronchial adenomatoid proliferation and bronchial squamous metaplasia), 
the occurrence decreasing in the order: nickel subsulfide plus benzo[a ]pyrene > 
benzo[a ]pyrene > nickel subsulfide (Kasprzak eta/., 1973). 

(d) 	 Nickel salts 

(i) Intramuscular administration 

Rat: A group of 32 male and female Wistar rats, two to three months of age, 
received an injection of 5 mg nickel sulfate hexahydrate in one or both thigh muscles 
(54 injected sites). Thirteen rats survived until the end of the experiment at 603 days. 

.;; 
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No local tumour was found at the site of injection. No vehicle control was used 
(Gilman, 1962). 

In a study reported as an abstract, sheep fat pellets, each containing 7 mg of 
either nickel sulfate, nickel chloride, nickel acetate, anhydrous nickel acetate, nickel 
carbonate or nickel ammonium sulfate, were given as three intramuscular implants 
[interval unspecified] into groups of 35 Bethesda black [NIH black] rats. Animals 
were observed for 18 months. Six tumours developed in the nickel carbonate group; 
single tumours developed in the nickel acetate and nickel sulfate groups. No tu­
mour developed in any of the other groups or in 35 controls (Payne, 1964). 

In a study comparing the in-vitro solubility and carcinogenicity of several nick­
el compounds, nickel fluoride and nickel sulfate were suspended in penicillin G pro­
caine and injected intramuscularly [dose unspecified] into groups of20 Fischer rats 
[sex and age unspecified]. The incidence of local sarcomas was 3/18 (17%; 3/36 
sites) with nickel fluoride and 0/20 with nickel sulfate. Seventeen of 20 (85%) rats 
given nickel subsulfide as a positive control developed local sarcomas. No tumour 
developed in 20 rats injected with nickel sulfide [presumed to be amorphous] (Gil­
man, 1966). [The Working Group noted that no concurrent vehicle control was used 
and that the length of observation was not specified.] 

A group of 20 male Wistar ratss weighing 200-220 g, received 15 intramuscular 
injections of 20 J.ll of a 0.2 M solution of nickel sulfate ( 4.4 J..lmol [0.26 mg]/injection 
of nickel; total dose, 66 J..Lmol [ 4 mg]/rat nickel) every other day during one month. 
Further groups of 20 male rats received injections of nickel subsulfide (total dose, 40 
J..llllOl [7.1 mg nickel]; positive control) or sodium sulfate (15 injections of 20 J..ll of a 
0.2 M solution; negative control). Nickel subsulfide induced local tumours in 16/20 
rats; no tumour developed in nickel sulfate- or sodium sulfate-treated rats (Kaspr­
zak et a/., 1983). 

One local sarcoma was found in 16 male Fischer 344 rats, two to three months 
old, given an intramuscular injection of nickel chromate into the right thigh as 14 
mglrat nickel. Ten rats survived two years (Sunderman, 1984). 

(ii) Intraperitoneal administration 

Mouse: In a screening assay for lung adenomas in strain A mice, groups often 
male and ten female Strong strain A mice, six to eight weeks old, received intraperi­
toneal injections of nickel acetate in 0.85% physiological saline (total doses, 72, 180 
and 360 mglkg bw) three times a week for 24 weeks and were observed for 30 weeks, 
at which time all survivors were autopsied. Further groups of mice received a single 
intraperitoneal injection of20 mg urethane (positive control), 24 injections of saline 
only or remained untreated. The incidences of lung tumours were: saline control, 
37% (0.42 tumours/animal); untreated control, 31% (0.28 tumours/animal); positive 
control, 100% (21.6 tumours/animal); 72 mg nickel acetate, 44% (0.67 tumours/ 
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animal); 180 mg nickel acetate, 50% (0.71 tumours/animal); and 360 mg nickel ace­
tate, 63% (1.26 tumours/animal). The difference in response between the group giv­
en 360 mg nickel acetate and the negative control group was significant (p < 0.01). 
Five adenocarcinomas of the lung were observed in the nickel-treated mice com­
pared to none in controls (Stoner eta/., 1976). 

In the same type of screening assay, 30 male and female Strong strain A mice, 
six to eight weeks of age, received intraperitoneal injections of 10.7 mg/kg bw nickel 
acetate tetrahydrate (maximal tolerated dose; 0.04 mmol [2.4 mg]/kg bw nickel) 
three times a week for 24 weeks. A control group received injections of 0.9% saline 
under the same schedule. Animals were autopsied 30 weeks after the first injection. 
Of the nickel-treated group, 24/30 animals survived to 30 weeks and had an average 
of 1.50 lung adenomas/animal, whereas 25/30 controls had an average of 0.32 lung 
adenoma/animal (p < 0.05) (Poirier et al., 1984). 

Rat: In a study described earlier (p. 322), groups of female Wistar rats were 
given repeated intraperitoneal injections of 1mg of each of four soluble nickel salts. 
The dose schedule and tumour responses at 30 months are shown in Table 23. The 
tumours were either mesotheliomas or sarcomas (tumours of the uterus were not 
included) (Pott eta/., 1989, 1990). [The Working Group noted that administration of 
nickel sulfate and nickel chloride by intramuscular injection has not been shown to 
induce tumours in rats. They suggest that in this instance the repeated small intra­
peritoneal doses permitted repeated exposure of potential target cells. Repeated 
intramuscular injections would result in nickel coming into contact with different 
cells at each injection. The Group also noted that the results at 30 months were 
reported only as an extended abstract.] 

(iii) Administration with known carcinogens 

Rat: Groups of 12 rats [strain, sex and age unspecified] received a single sub­
cutaneous injection of 9 mg/ml dinitrosopiperazine in aqueous Tween 80. The fol­
lowing day, one group received topical insertion into the nasopharynx of0.02 ml of a 
0.5% solution of nickel sulfate in 4% aqueous gelatin once a week for seven weeks. 
A further group was held for six days and then administered 1 ml of aqueous 1% 
nickel sulfate solution in the drinking-water for six weeks. Additional groups of 12 
rats received treatment with dinitrosopiperazine, nickel sulfate solution or nickel 
sulfate in gelatin only. Survival at 371 days was lower in the group treated with dini­

·~ 

' 

tropiperazine plus nickel sulfate solution in the drinking-water than in the group 
given the nitrosamine or the nickel sulfate solution alone. Two nasopharyngeal tu­
mours (one squamous-cell carcinoma, one fibrosarcoma) occurred in the group 
treated with dinitropiperazine plus nickel sulfate in drinking-water and two (one 
papilloma, one early carcinoma) in the group treated with dinitropiperazine plus 
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Table 23. Tumour responses of rats to intraperitoneal injection of soluble 
nickel salts6 

Compound Total dose Schedule Incidence of abdominal 
(mg, as Ni) tumours 

Nickel chloride.6Hz0 50 50 X 1 mg 4/32 [p < 0.05] 

Nickel sulfate.7H20 50 50 X 1 mg 6/30 [p < 0.05] 

Nickel acetate.4H20 25 25 X 1 mg 3/35 

50 50 X 1 mg 5/31 [p < 0.05 for trend] 

Nickel carbonate 25 25 X 1 mg 1135 
Nickel hydrox:ide.2H2 0 50 50 X 1 mg 3/33 
Saline 3 X 1 ml 1133 

50 X 1 ml 0/34 

llf"rom Pott et al. (1989, 1990) 

insertion of nickel sulfate in gelatin. No tumour occurred in the other groups. The 
authors concluded that 'probably nickel has a promoting action in the induction of 
nasopharyngeal carcinoma in rats following dinitrosopiperazine initiation' (Ou et 
al., 1980). [The Working Group noted the small number of animals used and the 
poor survival.] 

As reported in an abstract, in an extension of the study by Ou et al. (1980), five 
of22 rats given an initiating injection of dinitrosopiperazine developed carcinomas 
following oral administration of nickel sulfate in gelatin. Two of the carcinomas 
were of the nasopharynx, two of the nasal cavity and one of the hard palate. No 
tumour developed in rats [numbers unspecified] treated with dinitrosopiperazine 
plus aqueous nickel sulfate, with nickel sulfate in gelatin alone or with dinitrosopip­
erazine alone (Liu et a/., 1983). [The Working Group noted the small number of 
animals used and the poor survival.] 

As reported in an abstract, a group of 13 female rats [strain and age unspeci­
fied] received a single subcutaneous injection of 9 mg dini trosopiperazine on day 18 
of gestation. Pups of treated dams were fed 0.05 ml of 0.05% nickel sulfate begin­
ning at four weeks of age every day for one month. The dose of nickel sulfate was 
increased by 0.1 ml per month for a further five months, by which time 5/21 pups 
had developed carcinomas of the nasal cavity. In a group of untreated pups of 
treated dams, 3/11 rats developed tumours (one nasopharyngeal squamous-cell car­
cinoma, one neurofibrosarcoma of the peritoneal cavity and one granulosa-the­
cal-cell carcinoma of the ovary). Groups given nickel sulfate and untreated control 
groups of seven pups each did not develop tumours. None of the pregnant rats that 
had been injected with dinitrosopiperazine alone developed tumours (Ou et al., 
1983). 
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Groups of 15 male Fischer 344 rats, seven weeks old, were administered 500 
mg/1 N-nitrosoethylhydroxyethylamine (NEHEA) in the drinking-water for two 
weeks. Thereafter, rats received drinking-water alone or drinking-water containing 
600 mg/1 nickel chloride hexahydrate for 25 weeks, when the study was terminated. 
The incidence of renal-cell tumours in the group receiving NEHEA and nickel chlo­
ride (8/15) was significantly higher (p < 0.05) than that in controls given NEHEA 
alone (2/15) or nickel chloride alone (0/15) (Kurokawa eta!., 1985). Nickel chloride 
did not show promoting activity in livers of Fischer 344 rats after initiation with 
N-nitrosodiethylamine, in gastric tissue of Wistar rats after initiation with N-meth­
yl-N' -nitro-N-nitrosoguanidine, in the pancreas of Syrian golden hamsters follow­
ing initiation with N-nitrosobis(2-oxypropyl)amine or in skin of SENCAR mice ini­
tiated with 7,12-dimethylbenz[a ]anthracene. The authors concluded-that nickel 
chloride is a promoter in renal carcinogenesis in rats (Hayashi eta/., 1984; Kuroka­
wa et a/., 1985). 

(e) Other nickel compounds 

(i) Inhalation 

Rat: Groups of 64 or 32 male Wistar rats, weighing 200-250 g, were exposed by 
inhalation for 30 min to 30 or 60 mg/m3 nickel carbonyl vapourized from a solution 
in 50:50 ethanol:diethyl ether, respectively, three times a week for 52 weeks. Anoth­
er group of 80 rats was exposed once to 250 mg/m3nickel carbonyl. All treated ani­
mals had died by 30 months. One lung carcinoma appeared in each of the first two 
groups, and two pulmonary carcinomas developed in the last group. No pulmonary 
tumour occurred among 41 vehicle-treated control rats (Sunderman eta/., 1957, 
1959). A further group of 285 rats was exposed for 30 min to 600 mg/m3 nickel car­
bonyl; 214 died from acute toxicity. One lung adenocarcinoma was observed in the 
remaining 71 animals. Similar exposure to nickel carbonyl followed by intraperito­
neal injection of sodium diethyl dithiocarbamate, an antidote, resulted in survival 
of all 60 treated rats and the development of a single anaplastic lung carcinoma. 
Minimal time to observation of lung tumours in these groups was in excess of 24 
months. No lung carcinoma was observed in a group of 32 controls (Sunderman & 
Donnelly, 1965). 

A group of five non-inbred rats [sex and age unspecified] was exposed by inha­
lation to 70 mg/m3 nickel refinery dust (containing 11.3% metallic nickel, 58.3% 
nickel sulfide [identity unspecified], 1.7% nickel monoxide and 0.2% water-soluble 
nickel [composition of sample unclear]) for 5 h per day on five days per week for six 
months. Seventeen months after the start of treatment, one of five rats developed a 
squamous-cell carcinoma of the lung. No tumour developed among 47 untreated 
controls (Saknyn & Blokhin, 1978). [The Working Group noted the small number of 
animals used.] 
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Hamster. Groups of 102 male Syrian golden outbred LAK:LVG hamsters, two 
months old, were exposed by inhalation to concentrations of 17 or 70 mg/m3 nick­
el-enriched fly ash from the addition of nickel acetate to pulverized coal before com­
bustion (nickel content, 6%) for 6 h per day on five days per week for 20 months. 
Further groups were exposed to 70 mg/m3 fly ash containing 0.3% nickel, or were 
sham-exposed. Five animals from each group were autopsied at four-month inter­
vals up to 16 months, and all survivors were sacrificed at 20 months. No significant 
difference in mortality rate or body weight was observed between the groups. There 
were 14, 16, 16 and seven benign and malignant tumours in the sham-exposed, fly 
ash, low-dose and high-dose nickel-enriched fly ash groups, respectively. The only 
two malignant pulmonary neoplasms (one adenocarcinoma, one mesothelioma) oc­
curred in the group receiving fly ash enriched with the high dose ofnickel (Wehner et 
al., 1981, 1984). 

(ii) Intratracheal instillation 

Rat: A group of 26 white non-inbred rats [sex and age unspecified] received a 
single intratracheal instillation of 20-40 mg aerosol dust (64.7% nickel monoxide 
(black), 0.13% nickel sulfide, 0.18% metallic nickel) in 0.6 ml saline. One squa­
mous-cell carcinoma of the lung had developed by 17 months. No tumour devel­
oped among a group of 47 controls (Saknyn & Blokhin, 1978). [The Working Group 
noted that it was not stated whether the controls were untreated or received the ve­
hicle alone.] 

(iii) Intramuscular administration 

Mouse: A group of 40 female Swiss mice, two to three months of age, received 
an intramuscular injection in each thigh of 10 mg of a nickel refinery dust (57% 
nickel subsulfide, 20% nickel sulfate hexahydrate, 6.3% nickel monoxide) sus­
pended in penicillin G procaine. Of the 36 mice that survived more than 90 days, 20 
developed a total of23local sarcomas, with an average latent period of46 weeks. No 
tumour occurred among 48 control mice injected with the vehicle alone (Gilman & 
Ruckerbauer, 1962). 

Rat: A group of 35 male and female hooded rats, two to three months of age, 
received an intramuscular injection in each thigh of 20 mg of a nickel refinery dust 
(57% nickel subsulfide, 20% nickel sulfate hexahydrate, 6.3% nickel oxide) sus­
pended in penicillin G procaine. Of the 27 rats that survived more than 90 days, 19 
developed local sarcomas. Another group of31 male and female rats received injec­
tions of the same refinery dust after repeated washing in distilled water; 20/28 of the 
rats that survived more than 90 days developed local tumours at one or other of the 
injection sites. No tumour occurred among 30 control rats injected with the vehicle 
alone (Gilman & Ruckerbauer, 1962). 
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Groups of 25 male and 25 female Fischer 344 rats [age unspecified] received 12 
intramuscular injections of 12 or 25 mg nickelocene in trioctanoin. Tumour inci­
dences were 18/50 and 21150, respectively. No local tumour occurred in a group of 
25 male and 25 female controls (Furst & Schlauder, 1971). 

Groups of 15-30 male Fischer 344 rats, approximately eight weeks old, received 
a single intramuscular injection of 14 mg nickel as one of four nickel arsenides, nick­
el antimonide, nickel telluride, nickel sinter matte (Ni4FeS4 ; positive control), nickel 
titanate or ferronickel alloy (NiFe1•6 ; negative controls) in 0.3 ml glycerol:water (1:1; 
v/v) into the exterior thigh. The compounds were > 99.9% pure and were ground 
down to a median particle size of < 2 J..Lm. Rats that died within two months of the 
injection were excluded from the experiment; remaining animals were observed for 
two years. Median survival ranged from 32 weeks {positive controls) to over 100 
weeks (negative controls). The incidences of local tumours in the groups were: nick­
el sinter matte, 15/15; nickel sulfarsenide, 14/16; nickel arsenide hexagonal, 17/20; 
nickel antimonide, 17/29; nickel telluride, 14/26; and nickel arsenide tetragonal, 
8/16. No tumour was observed in the groups treated with nickel arsenide, ferronick­
el alloy or nickel titanate nor in a vehicle control group. Median latency for tumour 
induction ranged from 16 weeks (positive controls) to 33 weeks (nickel arsenide te­
tragonal-treated group). The incidence of tumours induced by the test compounds 
was significantly greater than that in the vehicle control group (p < 0.001); 67% of 
all the sarcomas were rhabdomyosarcomas, 11% fibrosarcomas, 15% osteosarco­
mas and 5% undifferentiated sarcomas. Metastases occurred in 57% of tu­

~rmour-bearing rats (Sunderman & McCully, 1983). 

In a continuation of these tests, nickel selenide, nickel subselenide and nickel 
monoxide (positive control; seep. 327) were tested using the same experimental 
techniques. Nickel selenide and nickel subselenide induced significant increases in 
the incidence of local tumours (8/16 and 21/23, respectively; p < 0.001); the positive 
control group had 14/15 tumours. Metastases occurred in 38 and 86%, respectively, 
of tumour-bearing rats in the selenium-treated groups and in 29% of positive con­
trols. Approximately 50% of the tumours were rhabdomyosarcomas (Sunderman, 
1984). J 

~-~ Hamster. Groups of 25 male and 25 female hamsters, three to four weeks old, 
received eight monthly injections of 5 mg nickelocene in 0.2 ml trioctanoin into the ~··· 
right thigh. No tumour was induced. A group of survivors from another test [age ;.,
unspecified] received a single intramuscular injection of 25 mg nickelocene in trioc­
tanoin; fibrosarcomas occurred in 1/13 females and 3/16 males. No tumour oc­
curred in 25 male or 25 female vehicle controls (Furst & Schlauder, 1971). 
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(iv) Intraperitoneal administration 

Rat: Groups of 16 and 23 non-inbred albino rats [sex and age unspecified] re­
ceived a single intraperitoneal injection of 90-150 mg of one of two refinery dusts: 
the first contained 11.3% metallic nickel, 58.3% nickel sulfide, 1.7% nickel monox­
ide and 0.2% water-soluble nickel; the second contained 2.9% metallic nickel, 
26.8% nickel sulfide, 6.8% nickel monoxide and 0.07% water-soluble nickel. Each 
was given in 1.5 ml physiological saline. Three local sarcomas developed within six 
to 15 months in animal treated with the first dust, and three local sarcomas devel­
oped within nine to 11 months in animals treated with the second dust. No tumour 
was observed in 47 control rats (Saknyn & Blokhin, 1978). [The Working Group 
noted that it was not specified whether control rats were untreated or were treated 
with the vehicle.] 

(v) Intravenous administration 

Rat: A group of 61 male and 60 female Sprague-Dawley rats, eight to nine 
weeks of age, received six injections of 9 mg/kg bw nickel carbonyl (as Ni) at two- to 
four-week intervals and were observed for life. Nineteen animals developed malig­
nancies, six of which were undifferentiated sarcomas and three, fibrosarcomas at 
various sites; the other tumours were single carcinomas of the liver, kidney and 
mammary gland, one haemangioendothelioma, one undifferentiated leukaemia 
and five pulmonary lymphomas. Two pulmonary lymphomas developed in 15 male 
and 32 female sham-injected controls. The difference in total tumour incidence was 
significant (p < 0.05) (Lau et a/., 1972). 

(vi) Intrarena/ administration 

Groups of male fischer rats [initial number unspecified], approximately eight 
weeks old, received intrarenal injections of7 mg nickel as one ofseveral nickel com­
pounds in 0.1 or 0.2 ml saline solution or in glycerol:distilled water (1:1, v/v) in each 
pole of the right kidney and were observed for two years after treatment. The inci­
dence of renal cancer was significantly elevated in the groups treated with nickel 
sulfarsenide (3115 sarcomas) but not in those treated with nickel arsenide (1/20 re­
nal-cell carcinoma), nickel selenide (1/12 sarcoma), nickel subselenide (2/23 sarco­
mas), nickel telluride (0/19), nickel subarsenides (tetragonal and hexagonal; 0115 
and 0/17), nickel antimonide (0/20) or nickel titanate (0/19). No local tumour devel­
oped in vehicle controls (Sunderman eta/., 1984b). 

The experiments described in section 3.1 are summarized in Table 24. 
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Table 24. Summary of studies used to evaluate the carcinogenicity to experimental animals of metallic t 
nickel and nickel compounds 

Compound Route Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Metallic nickel powder and nickel alloys 

Cr/Ni stainless steel 

Metallic nickel powder 

Metallic nickel powder 

Metallic nickel powder (plus sulfur 
dioxide) 

Metallic nickel powder 

Intratracheal 

Inhalation 

Inhalation 

Inhalation 

Inhalation 

Hamster (60) 

Mouse (20) 

Rat (160) 

Rat (120) 

Guinea-pig 
(42) 

36 mg, no local tumour 
108 mg, no local tumour 

No lung tumour 

Benign lung neoplasms 

0/46 lung tumour 

1/23 intra-alveolar carcinoma, 
1123 metastasis of adenocarcinoma 

Muhle et al. (1990) 

Hueper (1958) 

Hueper (1958) 

Hueper & Payne 
(1962) 

Hueper (1958) 

-~ 
(') 

~ 
0 
z 
0 
0 

Metallic nickel powder 

Metallic nickel powder 

Intratracheal 

Intratracheal 

Rat (80) 

Hamster (100 
per group) 

10. X 0. 9 mg, 8/32 lung tumours 
(p < 0.05] 
20 X 0.3 mg, 10/39 lung tumours 
[p < 0.05] 
Controls, 0/40 lung tumour 

10 mg, 1% local tumours 
20 mg, 8% local tumours 
40 mg, 12% local tumours 
4X 20 mg, 10% local tumours 

Pott et al. (1987) 

Ivankovic et al. 
(1987) 

~ 
::r: 
Ul 

<
0 
E 
~ 
J:>. 
\0 

Metallic nickel powder Intratracheal Hamster (60) 1156 lung tumour Muhle et al. (1990) 

Metallic nickel powder Intrapleural Rat (25) 4/12 local sarcomas vs 0170 in con­
trois [p < 0.01] 

Hueper (1952) 

Metallic nickel powder Intrapleural Rat (10) 2/10 mesotheliomas vs 0/20 in con- Furst et al. (1973) 
trots 

Metallic nickel powder Subcutaneous Rat (10) 5/10 local tumours Mitchell et al. 
(1960) 

Metallic nickel powder Intramuscular Rat (10) 10/10 local tumours vs 0 in controls Heath & Daniel 
(1964) 

.;··.J...._. ~ .alrii:.ii ~ 
'iliiiil ' ........~., ..,.._.,... ~.•._.
~ 
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Table 24 (contd) 

Compound Route Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Metallic nickel powder IntramuscuJar Rat (50) 38/50 local tumours vs 0 in controls 	 Furst & 
Schlauder (1971) 

Metallic nickel powder Intramuscular Rat (20) 3.6 mg, 0/10 local tumours 	 Sunderman & 
14.4 mg, 2/9 local tumours Maenza (1976) 
Controls, 0/20 local tumours 	 z 

(') -Metallic nickel powder Intramuscular Rat (20) 	 17/20 local tumours vs 0/56 in con- Berry et al. (1984) 
trois ~ 

~ 
Metallic nickel powder Intramuscular Rat (20) 13/20 local tumours vs 0/44 in con- Sunderman (1984) 

trois ~ 
0Metallic nickel powder Intramuscular Rat (40) 14/30 local tumours vs 0/60 in con-	 Judde et al. (1987) ztrois 
(') -

Metallic nickel powder Intramuscular Hamster (50) 2/50 local tumours vs 0/50 in con-	 Furst & Schlauder ~ trois 	 (1971) 
~ 

Metallic nickel powder Intraperitoneal Rat 	 30-50% local tumours vs none in Furst & Cassetta (') 

controls (1973) 0 
~ 

Metallic nickel powder Intraperitoneal Rat (50) 46148 abdominal tumours 	 Pott et al. (1987) ~ 
0

Metallic nickel powder Intraperitoneal Rat 6 mg, 4/34 local tumours 	 Pott et a/. (1990) c:: 
2 X 6 mg, 5/34 local tumours 	 z 

025 X 1 mg, 25/35 local tumours 	 en 
Metallic nickel powder Intravenous Mouse (25) No tumour 	 Hueper (1955) 

Metallic nickel powder Intravenous Rat (25) 7/25 local tumours 	 Hueper (1955) 

Metallic nickel powder Intrarenal Rat (20) No local tumour 	 Jasmin & Riopelle 
(1976) 

Metallic nickel powder Intrarenal Rat No local tumour Sunderman et a/. 
(1984b) 

Metallic nickel powder Subperiosteal Rat (20) 11/20 local tumours Berry et al. (1984) w 
~Metallic nickel powder Intrafemoral Rat (20) 9/20 local tumours 	 Berry et a/. (1984) Vl 



Table 24 (contd) 
(.;.) 

~ 

Compound Route Species 
(No. at start) 

Tumour incidence (no. of animals 
with tumours/effective number) 

Reference 

Nickel alloy: 26.8%, Ni, 16.2% Cr, 
39.2% Fe, 0.04% Co 

Nickel alloy: 66.5%, Ni, 128% Cr, 
6.5% Fe, 0.2% Co 

Intratracheal 

Intratracheal 

Hamster (100 
per group) 

Hamster (100 
per group) 

10 mg, no local tumour 
20 mg, no local tumour 
40 mg, no local tumour 
4 X 20 mg, no local tumour 

10 mg, 1% local tumours 
20 mg, 8% local tumours 
40 mg, 12% local tumours 
4 X 20 mg, 10% local tumours 

Ivankovic et al. 
(1987) 

Ivankovic et al. 
(1987) -~ 

() 

~ 
Nickel-gallium alloy (60% Ni) 

Nickel-iron alloy (NiFel·e) 

Subcutaneous 

Intramuscular 

Rat (10) 

Rat (16) 

9/10 local tumours 

0/16 local tumours 

Mitchell et al. 
(1960) 

Sunderman (1984) 

0 z 
0 
0 

Nickel-iron alloy (NiFe 1.e) 

Nickel alloy (50% Ni) 

Nickel alloy (29% Ni) 

Nickel alloy (66% Ni) 

Intrarenal 

Intraperitoneal 

Intraperitoneal 

Intraperitoneal 

Rat 

Rat 

Rat 

Rat 

1/14 renal cancers vs 0!46 controls 

50 mg, 8/35 local tumours 
3 X 50 mg, 13/35 local tumours 

50 mg, 2/33 local tumours 
2 X 50 mg, 1/36 local tumours 

50 mg, 12/35 local tumours 
3 X 50 mg, 22/33 local tumours 

Sunderman et al. 
(1984b) 

Pott et al. (1989, 
1990) 

Pott et al. (1989, 
1990) 

Pott et al. (1989, 
1990) 

~ 
:I: 
rJJ 

<
0 

E 
3:: 
tTl 
,fl. 
1.0 

Pentlandite Intratracheal Hamster (60) 1/60 local tumour Muhle et al. (1990) 

Nickel oxides and hydroxides 

Nickel monoxide (green) Inhalation Rat (6, 8) 8 mg/m3 , 1/8 lung tumour 
0.6 mg/m3 , 0/6 lung tumour 

Horie et al. (1985) 

Nickel monoxide Inhalation Rat (40, 20) 0.06 mg/m3 , no tumour 
0.2 mg/m3 , no tumour 

Glaser et al. (1986) 

Nickel monoxide Inhalation Hamster (51) 1151 osteosarcoma Wehner et al. (1975, 
1979) 

., .. Ji~.!,, .•,. '·"')' --~-.;.4; ~..~ 
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Table 24 (contd) 


Compound Route Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel monoxide Intrapleural Rat (32) 	 31/32 local tumours vs 0/32 in con- Skaug eta/. (1985) 
trois 

Nickel monoxide Intratracheal Rat 	 10 X 5 mg, 10/37 lung tumours Pott et a/. (1987) 
10 X 15 mg, 12/38 lung tumours 
controls, 0/40 z 

1-f 
()Nickel monoxide Intratracheal Hamster (50) 	 1/49 lung tumours vs 4!50 in con- Farrell & Davis 
?:::trots 	 {1974) tT1 
~Nickel monoxide Intramuscular Mouse (50, 	 33/50 and 23/52 local tumours Gilman (1962) 

52) ~ 
Nickel monoxide Intramuscular Rat (32) 21/32 local tumorus Gilman (1962) tJ 

zNickel monoxide Intramuscular Rat (20) 	 2/20 local tumours Gilman (1966) ­() 

Nickel monoxide Intramuscular Rat (20) No local tumour Sosinski (1975) ~ 


tT1

Nickel monoxide Intramuscular Rat (15) 14/15 local tumours Sunderman & ["-4 


McCully (1983) () 

0
Nickel monoxide · Intramuscular Rat (20) 	 0/20 local tumour Berry eta/. (1984) ~ 

Nickel monoxide Subperiosteal Rat (20) 	 0/20 local tumour Berry et a/. (1984) 'i:l 
0 

Nickel monoxide Intraperitoneal Rat {50) 	 46/47 local tumours Pott eta/. (1987) c zNickel monoxide Intraperitoneal Rat 	 25 mg, 12/34 local tumours Pott et a/. {1989, tJ 
100 mg, 15/36 local tumours 1990) 	 en 

Nickel monoxide (green) Intrarenal Rat (12) 0/12 local tumour 	 Sunderman et a/. 
(1984b) 

Nickel hydroxide Intramuscular Rat 	 15/20 local tumours Gilman (1966) 

Nickel hydroxide Intramuscular Rat (3 x 20) 	 Dried gel: 5/19 local tumours Kasprzak et a/. 
Crystalline: 3/20 local tumours (1983) 
Colloidal: 0/13 local tumour 

Nickel trioxide Intramuscular Rat (10) 	 0/10 local tumour Judde eta/. (1987) 
w

Nickel trioxide Intracerebral Rat (20) 	 3/20 local tumours Sosinski (1975) -l 
~ 



00 

wTable 24 (contd) 	 ~ 

Compound Route 	 Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel sulfides 

Nickel disulfide Intramuscular Rat 12/14 local tumours Sunderman (1984) 

Nickel disulfide lntrarenal Rat 2/10 local tumours Sunderman et al. 
(1984b) 

Nickel sulfide (amorphous) Intramuscular Rat (10 per 5.6 mg, no local tumour Sunderman & ~ 

group) 22.4 mg, no local tumour Maenza (1976) ~ 
[3-Nickel sulfide Intramuscular Rat 14/14 local tumours Sunderman (1984) () 

Nickel sulfide (amorphous) Intramuscular Rat 3/25 local tumours Sunderman (1984) a:: 
0 

N icke 1 sulfide 

[3-Nickel sulfide 

Intrarenal 

Intrarenal 

Rat (18) 

Rat 

0/18 local tumour 

8/14 local tumours 

Jasmin & Riopelle 
(1976) 

Sunderman et al. 

z 
0 
Cl 

(1984b) ~ 
Nickel sulfide (amorphous) 

Nickel subsulfide 

Intrarenal 

Inhalation 

Rat 

Rat (226) 

0/15 local tumour 

14/208 malignant lung tumours; 

Sunderman et a/. 
(1984b) 

Ottolenghi et a/. 

~ 
C/) 

<
0 

15/208 benign lung tumours (1974) ~ 
Nickel subsulfide 

Nickel subsulfide 

Intratracheal 

Intratracheal 

Mouse (100) 

Rat 

No increase in lung tumours 

0.94 mg: 7/471ung tumours 

Fisher et a/. (1986) 

Pott et a/. (1987) 

a:: 
tT1 
~ 

1.88 mg: 13/45 lung tumours \0 

3.75 mg: 12/40 lung tumours 

0!-Nickcl subsulfide Intratracheal Hamster (62) 0/62 lung tumour Muhle et al. (1990) 

Nickel subsulfide Intrapleural Rat (32) 28/32 local tumours Skaug et al. (1985) 

Nickel subsulfide Subcutaneous Mouse (20) 5 mg, 4/8 local tumours Oskarsson et al. 
10 mg, 7/8 local tumours (1979) 

Nickel subsulfide Subcutaneous Rat (40 per 3.3 mg, 37/39 local tumours Mason (1972) 
group) 10 mg, 37/40 local tumours 

Nickel subsulfide Subcutaneous Rat (20) 18/19 local tumours Shibata d al. (1989) 

j: l·'·..:.. ;J..· ..J:; ,.~ ·.~S·f·!' 1 	 ' ' •I.~ .. ~,;_,__.:~ • .:&. 
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Table 24 (contd) 

Compound Route Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel subsulfide Intramuscular Mouse (45, Swiss, 27/45 local tumours Gilman (1962) 
18) C3H, 9/18 local tumours 

Nickel subsulfide Intramuscular Mice (20) 5 mg, 4/8 local tumours Oskarsson et al. 
10 mg, 4/8 local tumours (1979) z 

("')Nickel subsulfide Intramuscular Mouse (10, C57Bl6, 5/10 local tumours Sundennan (1983b) 
~ 

~ 10) DBN2, 6/10 local tumours tTJ 
Nickel subsulfide Intramuscular Rat (32) 25/113 local tumo~rs Gilman (1962) tt 

Nickel subsulfide Intramuscular Rat (20) 10 mg powder, 19/20 local tumours Gilman & Herchen ~ 
c;500 mg fragments, 5/7 local tumours (1963) 


500 mg discs, 14/171ocal tumours z 
~ 


10 mg diffusion chamber, 14/17lo- () 


cal tumours 
 ~ 
tT1

controls, 1/19 local tumour tt 
("')Nickel subsulfide (disc) Intramuscular Rat (groups 4/10 local tumours with removal of Herchen & Gilman 0of 15) disc after 64 days (1964) ~ 7/10 local tumours with removal of '"C 

disc after 1113 days 0 
10/10 local tumours with removal of c: zdisc after 206 days c; 

C/J
Nickel subsulfide Intramuscular Rat (30, 27) NIH black, 113/113 local tumours Daniel (1966) 

Hooded, 14/23 local tumours 

Nickel subsulfide Intramuscular Rat (40 per 3.3 mg, 38/391ocal tumours Mason (1972) 
group) 10 mg, 34/40 local tumours 

Nickel subsulfide Intramuscular Rat (10 per 5 mg, 8/20 local tumours Sunderman & 
group) 20 mg, 9/9 local tumours Maenza (1976) 

Nickel subsulfide Intramuscular Rat (63,20) Fischer, 59/63 local tumours Yamashiro et al. 
Hooded, 11/20 local tumours (1980) 

Ul 
~ 
\0 
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Table 24 (contd) 

Compound Route Species Thmour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel subsulfide Intramuscular Rats (groups 0.6 mg, 7/30 local tumours Sunderman et al. 
of 30) 1.2 mg, 23/30 local tumours (1976) 

2.5 mg, 28/30 local tumours 
5 mg, 29/30 local tumours 

~ 

Nickel subsulfide Intramuscular Rat 0.63 mg, 7/29 local tumours Sunderman (1981) ~ 20 mg, 9/9 local tumours () 

a-Nickel subsulfide 

Nickel subsulfide 

Intramuscu Jar 

Intramuscular 

Rat 

Rat (20) 

9/9 local tumours 

10/20 local tumours 

Sunderman (1984) 

Berry eta/. (1984) 

~ 
0 
z 

Nickel subsulfide Intramuscular Rat (100) 2/100 local tumours Judde eta/. (1987) 0 
0 

Nickel subsulfide Intramuscular Hamster 
(15, 17) 

5 mg, 4/15 local tumours 
10 mg, 12/17 local tumours 

Sunderman (1983a) ~ 
Nickel subsulfide Intramuscular Rabbit 

controls, 0/14 local tumour 

16 local tumours Hildebrand & 
Biserte (1979a,b) 

~ 
C/J 

<
0 

a-Nickel subsulfide Intramuscular Rabbit (4) 0/4 local tumour Sunderman (1983a) 8 
Nickel subsulfide Intramuscular Rat (20) 19/20 local tumours Shibata et al. (1989) ~ 

tT1 
a-Nickel subsulfide Topical Hamster 54 mg total, 0/6 local tumour; Sunderman (1983b) ~ 

\0 
(6-7, 13-15) 108 mg total, 017 local tumour; 

540 mg total, 0/15 local tumour; 
1080 mg total, 0/13 local tumour 

Nickel subsulfide Intraperitoneal Rat (37) 9/37 local tumours Gilman (1966) 

Nickel subsulfide Intraperitoneal Rat (50) 27/42 local tumours Pott et al. (1987) 

Nickel subsulfide Intraperitoneal Rat 6 mg, 20/36 local tumours Pott et al. (1989, 
12 mg, 23/35 local tumours 1990) 
25 mg, 25/34 local tumours 

,., .. '"• <>•JG<i.:.:.w.'ii~•·•WlJli;.iWGI'ti/ajhi~SiiltH¢#!1@' 'lrtttww•• 
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Table 24 (contd) 


Compound Route Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel subsulfide 

Nickel subsulfide 

Nickel subsulfide 

a-Nickel subsulfide 

Nickel subsulfide 

Nickel subsulfide 

Nickel subsulfide 

Nickel subsulfide 

Nickel subsulfide 

Nickel subsulfide 

Nickel subsulfide 

Nickel ferrosulfide 

Nickel ferrosulfide 

Subperiosteal 

Intrafemoral 

Intrarenal 

Intrarenal 

Intratesticular 

Intraocular 

Intraocular 

Transplacental 

Pellet implanta­
tion into subcu­
taneous im­
planted tracheal 
grafts 

Intra-articular 

Intra-fat 

Intramuscular 

Intrarenal 

Rat (20) 

Rat (20) 

Rat (16/24) 

Rat (11-32) 

Rat (19) 

Rat (15) 

Salamander 
(8) 

Rat (8) 

Rat (60, 64) 

Rat (20) 

Rat (20) 

Rat 

Rat 

0/20 local tumour 

10/20 local tumours 

In glycerin, 7/16 local tumours 
In saline, 11/24 local tumours 

Wistar Lewis, 7/lllocal tumours 
NIH black, 6/12 local tumours 
Fischer 344, 9/32 local tumours 
Long-Evans, 0/12 local tumour 

16/19 local tumours 

14/15 local tumours 

7/8 local tumours 

No difference in tumour incidence 

5 mg, 9/60 local tumours 
15 mg, 45/64 local tumours 

16/19 local tumours 

9/20 local tumours 

15/15 local tumours 

1/12 local tumour 

Berry et al. {1984) 

Berry et al. (1984) 

Jasmin & Riopelle 
(1976) 

Sunderman et al. 
(1979a) 

Damjanov et al. 
(1978) 

Albert et al. (1980); 
Sunderman (1983b) 

Okamoto (1987) 

Sunderman et al. 
(1981) 

Yarita & Nettes­
heim (1978) 

Shibata et al. (1989) 

Shibata et al. (1989) 

Sunderman (1984) 

Sunderman et aJ 
(1984b) 

z-n 
~ 
tr1 
t""-4 

~ 

0 
z 
n­
~ 
tr1 
t""-4 
n 
0 
a:: 
0 
~ 

c:: 
z 
0 
C/) 

w 
Vl 
1-' 



wTable 24 (contd) 	 lJl 
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Compound Route 	 Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel salts 

Basic nickel carbonate tetrahydrate Intraperitoneal Rat 25 mg, 1/35 lung tumours vs 1/33 in 
controls 
50 mg, 3/33 lung tumours vs 1/33 in 
controls 

Pott et al. (1989, 
1990) 

Nickel acetate 

Nickel acetate 

Nickel acetate tetrahydrate 

Nickel acetate tetrahydrate 

Nickel ammonium sulfate 

Nickel carbonate 

Nickel chloride 

Intramuscular 

Intraperitoneal 

Intraperitoneal 

Intraperitoneal 

Intramuscular 

Intramuscular 

Intramuscular 

Rat (35) 

Mouse 
(3 X 20) 

Mouse (30) 

Rat 

Rat (35) 

Rat (35) 

Rat (35) 

1/35 local tumour 

72 mg, 8/18 lung tumours 
180 mg, 7/14 lung tumours 
360 mg, 12/19 lung tumours 

1.50 lung tumours/animal 
Controls, 0.32 lung tumours/animal 

25 mg, 3/35 lung tumours vs 1133 in 
controls 
50 mg, 5/31lung tumours vs 1/33 in 
controls 

0/35 local tumour 

6/35 local tumours 

0/35 local tumour 

Payne (1964) 

Stoner et al. (1976) 

Poirier et al. (1984) 

Pott et al. (1989, 
1990) 

Payne (1964) 

Payne (1964) 

Payne (1964) 

~ 

~ 
() 

~ 
0 z 
0 
Q 

~ 
::r: 
(/) 

<
0 

5 
~ 
t11 

Nickel chloride hexahydrate Intraperitoneal Rat 4/32 lung tumours vs 1/33 in con­
trois 

Pott et al. (1989, 
1990) 

.t::. 
\0 

Nickel chromate Intramuscular Rat (16) 1/16 local tumour Sunderman (1984) 

Nickel fluoride Intramuscular Rat (20) 3/18 local tumours Gilman (1966) 

Nickel sulfate Intramuscular Rat (35) 1/35 local tumour Payne (1964) 

Nickel sulfate Intramuscular Rat (20) 0/20 local tumour Gilman (1966) 

Nickel sulfate Intramuscular Rat (20) 0/20 local tumour Kasprzak et a/. 
(1983) 

Nickel sulfate hexahydrate Intramuscular Rat (32) 0/32 local tumour Gilman (1962) 

r< 	 1: 
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Table 24 (contd) 


Compound Route Species Tumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel sulfate heptahydrate 

Other nickel compounds 

Ferronickel alloy 

Nickel antimonide 

Nickel antimonide 

Nickel arsenide 

Nickel arsenide 

Nickel arsenide hexagonal 

Nickel arsenide hexagonal 

Nickel arsenide tetragonal 

Nickel arsenide tetragonal 

Nickel carbonyl 

Intraperitoneal 

Intramuscular 

Intramuscular 

Intrarenal 

Intramuscular 

Intrarenal 

Intramuscular 

Intrarenal 

Intramuscular 

Intrarenal 

Inhalation 

Rat 

Rat 

Rat 

Rat 

Rat 

Rat 

Rat 

Rat 

Rat 

Rat 


Rat (64, 32, 

80) 


6/30 lung tumours vs 1/33 in con­
trois 

No local tumour 

17/29 vs 0/40 control (p < 0.05) 


0/20 local tumour 


No local tumour 


1/20 local tumour 


17/20 vs 0/40 controls 

(p < 0.05) 


0/17 local tumour 


8/16 vs 0/40 control (p < 0.05) 


0/15 local tumour 


30 mg/m3 for 32 weeks: 1/64 pulmo­
nary tumour 
60 mg/m3 for 32 weeks: 1/32 pulmo­
nary tumour 
250 mg/m3 once: 1/80 pulmonary 
tumour 

Pott et al. (1989, 
1990) 

Sunderman & 
McCully (1983) 

Sunderman & 
McCully (1983) 

Sunderman et al. 
(1984b) 

Sunderman & 
McCully (1983) 

Sunderman et al. 
(1984b) 

Sunderman & 
McCully (1983) 

Sunderman eta/. 
(1984b) 

Sunderman & 
McCully (1983) 

Sunderman et al. 
(1984b) 

Sunderman et a/. 
(1957, 1959) 
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wTable 24 (contd) 
~ 

Compound Route Species lumour incidence (no. of animals Reference 
(No. at start) with tumours/effective number) 

Nickel carbonyl Inhalation Rat 1171 lung tumour vs 0/32 control Sunderman & Don­
nelly (1965) 

Nickel carbonyl Intravenous Rat (121) 19/120 lung tumours Lau et al. (1972) 

Nickel-enriched fly ash Inhalation Hamster (102) No significant difference Wehner et al. (1981, 
1984) ~ 

Nickelocene Intramuscular Rat (50) 144 mg, 18/50 local tumours 
300 mg, 21/50 local tumours 

Furst & Schlauder 
(1971) 

~ 
() 

Nickelocene Intramuscular Hamster (50) 8 X 5 rng, 0/50 local tumour 
25 mg, 4/29 local tumours 

Furst & Schlauder 
(1971) 

~ 
0 
z 

Nickel monoxide dust Intratracheal Rat (26) 1/26 lung tumour vs 0/47 control Saknyn & Blokhin 
(1978) 

0 
0 

Nickel sclenide 

Nickel selcnide 

In tramuscu Jar 

Intramuscular 

Rat 

Rat 

8/16 local tumours 

1/12 local tumour vs 0179 control 

Sunderman (1984) 

Sunderman eta/. 
~ 
::r: 
(/) 

Nickel subselenide 

Nickel subselenide 

Intramuscular 

Intrarenal 

Rat 

Rat 

21/23 local tumours 

2/23 local tumours vs 0179 control 

(1984b) 

Sunderman (1984) 

Sunderman et al. 

<
0 
l' c 
~ 

(1984b) rn 
Nickel sulfarsenide Intramuscular Rat 14/16 vs 0/40 control (p < 0.05) Sunderman & ~ 

\0 

McCully (1983) 

Nickel sulfarsenide Intrarenal Rat 3/15 local tumours vs 0179 control Sunderman et al 
(1984b) 

Nickel telluride Intramuscular Rat 14/26 vs 0/40 control (p < 0.05) Sunderman & 
McCully (1983) 

Nickel telluride lntrarenal Rat 0/19 local tumour Sunderman eta/. 
(1984b) 

Nickel titanate Intramuscular Rat No local tumour Sundennan & 
McCully (198J) 
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Table 24 (contd) 

Compound 

Nickel titanate 

Refinery dust 

Refinery dust 

Refinery dust 

Refinery_ dust 

Route 

Intrarcnal 

Inhalation 

Intramuscular 

Intramuscular 

Intraperitoneal 

Species 

(No. at start) 


Rat 


Rat (5) 


Mouse (40) 


Rat (35) 


Rat (16, 23) 


Tumour incidence (no. of animals 
with tumours/effective number) 

0/19 local tumour 

115 lung tumour vs 0/47 control 

20/36 local tumours vs 0/48 control 
(p < 0.01) 

Dust, 19/27 local tumours 
Washed dust, 20/28 local tumours 
Controls, 0/30 local tumour 

Dust 1, 3/16 local tumours 
Dust 2, 3/23 local tumours 
Controls, 0/47 local tumour 

Reference 

Sunderman et al. 
(1984b) 


Saknyn & Blokhin 

(1978) 


Gilman & 

Ruckerbauer (1962) 


Gilman & 

Ruckerbauer (1962) 


Saknyn & Blokhin 

(1978) 
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3.2 Other relevant data in experimental systems 

(a) Absorption, distn"bution, excretion and metabolism 

The results of studies on absorption, distribution, excretion, and metabolism 
of nickel compounds have been reviewed and/or summarized in several publica. 
tions (National Research Council, 1975; Sunderman, 1977; Kasprzak, 1978; Bencko 
1983; Mushak, 1984; Sarkar, 1984; Fairhurst & Illing, 1987; Kasprzak, 1987; Sunder: 
man, 1988; Maibach & Menne, 1989). 

; 
#. 

(i) Nickel oxides and hydroxides 

Male Wistar rats were exposed to 0.4-70 mg/m3 (0.6-4-J..Lm particles) nickel 
monoxide aerosols for 6-7 h per day on five days per week for a maximum of three 
months. The clearance rate of nickel monoxide from the lung after a one-month 
exposure to 0.6-8 mg/m3 (1.2-~m particles) was estimated to be about 100 f..Lg per 
year. The exposure did not increase background nickel levels in organs other than 
the lung (Kodama et al., 1985). 

Electron microscopic examination of the lungs of male Wistar rats exposed to 
nickel monoxide aerosols (0.6-8 mg/m3; 1.2- or 2.2-J..Lm particles) for a total of 
140-216 h showed that the particles were trapped mainly by alveolar macrophages. 
One year after termination of exposure, the particles were distributed in the alveoli, 
hilar lymphoid apparatus and terminal bronchioli. Some nickel monoxide particles 
were present within the lysosomes of macrophages (Horie et al., 1985). 

Female Wistar rats were given a single intratracheal injection of black nickel 
monoxide, prepared by heating nickel hydroxide at 250°C for 45 min (final product 
containing a mixture of nickel monoxide and nickel hydroxide; > 90% insoluble in 
water; particles, 3.7 ~m or less in diameter) in a normal saline suspension (100 nmol 
[7.5 ~g] nickel monoxide in 0.2 ml). The highest concentrations of nickel were seen 
in the lungs and mediastinal lymph nodes, followed by the heart, femur, duqdenum, 
kidney, pancreas, ovaries, spleen, blood and other tissues. Following injection, the 
concentration of nickel in the lung decreased at a much slower rate than in other 
tissues. By the third day after injection of nickel monoxide, about 17o/o of the nickel 
was excreted with the faeces and about 16% in the urine. By 90 days, about 60% of 
the dose of nickel had been excreted, half of it in the urine. The overall pattern indi­
cates a partial transfer of nickel from lung to the mediastinal lymph nodes and slow 
solubilization of this product in tissue fluids (English et al., 1981). 

(ii) Nickel subsulfide 

After intratracheal instillation of 11.7 f..Lg a-s3Ni-nickel subsulfide powder 
(1-66-~m particles) in a normal saline suspension to male strain NJ mice, 38% was 
cleared from the lungs with a half-time of 1.2 days, while 42% was cleared with a 
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half-time of 12.4 days; 10% of the dose was retained in the lung 35 days after instilla­
tion. The highest amounts of nickel were found in the kidney, followed by blood > 
liver > femur up to seven days; at 35 days, levels were greatest in kidney, followed by 
femur > liver > blood; maximal levels occurred 4 h after dosing and decreased 
rapidly thereafter with biological half-times similar to those in the lung. The urine 
was the primary excretion pathway; after 35 days, 100% of the nickel dose was re­
covered in the excreta, 60% of which was in urine (Valentine & Fisher, 1984). 

The cumulative eight-week urinary excretion of nickel following intramuscular 
injection of63Ni-nickel subsulfide to male Fischer rats (1.2mg/rat, 1.4-J.Lm particles) 
was 67%, while faecal excretion during that time was only 7% of the dose. The resid­
ual nickel contents at the injection site at 22 and 31 weeks after injection were 
13-17% and 13-14% of the dose, respectively. The kinetics of nickel disappearance 
were described by a three-compartmental model, with pool sizes of 60, 27 and 11% 
of the dose and half-times of 14, 60 and indefinite number of days, respectively 
(Sunderman et al., 1976). 

a-Nickel subsulfide particles labelled with 63Ni and 35S injected intramuscu­
larly into Fischer rats (Kasprzak, 1974) or intramuscularly and subcutaneously into 
NMRI mice of each sex (Oskarsson et al., 1979) persisted at the injection site for 
several months, with a gradual loss of both 63Ni and 35S. In mice, nickel subsulfide 
was transferred to regional lymph nodes and to the reticuloendothelial cells of the 
liver and spleen. The presence of 63Ni in the kidney and 35S in the cartilage indicated 
solubilization of the subsulfide from the site of injection during tumorigenesis. 
There was no excessive or specific localization of the solubilized 63Ni or 35S in the 
tumours or in metastases. Most of the radioactivity in the tumours appeared to be 
associated with dust particles. 

Elevated concentrations of nickel were detected in fetuses after intramuscular 
administration of o:-nickel subsulfide to Fischer rats on day 6 of gestation (Sunder­
man eta/., 1978a). 

(iii) Nickel salts 

Intratracheal instillation of nickel chloride (100 nmol[13 J.Lg]/rat) to female 
Wistar rats resulted in a fast distribution of nickel throughout the body, followed by 
rapid clearance. During the first six days after injection, over 60% of the dose was 
excreted in the urine and approximately 5% in faeces; after 90 days, these amounts 
had increased only slightly, to 64% and 6%, respectively (English et al., 1981). Simi­
lar distribution and excretion patterns were observed after intratracheal injection 
of nickel chloride (1.27 J.Lg/rat Ni) to male Sprague-Dawley rats (Carvalho & Ziem­
er, 1982). 

Pulmonary clearance and excretion of nickel following intratracheal instilla­
tion of nickel sulfate at doses of 17, 190 or 1800 nmol [1, 11 or 106 Jlg] Ni per rat to 

http:1.4-J.Lm
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Fischer 344 rats appeared to depend on the dose. At periods up to four days after 
i,
J 

instillation, lungs, trachea, larynx, kidney and urinary bladder contained the highest · 
concentrations of nickel. The half-time for urinary excretion (the predominant ~ 
route of excretion) varied from 23 h for the lowest dose to 4.6 h for the highest 1 

Faecal excretion accounted for 30% (17- and 190-nmol doses) and 13% (1800-nmol) 
of the dose. The long-term half-time of nickel clearance from the lung varied from 
21 h at the highest dose to 36 h at the lowest dose (Medinsky et a/., 1987). 

In male Sprague-Dawley rats exposed to nickel chloride aerosols (90 J.lg/m3 Ni; 
0.7-0.9-J.lm particles) for 2 h per day for 14 days, the nickel burden in the lung 
reached a steady level after five days. The maximal clearance velocity was calcu­
lated to be 34.6 ng/g.h. These data support the hypothesis of a saturable clearance 
mechanism for 'soluble nickel' in the lung (Menzel eta/., 1987). 

After intratracheal administration of 'nickel carbonate' (0.05 mg/mouse Ni) to 
female Swiss albino mice, most of the dose was eliminated in the urine in about 12 
days (Furst & Al-Mahrouq, 1981). [The Working Group noted that the compound 
tested was most probably basic nickel carbonate.] 

After a single intravenous injection of 10 J.lg nickel as 63Ni-nickel chloride per 
mouse (albino or brown mice [strains not specified], including pregnant mice), 
whole-body autoradiography at 30 min showed that nickel persisted in the blood, 
kidney, urinary bladder, lung, eye and hair follicles; at three weeks, nickel persisted 
in the lung, central nervous system, kidneys, hair follicles and skin (Bergman et al., 
1980). In C57Bl mice, nickel was also localized in the epi theli urn of the forestomach; 
in the kidney, it was present in the cortex at sites that probably corresponded to the 
distal convoluted tubules. Nickel was retained much longer in the lung than in other 
tissues (Oskarsson & Tjalve, 1979a). 

A single intravenous injection of 1 mg/kg bw 63Ni-nickel chloride to male 
Sprague-Dawley rats resulted in rapid urinary excretion of 87% of the dose in the 
first day after injection and 90% after four days. Faecal excretion was much lower, 
up to a total of approximately 3% of the dose after four days (Sunderman & Selin, 
1968). Lung and spleen were ranked after kidney as nickel-accumulating organs in 
Sprague-Dawley rats given an intraperitoneal injection of 82 J.lglkg bw 63Ni-nickel 
chloride (Sarkar, 1980). 

The kinetics of nickel metabolism in rats and rabbits after a single intravenous 
injection of63Ni-nickel chloride followed a two-compartmental mathematical mod­
el, with first-order kinetics of nickel elimination from plasma with half-times of 
6 and 50 h for rats and 8 and 83 h for rabbits, respectively, for the two compartments 
(Onkelinx et al., 1973). 

Following a single intraperitoneal injection of 63Ni-nickel chloride to BALB/c 
mice (100 JlCi/mouse), nickel was found to remain in the lung much longer than in 
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any other tissue (Herlant-Peers et al., 1982). Preferential accumulation of nickel in 
the lung was also observed in Fischer 344 rats following daily subcutaneous injec­
tions of 62.5 or 125 J.lmol [8.1 or 16.3 mg]/kg bw nickel chloride for up to six weeks 
(Knight eta!., 1988). In contrast, multiple intraperitoneal injections of nickel ace­
tate to male Swiss albino mice (0.5, 0.75 or 1.0 mg/mouse; 10, 20 or 30 daily injections 
each) resulted in preferential accumulation of nickel in the thymus (Feroz eta!., 
1976). 

Daily oral administration of 2.5 mg nickel sulfate per rat [strain unspecified] 
for 30 days resulted in accumulation of nickel in trachea > nasopharynx > skull > 
oesophagus > intestine > skin > liver = spleen > stomach > kidney> lung = 
brain > heart (Jiachen eta/., 1986). 

Nickel was taken up from the lumen of male Sprague-Dawley rat jejunum in 
vitro at a rate proportional to the concentration of 63Ni-nickel chloride in the perfu­
sate up to 20 J..LM [1.2 mg] Ni. At higher concentrations (6 and 12 mg Ni), apparent 
saturation was approached. Nickel was not retained by the mucosa and showed a 
very low affinity for metallothionein (Foulkes & McMullen, 1986). 

Dermal absorption of 2 or 40 J..LCi 63Ni-nickel chloride was observed in guin­
ea-pigs. After 1 h, nickel had accumulated in highly keratinized areas, the stratum 
corneum and hair shafts. Following exposure for 4-48 h, nickel also accumulated in 
basal and suprabasal epidermal cells. After 4 h, nickel appeared in blood and urine 
(Lloyd, 1980). 

It has been demonstrated in several studies that nickel chloride crosses the pla­
centa in mice (Jacobsen eta/., 1978; Lu eta/., 1979; Olsen & Jansen, 1979; Lu eta!., 
1981; Jasim & Tjalve, 1986) and rats (Sunderman eta!., 1977; Mas eta/., 1986). 

(iv) Other nickel compounds 
In NMRI mice, high levels of nickel were found in the respiratory tract, brain, 

spinal cord, heart, diaphragm, adrenal cortex, brown fat, kidney and urinary blad­
der 5 min to 24 h following inhalation of 63Ni- and 14C-nickel carbonyl at 3.05 g/m3 

Ni for 10 min (Oskarsson & Tjalve, 1979b). 
After exposure of rats to nickel carbonyl by inhalation, increased levels ofnick­

el were found predominantly in microsomal and supernatant fractions of the lung 
and in the microsomal fraction of the liver (Sunderman & Sunderman, 1963). 

After an intravenous injection of nickel carbonyl as 22 mg/kg bw Ni to 
Sprague-Dawley rats, most of the subcellular nickel in liver and lung was bound to 
supernatant fractions, followed by nuclei and debris, mitochondria and micro­
somes (Sunderman & Selin, 1968). 

Twenty-four hours after an intravenous injection of 63Ni-nickel carbonyl (0.9 
mg/kg bw Ni) to NMRI mice, nickel was found to be associated with both particul­
ate and soluble cellular constituents of the lung, liver and kidneys. Radioactivity 
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was detected in the gel chromatograms of cytosols from lung, kidney and blood se­
rum of treated mice in the void volume and salt volume (Oskarsson & Tjalve, 
1979c). 

Following intravenous injection of 50 J.Ll/kg bw nickel carbonyl (22 J.Lg/kg bw 
Ni) to Sprague-Dawley rats, over 38% of the dose was exhaled during 6 h after in jec­
tion and none after that time. Average total urinary excretion of nickel over four 
days was 31% (23% within the first 12 h), whereas total faecal excretion was 2.4% 
and biliary excretion was 0.2%. Total average excretion of nickel in four days was 
72%. Most of the remaining nickel carbonyl underwent intracellular decomposition 
and oxidation to nickel[II] and carbon monoxide. Twenty-four hours after the injec­
tion, nickel injected as nickel carbonyl was distributed among organs and tissues, 
with the highest concentration in lung (Sunderman & Selin, 1968; Kasprzak & 
Sunderman, 1969). 

(b) Dissolution and cellular uptake 

(i) Metallic nickel and nickel alloys 

Slow dissolution and elimination of finely powdered nickel metal from the 
muscle injection site was observed in rats. In the local rhabdomyosarcomas that 
developed, nickel was recovered in the nuclear fraction and mitochondria; little or 
no nickel was found in the microsomes (Heath & Webb, 1967). The nuclear fraction 
of nickel is preferentially bound to nucleoli (Webb et al., 1972}: 

Slow dissolution of metallic nickel occur,red when nickel metal powder was in­
cubated at 37°C with horse serum or sterile homogenates of rat muscle, liver, heart 
or kidney prepared in Tyrode solution. The solubilization may have involved oxygen 
uptake and was faster for a freshly reduced powder than for an older commercial 
powder; over 97% of the dissolved nickel became bound to diffusible components of 
the tissue homogenates (mostly histidine, followed by nucleotides, nucleosides and 
free bases) (Weinzierl & Webb, 1972). 

(ii) Nickel oxides and hydroxides 

The dissolution half-times of six differently prepared samples of nickel oxide 
and four samples of nickel-copper oxides in water were longer than 11 years. How­
ever, in rat serum and renal cytosol, the half-time dropped to about one year for a 
low-temperature nickel oxide and to 2.7-7.2 years for three nickel-copper oxides, the 
rest retaining the > 11-year value. Two preparations of nickel oxide obtained at 
temperatures <735°C and all four nickel-copper oxides appeared to be phagocy­
tized by C3H/10Tllz cells more actiVely than the other nickel oxides (Sunderman et 
a/., 1987). 

Kasprzak et al. (1983) found the half-times for two preparations of nickel hy­
droxide (air-dried colloidal and crystalline) in an 0.1 M ammonium acetate buffer of 



361 NICKEL AND NICKEL COMPOUNDS 

pH 7.4 to be 56 h and 225 h, respectively. Corresponding values in an artificial lung 
fluid were 360 hand 1870 h, respectively. 

(iii) Nickel sulfides 

The dissolution rate of <Y-nickel subsulfide depends on the particle size, the 
presence ofoxygen and the dissolving medium (Gilman & Herchen, 1963; Kasprzak 
& Sunderman, 1977; Dewally & Hildebrand, 1980; Lee et al., 1982). 

Both in vivo and in cell-free systems in vitro, ~-nickel subsulfide reacts with 
oxygen to yield insoluble crystalline J3-nickel sulfide and soluble nickel[II] deriva­
tives; ~-nickel sulfide also dissolves through oxidation of its sulfur moiety (Kaspr­
zak & Sunderman, 1977; Oskarsson eta/., 1979; Dewally & Hildebrand, 1980). It has 
been suggested that the transformation of nickel subsulfide into J3-nickel sulfide 
under anaerobic conditions in the muscle might be due to reaction with sulfur from 
sulfhydryl groups in the host organism (Dewally & Hildebrand, 1980). 

, Particles of crystalline nickel sulfides, <Y-nickel subsulfide and J3-nickel sulfide 
( < 5 J.Lm in diameter, 1-20 J.Lg/ml) were phagocytized by cultured Syrian hamster 
embryo cells and Chinese hamster CHO cells, while particles of amorphous nickel 
sulfide were taken up only sparingly by the cells. Pretreatment of Syrian hamster 
embryo cells with benzo[a ]pyrene enhanced the uptake of nickel subsulfide. The 
half-life of the engulfed particles was about 40 h in Syrian hamster cells; they disap­
peared from the cells through solubilization, and solubilized nickel was detected in 
the nuclear fraction (Costa & Mollenhauer, 1980a,b; Costa et al., 1981a). 

~-Nickel subsulfide and ~-nickel sulfide were also incorporated into human 
embryonic L132 pulmonary cells in culture. ~-Nickel sulfide was present within 
large intracellular vesicles; nickel subsulfide was generally bound to the membranes 
of intracellular vesicles, to lysosomal structures and to the outer cell membrane 
(Hildebrand et a/., 1985, 1986). 

The soluble nickel derived from nickel subsulfide and J3-nickel sulfide intracel­
lularly undergoes subcellular distribution that differs from that following entry of 
nickel from outside the cells (Harnett eta/., 1982; Sen & Costa, 1986a). Treatment of 
cultured Chinese hamster CHO cells with J3-nickel sulfide (10 J.Lg/ml, three-day in­
cubation) resulted in binding of nickel to DNA and RNA at a level 300-2000 times 
higher and to protein at a level 15 times higher than after similar treatment with 
nickel chloride (Harnett et al., 1982). Cellular uptake of J3-nickel sulfide facilitates a 
specific interaction of nickel with the heterochromatic long arm of the X chromo­
some of Chinese hamster CHO cells (Sen & Costa, 1986a). Lee eta/. (1982) found 
that soluble nickel derived from nickel subsulfide forms an exceptionally stable ter­
nary protein-nickel-DNA complex in vitro in the presence of DNA and rat liver mi­
crosomes. 
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(iv) Nickel salts 

' 

\ 

Soluble nickel retained in the tissues of mice becomes bound to particulate and 
soluble cellular constituents, the distribution depending on the tissue. In lung and 
liver of NMRI mice, nickel was bound predominantly to a high-molecular-weight 
protein; in the kidney, it was bound mainly to low-molecular-weight ultrafiltrable 
ligands. No nickel was bound to metallothionein or superoxide dismutase (Oskars­
son & Tja.Ive, 1979c). 

Several nickel-binding proteins were found in lung and liver cytosol ofBALB/c 
mice that were different after incorporation in vivo and in vitro. The composition 
and structures of these proteins were not identified (Herlant-Peers et al., 1982). 

Intracellular nickel concentrations in the lungs of strain A mice given intraper­
itoneal injections of nickel acetate were highest in the microsomes, followed by mi­
tochondria, cytosol and nuclei (Kasprzak, 1987). 

In blood serum, nickel was sequestered mainly by albumin, which had a high 
binding capacity for this metal in most species tested, except for dogs and pigs (Cal­
lan & Sunderman, 1973). Nickel in human serum is chelated by histidine, serum 
albumin or both in a ternary complex, although a small fraction is bound to a glyco­
protein (Sarkar, 1980; Glennon & Sarkar, 1982). 

Less nickel chloride was taken up by Chinese hamster CHO cells than insolu­
ble nickel sulfides; moreover, nickel incorporated from nickel chloride had a much 
higher affinity for cellular proteins than for DNA or RNA (Harnett eta/., 1982). A 
greater effect on the heterochromatic long arm of the X chromosome was observed 
when Chinese hamster CHO cells were exposed to nickel-albumin complexes en­
capsulated in liposomes than to nickel chloride alone (Sen & Costa, 1986a). 

Cellular binding and uptake of nickel depend on the hydro- and lipophilic 
properties of the nickel complexes to which the cells are exposed. Nickel-complex­
ing ligands, L-histidine, human serum albumin, D-penicillamine and ethylenedi­
aminetetraacetic acid, which form hydrophilic nickel complexes, inhibited the up­
take of nickel by rabbit alveolar macrophages, human B-lymphoblasts and human 
erythrocytes. The same ligands also sequestered nickel from nickel-preloaded cells. 
Diethyldithiocarbamate, however, which forms a lipophilic nickel complex, en­
hanced the cellular uptake of nickel and prevented its removal from nickel-pre­
loaded cells. It also induced transfer of nickel in a cell lysate from the cytosol to the 
residual pellet (Nieboer et al., 1984b). Sodium pyridinethione, which forms a lipo­
philic nickel complex, behaved similarly (Jasim & Tjalve, 1986). 

Nickel applied to rat liver and kidney nuclei as nickel chloride bound in a 
d~se-related manner to the chromatin and as to polynucleosomes and to the DNA 
molecule. In the nuclear chromatin~ nickel was associated with both the DNA and 
histone and non-histone proteins; a ternary nickel-DNA-protein complex more 



363 NICKEL AND NICKEL COMPOUNDS 

stable than binary nickel-DNA complexes was identified (Ciccarelli & Wetterhahn, 
1985). 

Calf thymus DNA appeared to have more than two types of binding site for 
nickel; DNA phosphate moieties were identified as having the highest affinity for 
nickel (Kasprzak et a/., 1986). 

(v) Other nickel compounds 

'Nickel carbonate' particles were actively phagocytized by human embryonal 
lung epithelial cells L132 in culture and showed an increased affinity for cytoplas­
mic and cell membranes (Hildebrand et al., 1986). [The Working Group noted that 
the compound tested was most probably basic nickel carbonate.] 

Following an intraperitoneal injection of 'nickel carbonate' to male Sprague­
Dawley rats, nickel was found to be associated with liver and kidney nuclear DNA 
as early as 3 h after injection, with a further increase by 20 h. The nickel concentra­
tion in kidney DNA was five to six times higher than that in liver. Significant differ­
ences were found in the distribution of nickel between nucleic acids and associated 
proteins in DNA samples extracted from kidney and liver (Ciccarelli & Wetter hahn, 
1984a,b). [The Working Group noted that the compound tested was most probably 
basic nickel carbonate.] 

Sunderman et al. (1984b) determined dissolution half-times in rat serum and 
renal cytosol and phagocytic indices in peritoneal macrophages in vitro of various 
water-insoluble nickel derivatives, including nickel selenide, nickel subselenide, 
nickel telluride, nickel sulfarsenide, nickel arsenide, nickel arsenide tetragonal, 
nickel arsenide hexagonal, nickel antimonide, nickel ferrosulfide matte, a ferronick­
el alloy (NiFe1•6) and nickel titanate. No correlation was found between those two 
parameters and the carcinogenic activity of the tested compounds in the muscle of 
Fischer 344 rats. 

(c) Interactions 

Parenteral administration of soluble nickel salts induced changes in the tissue 
distribution of other metal ions (Whanger, 1973; Nielsen, 1980; Chmielnicka eta!., 
1982; Nieboer et a/., 1984b; Nielsen et a/., 1984). 

Several physiological divalent cations appeared to affect nickel metabolism. 
Thus, manganese decreased the proportion of ultrafiltrable nickel constituents of 
muscle homogenates; the gross muscle uptake and excretion of nickel were not af­
fected. Metallic manganese dust also inhibited the dissolution rate ofnickel subsul­
fide in rat serum, serum ultrafiltrate and water (Sunderman eta/., 1976). Manga­
nese dust reduced the phagocytosis of nickel subsulfide particles by Syrian hamster 
embryo cells in vitro (Costa eta/., 1981a). Magnesium decreased the uptake ofnickel 
by pulmonary nuclei and cytosol of strain A mice and decreased nickel uptake by 
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lung, kidney and liver of Fischer 344 rats (Kasprzak et a/., 1987). Both manganese 
and magnesium strongly antagonized the binding of nickel to the phosphate groups 
of calf thymus DNA in vitro, while copper, which did not inhibit nickel carcinogene­
sis, was a much weaker antagonist (Kasprzak et al., 1986). 

Nickel that accumulated in mouse tissues following administration of nickel 
carbonyl in vivo could be displaced from those tissues by treatment in vitro with 
other cations, including H+, in proportion to their valence; Mg2+ and La3+ were 
the most effective (Oskarsson & Tjalve, 1979b). 

Certain nickel[II]-peptide complexes in aqueous solution were found to react 
with ambient oxygen by a facile autocatalytic process in which nickel[III] intermedi­
ates played a major role. Such reactions may lead to degradation, e.g., decarboxyla­
tion, of the organic ligand (Bossu eta/., 1978). Nickel [III] was also identified in a 
nickel[II]-glycyl-glycyl-n-histidine complex, indicating possible redox effects of the 
nickel[III]/nickel[II] redox couple on that protein (Nieboer et al., 1986). 

(d) Toxic effects 

The toxicity of nickel and its inorganic compounds has been reviewed (US En­
vironmental Protection Agency, 1986; Fairhurst & Illing, 1987; World Health Orga­
nization, 1990), and the chemical basis of the biological reactivity of nickel has been 
discussed (Ciccarelli & Wetterhahn, 1984a; Nieboer eta!., 1984b,c). 

(i) Metallic nickel and nickel alloys 

The lungs of male rabbits exposed by inhalation to 1 mg/m3 nickel metal dust 
( < 40 J.Lill particles) for 6 h per day on five days per week for three and six months 
showed two- to three-fold increases in the volume density of alveolar type II cells. 
The six-month exposure caused focal pneumonia (Johansson et al., 1981; Camner et 
al., 1984). 

Similar changes, resembling alveolar proteinosis, were observed in rabbits af­
ter exposure to nickel metal dust by inhalation for four weeks (Camner et al., 1978). 
After three or six months of exposure at 1 mg/m3 , phagocytic activity in vitro was 
increased upon challenge by Escherichia coli (Johansson et al., 1980). 

A single intramuscular injection of 20 mg nickel metal dust to male WAG rats 
resulted in long-lasting suppression of natural killer cell activity in peripheral blood 
mononuclear cells. Between eight and 18 weeks after the nickel injection, the activ­
ity decreased to 50-60% of that in the control rats (Judde eta!., 1987). 

(ii) Nickel oxides 

Exposure offemale Wistar rats by inhalation to nickel monoxide aerosols (gen­
erated at 550 o C from nickel acetate) at concentrations of200, 400 and 800 J.lg/m3 for 
24 h per day for 120 days resulted in a significant, dose-related reduction in growth 
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rate, decreased kidney and liver weights and erythrocyte count, decreased activity 
of serum alkaline phosphatase, increased wet lung weight and leukocyte count and 
increased mean erythrocyte cell volume (Weischer et a/., 1980a,b). 

Male Wistar rats exposed continuously to nickel monoxide (generated at 
550°C from nickel acetate) aerosols at 50 J.Lglm3 (median particle diameter, 0.35 
J.!ffi) for 15 weeks showed no significant difference in the overall ability of the lungs 
to clear ferrous oxide up to day 7. After that time, lung dearance in nickel oxide-ex­
posed rats decreased significantly. The half life of ferrous oxide clearance after day 
6was 58 days for control rats and 520 days for nickel oxide-exposed rats; in excised 
lungs, the values were 56 and 74 days, respectively (Oberdoerster & Hochrainer, 
1980). 

An increase in lung weight (six-fold) and alveolar proteinosis were observed in 
male Wistar rats that died during life-time exposure to an aerosol of nickel monox­
ide (produced by pyrolysis of nickel acetate [probably at 550°C] [particle size un­
specified]) at 60 or 200 J.Lglm3 , 23 h per day, seven days per week. With longer expo­
sures, marked accumulation of macro phages and focal septal fibrosis were also ob­
served (Takenaka et a/., 1985). 

No significant histopathological change was found in male Wistar rats exposed 
to green nickel oxide (0.6J.Lm particles) for up to 12 months at 0.3 or 1.2 mg/m3, 7 h 
per day on five days per week (Tanaka et a/., 1988). 

No mortality was observed following exposure by inhalation of Fischer 344/N 
rats and B6C3F1 mice to nickel monoxide (formed at 1350°C; 3 J.Lm particles) at 
0.9-24 mg/m3 Ni for 6 h/day on five days per week for 12 days. Lung inflammation 
and hyperplasia of alveolar macrophages occurred primarily at the highest expo­
sure concentration in both species; generally, the lung lesions in mice were less se­
vere than those in rats. Atrophy of the olfactory epithelium was seen only in two rats 
at the highest dose, while atrophy of the thymus and hyperplasia of the lymph nodes 
were seen in both rats and mice exposed to the highest concentrations (Dunnick et 
a/., 1988). 

In Syrian golden hamsters, life-time inhalation of 53 mg/m3 nickel monoxide 
([unspecified] 0.3 Jlffi particles) for 7 h per day resulted in emphysema in animals 
that died early in the experiment. Other lung effects included interstitial pneumoni­
tis and diffuse granulomatous pneumonia, fibrosis of alveolar septa, bronchiolar 
(basal-cell) hyperplasia, bronchiolization of alveolar epithelium, squamous meta­
plasia and emphysema and/or atelectasia of various degrees (Wehner eta/., 1975). 

The median lethal concentration for rat macrophages exposed in vitro to green 
nickel monoxide exceeded 12 J.Lmol (708 J.Lg)/ml Ni. The LC50 for. canine macro­
phages was 3.9 J.!mol (230 J.Lg)/ml Ni as nickel monoxide for 20 h. Nickel monoxide 
was far less toxic to macrophages than nickel sulfate, nickel chloride or nickel 
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subsulfide (Benson eta/., 1986a). The toxicity of six different preparations of nickel 
monoxide calcined at temperatures of < 650-1045 oc and four mixed nickel-copper 
oxides was tested in vitro on alveolar macrophages of beagle dogs, Fischer 344 rats 
and B6C3F 1 mice. Nickel oxides were less toxic to the macrophages than were the 
nickel-copper oxides; the toxicity of the nickel-copper oxides increased with in­
creasing copper content. Generally, dog macrophages were more sensitive to the 
oxides than mouse and rat macrophages (Benson et al., 1988a). 

The ability of the same oxides to stimulate erythropoiesis in Fischer 344 rats 
correlated well with their cell transforming ability in Syrian hamster embryo cells 
(see also genetic and related effects; Sunderman eta/., 1987). 

(iii) Nickel sulfides 

The LD50 after a single instillation in B6C3F1 mice of nickel subsulfide (par­
ticle size, < 2 J.Lm) in a normal saline suspension was 4 mg/kg bw (Fisher eta/., 1986). 

Acute toxic effects of nickel subsulfide (1.8 J.Lm particles) administered intra­
tracheally to male BALB/c mice (12 J.Lg/mouse) included pulmonary haemorrhag­
ing, most evident three days after exposure. The number of polymorphonuclear 
cells in the pulmonary lavage fluid was increased, whereas the number of macro­
phages tended to decrease below the control values later (20 h to seven days) after 
the exposure (Finch et a/., 1987). 

Alveoli tis was observed in Fischer 344 rats following intratracheal instillation 
of nickel subsulfide as a saline/gelatin suspension (3.2-320 J.Lglkg bw). The effects 
closely resembled those of nickel chloride and nickel sulfate at comparable doses of 
nickel. Pulmonary lesions also included type II cell hyperplasia with epithelializa­
tion of alveoli and, in some animals, fibroplasia of the pulmonary interstitium (Ben­
son et a/., 1986b). 

Chronic active inflammation, fibrosis and alveolar macrophage hyperplasia 
were observed in Fischer 344 rats and B6C3F1 mice exposed by inhalation to nickei 
subsulfide (low-temperature form) for 13 weeks (6 h per day, five days per week; 
0.11-1.8 mg/m3 Ni). The toxicity of nickel subsulfide to the lung resembled that of 
nickel sulfate hexahydrate, and both were more toxic than nickel oxide. Rats were 
more sensitive than mice (Dunnick et a/., 1989). 

Administration of nickel subsulfide to female rats as a single intrarenal injec­
tion caused pronounced erythrocytosis (Jasmin & Riopelle, 1976; Oskarsson eta/., 
1981). A single intrarenal injection of nickel subsulfide to male rats also caused an 
increase in renal haem oxygenase-activity; no correlation between the induction of 
haem oxygenase and erythrocytosis was observed (Sunderman eta/., 1983a). Ad­
ministration of nickel sulfide [probably amorphous] in glycerine or saline into each 
pole of the kidney of female rats did not induce renal erythropoietic activity (Jasmin 
& Riopelle, 1976). 
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Under comparable exposure in vitro, beagle dog alveolar macrophages were 
more sensitive to the toxicity ofnickel subsulfide than were those ofFischer 344 rats. 
Nickel subsulfide appeared to be much more toxic to the macrophages of both 
species than nickel chloride, nickel sulfate or nickel monoxide (Benson eta/., 1986a). 

Nickel subsulfide incubated with calf thymus histones in the presence of 
molecular oxygen caused random polymerization of those proteins; this effect was 
not produced by soluble nickel acetate (Kasprzak & Bare, 1989). 

(iv) Nickel salts 

The oral LD50 of nickel acetate was 350 mg/kg bw in rats and 420 mglkg bw in 
mice; the intraperitoneal LD50 was 23 mg/kg bw in rats (National Research Council, 
1975). The LD50 ofnickel acetate in ICR mice after an intraperitoneal injection was 
97 mg/kg bw in females and 89 mg/kg bw in males at days 3 and 5 for three-week-old 
animals and 39-54 mg/kg bw in nine- or 14-week-old animals of either sex (Hogan, 
1985). With nickel chloride, intraperitoneal LD50 values of 6-9.3 mg/kg bw Ni were 
reported for female Wistar rats (Mas eta/., 1985), 11 mg/kg bw rats and 48 mg/kg bw 
for mice (National Research Council, 1975). 

Exposure ofB6C3F1 mice and Fischer 344/N rats to nickel sulfate hexahydrate 
by inhalation for 6 h per day for 12 days (five days per week plus two consecutive 
days; 0.8-13 mg/m3Ni; 2 J.Lm particles) caused death of all mice at concentrations of 
>1.6 mg/m3 and of some rats at concentrations of 13 mg/m3. Lesions of the lung 
and nasal cavity were observed in both mice and rats after exposure to 0.8 mg/m3 
nickel or more; these included necrotizing pneumonia, chronic inflammation and 
degeneration of the bronchiolar epithelium, atrophy of the olfactory epithelium, 
and hyperplasia of the bronchial and mediastinal lymph nodes (Benson eta/., 1988b; 
Dunnick et a/., 1988). 

A single intratracheal instillation of nickel chloride hexahydrate or nickel sul­
fate hexahydrate to Fischer 344/Cr1 rats (0.01, 0.1 or 1.0 J.Lmol [0.59, 5.9 or 59 J,Lg 
Ni/rat) caused alveoli tis and affected the activities of several enzymes measured in 
the pulmonary lavage fluid (Benson et a/., 1985, 1986b). 

Rabbits were exposed to nickel chloride (0.2-0.3 mg/m3 Ni) for 6 h per day on 
five days per week for one to eight months. Nodular accumulation ofmacrophages 
was seen in lung tissue, and the volume density of alveolar type II cells was elevated. 
The phagocytic activity of macrophages was normal after one month of exposure 
but was decreased after three months (Camner eta/., 1984; Lundborg & Camner, 
1984; Camner et a/., 1985). 

Exposure of Syrian golden hamsters to a nickel chloride aerosol (100-275 J.Lg/ 
m3 Ni; < 2-J..LI11 particles) for 2 h per day for one or two days resulted in a dose­
related decrease in the ciliary activity of the tracheal epithelium and in mucosal de­
generation (Adalis eta/., 1978). 
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A single intramuscular injection of nickel chloride (18.3 mg/kg bw) to male 
CBA/J mice caused significant involution of the thymus within two days. Signifi­
cant reduction in the mitogen-stimulated responses of B and T lymphocytes in vitro 
as well as significant suppression of the primary antibody response (T-cell-depen­
dent) to sheep red blood cells were observed after the treatment. Natural killer cell 
activity was also suppressed. The immunosuppressive effects of nickel chloride 
lasted for a few days. The activity of peritoneal macrophages was not affected 
(Smialowicz et a/., 1984, 1985). 

Following a single intramuscular injection of 10-20 mg/kg bw nickel chloride 
into Fischer 344 rats, the activity of natural killer cells was transiently suppressed 
for three days. In contrast to mice, rats showed no significant difference in the lym­
phoproliferative responses of splenocytes to B and T mitogens from those of con­
trols (Smialowicz et a/., 1987). 

Intramuscular injection of nickel chloride (20 mg/kg bw Ni) to Fischer 344 rats 
4 h before death inhibited thymidine uptake into kidney DNA (Hui & Sunderman, 
1980). An immediate, significant decrease, followed by a transient sharp increase of 
thymidine incorporation into pulmonary DNA was observed in strain A mice fol­
lowing intraperitoneal administration of nickel acetate (Kasprzak & Poirier, 1985). 

After 90 daily intraperitoneal injections of nickel sulfate (3 mg/kg bw Ni) to 
male albino rats, focal necrosis of the proximal convoluted tubules in the kidneys 
and marked cellularity around periportal areas and necrotic areas in the liver were 
observed. Bile-duct proliferation and Kupffer-cell hyperplasia were also evident, 
and degenerative changes were observed in a few seminiferous tubules and in the 
inner wall of the myocardium (Mathur et al., 1977a). 

Subcutaneous injection of up to 0.75 mmol [98 mg]/kg bw nickel chloride to 
male Fischer 344 rats increased lipid peroxidation in the liver, kidney and lung in a 
dose-related manner (Sunderman et a/., 1985b). 

Renal, hepatic, pulmonary and brain haem oxygenase activity was induced af­
ter subcutaneous injection of 15 mg/kg bw nickel chloride to male Fischer 344 rats. 
Induction of haem oxygenase was also observed in the kidneys of male BL6 mice, 
male Syrian golden hamsters and male guinea-pigs killed 17 h after subcutaneous 
injection of 0.25 mmol [32 mg]/kg bw nickel chloride (Sunderman et al., 1983a). 

The skin of male albino rats was painted once daily for up to 30 days with 0.25 
ml nickel sulfate hexahydrate solution in normal saline ( 40. 60 and 100 mg/kg bw 
Ni). The 30-day painting caused atrophy in some areas and acanthosis in other 
areas of the epidermis, disorder in the arrangement of epidermal cells and hyper­
keratinization. Liver damage, including focal necrosis, was seen in histological stu­
dies (Mathur et al., 1977b). 
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The toxicity ofnickel sulfate and nickel chloride to alveolar macrophages from 
beagle dogs and Fischer 344 rats in vitro was intermediate to that of nickel subsul­
fide and nickel monoxide (median lethal concentrations, 0.30-0.36 J.llllOl [17.7-21.2 
J.Lg] and 3.1-3.6 J.Lmol [183-212 J,Lg]/ml Ni for dog and rat macrophages, respectively) 
(Benson et al., 1986a). Macrophages lavaged from rabbit lungs and incubated for 
two days with 3-24 J..Lg/ml Ni as nickel chloride showed a decrease of up to 50% in 
lysozyme activity with increasing concentrations of nickel (Lundborg et a/., 1987). 

Although nickel salts inhibit the proliferation of normal mammalian cells in 
culture, nickel sulfate hexahydrate increased proliferation of some lymphoblastoid 
cell lines carrying the Epstein-Barr virus (Wu et a/., 1986). 

Exposure of Syrian hamster embryo cells to nickel chloride or nickel sulfate at 
a concentration of 10 J..Lmol [600 Jlg]/1 Ni or more enhanced nucleoside excretion 
(Uziel et al., 1986). 

Nickel chloride inhibited the transcription of calf thymus DNA and phage T4 
DNA with Escherichia coli RNA polymerase in a concentration-dependent manner 
(0.01-10 mM [0.6-600 mg] Ni). It also stimulated RNA chain initiation at very low 
concentrations (maximal at 0.6 mg), followed by a progressive decrease in initiation 
at concentrations that significantly inhibited overall transcription (Niyogi et a/., 
1981). 

(v) Other nickel compounds 
Animals exposed to nickel carbonyl by inhalation developed pulmonary oede­

ma within 1 h. LC50 values (30-min exposure) reported include 67 mg/m3 for mice, 
240 mg/m3for rats and 190 mg/m3for cats (National Research Council, 1975). Even 
after administration by other routes, the lung is the main target organ (Hackett & 
Sunderman, 1969); the LD50 for rats was 65 mg/kg, 61 mg/kg and 38 mg/kg after 
intravenous, subcutaneous and intraperitoneal administration, respectively (Na­
tional Research Council, 1975). 

Male Wistar rats exposed by inhalation to 0.03-0.06 mg/1 nickel carbonyl for 90 
min three times a week for 52 weeks developed extensive inflammatory lesions in the 
lung, contiguous pericarditis and suppurative lesions of the thoracic walls. Squa­
mous-cell metaplasia was present in bronchiectatic walls of several rats (Sunder­
man et al., 1957). 

Exposure of female Fischer 344 rats by inhalation to 1.2-6.4 J.Lmol [0.2-1.1 mg]ll 
nickel carbonyl for 15 min caused acute hyperglycaemia (Horak et al., 1978). Uri­
nary excretion of proteins and amino acids indicated nephrotoxicity (Horak & 
Sunderman, 1980). 

After exposure of rats to 0.6 mg/1 nickel carbonyl by inhalation, RNA derived 
from the lung showed alterations in the phase transition curve, indicating 
disruption of hydrogen bonds (Sunderman, 1963). Nickel carbonyl administered 
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intravenously at an LD50 dose of 20 mg/kg bw nickel to Sprague-Dawley rats inhib­
ited cortisone-induced hepatic tryptophan pyrrolase (Sunderman, 1967), orotic 
acid incorporation into liver RNA in vivo and in vitro (Beach & Sunderman, 1969 
1970) and incorporation ofleucine into liver and lung protein (Witschi, 1972). Intra~ 
venous administration of nickel carbonyl to Fischer 344 rats (20 mg!kg bw nickel) 
caused a significant decrease in thymidine incorporation into liver and kidney 
DNA 4 h later (Hui & Sunderman, 1980). 

The toxicity of 'nickel carbonate' to human embryo pulmonary epithelium 
L132 cells in culture did not differ significantly from that of nickel chloride at the 
same 25-150 J,LM concentration range applied (Hildebrand et al., 1986). [The Work­
ing Group noted that the compound tested was most probably basic nickel carbon­
ate.] 

A highly significant correlation was found between carcinogenic potential and 
the incidence of erythrocytosis for various water-insoluble nickel compounds, in­
cluding nickel selenide, nickel subselenide, nickel telluride, nickel sulfarsenide, 
nickel arsenide, nickel arsenide tetragonal, nickel arsenide hexagonal, nickel anti­
monide, nickel ferrosulfide matte, a ferronickel alloy (NiFe1•6) and nickel titanate 
(Sunderman et al., 1984b ). 

Dusts of nickel-converter mattes (58% nickel sulfide, 11% metallic nickel, 2% 
nickel monoxide, 1% copper, 0.5% cobalt, 0.2% soluble nickel salts), a nickel con­
centrate (67% total nickel, 57% nickel sulfide) and two nickel-copper mattes 
(27-33% nickel sulfides, --3% metallic nickel, 23-36% copper)were administered to 
white rats and mice by inhalation or by intragastric, intratracheal or intraperitoneal 
routes and onto the skin. The intratracheal LD50 was 200-210 mg/kg bw for the 
mattes and 220 mg/kg for the nickel concentrate. The intraperitoneal LD50 varied 
from 940 mg/kg bw for the nickel concentrate to 1000 mg/kg bw for the nickel-cop­
per mattes and 1100 mg!kg bw for the nickel matte. Mice and rats were almost 
equally sensitive. Chronic exposure of rats and mice by inhalation to the same dusts 
caused bronchitis, perivasculitis, bronchopneumonia and fibrosis. Haemorrhagic 
foci and atrophy were observed in the kidneys (Saknyn et a/., 1976). 

(e) Effects on reproduction and prenatal toxicity 

The embryotoxicity and genotoxicity of nickel, both directly to the mammalian 
embryo and indirectly through maternal injury, have been reviewed (Leonard & 
Jacquet, 1984). 

(i) Metallic nickel and nickel alloys 

Treatment of chickembryo myoblasts with 20-40 J,Lg nickel powder per litre of 
culture fluid prevented normal differentiation of cells, with only a few mitoses seen 
after five days' incubation. Reduction of cell division was coupled with cell 
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degeneration, resulting in small colony size. At concentrations of 80 J..Lg/1 nickel, 
extensive degeneration of the cultures and complete suppression of mitosis oc­

·~ curred within five days (Daniel et a/., 1974). 

(ii) Nickel sulfides 

Nickel subsulfide (80 mg/kg bw Ni) administered intramuscularly to Fischer 
rats on day 6 ofgestation reduced the mean number oflive pups per dam. No anom­
aly was found, and no evidence of maternal toxicity was reported (Sunderman eta/., 
1978a). In another study, intrarenal injection of nickel subsulfide (30 mglkg bw Ni) 
to female rats prior to breeding produced intense erythrocytosis in pregnant dams 
but not in the pups, which had reduced blood haematocrits at two weeks (Sunder­
man et a/., 1983b). · 

Both rats and mice administered 5 or 10 mg/m3 nickel subsulfide aerosols by 
inhalation for 12 days developed degeneration of testicular germinal epithelium 
(Benson et al., 1987). · 

(iii) Nickel salts 

Studies on the teratogenic effects of nickel chloride in chick embryos have pro­
duced conflicting results, perhaps due to differences in dose and route of adminis­
tration. Cardiac anomalies (Gilani, 1982), exencephaly and distorted skeletal devel­
opment (Gilani & Marano, 1980) have been reported, whereas some authors found 
no nickel-induced anomaly (Ridgway & Karnofsky, 1952; Anwer & Mehrotra, 
1986). 

Embryo cultures from BALB/c mice were used to determine the mechanism of 
preimplantation loss of embryos derived from matings three and four weeks after 
treatment of males with 40 or 56 mg/kg bw nickel nitrate. Treated and control ani­
mals were allowed to mate with superovulated females and the number of cleaved 
eggs and the development of embryos to blastocysts and implantations were 
counted. Neither the fertilizing capacity of spermatozoa nor the development of 
cultured embryos was influenced by a dose of 40 mg/kg bw. A dose of56 mg/kg bw 
significantly reduced the fertilization rate but did not affect the development of 
two-cell embryos. The results suggest that preimplantation loss afterexposure to 
nickel is due to toxic effects on spermatids and spermatogonia rather than to zygotic 
death (Jacquet & Mayence, 1982). 

Following daily intragastric administration of 25 mg/kg bw nickel sulfate to 
male white rats over a period of 120 days, severe lesions in germ-cell development in 
the testis were observed (Waltscheva et a/., 1972). Rats administered nickel sulfate 
by inhalation for 12 days developed testicular degeneration (Benson et al., 1988b). 

Groups of three to five male albino rats received subcutaneous injections of 
0.04 mmol (6.2 mg]/kg bw nickel sulfate either as a single dose or as daily doses for 
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up to 30 days. Treatment interfered to some degree with spermatogenesis, but this 
was temporary, and the testes ultimately recovered (Hoey, 1966). 

Preimplantation embryos from NMRI mice (two- and four- to eight-cell stages) 
were cultured with nickel chloride hexahydrate; 10 Jl.M (2.5 mg) adversely affected 
the development of day 2 embryos (two-cell stage), whereas 300 J.!M (71.3 mg) were 
required to affect day 3 embryos (eight-cell stage) (Storeng & Jansen, 1980). In or­
der to compare the effects ofnickel chloride hexahydrate on mouse embryos treated 
in vivo by intraperitoneal injection during the preimplantation period, a single in­
jection of20 mglkg bw nickel chloride was given to groups of female mice on day 1, 
2, 3, 4, 5 or 6 of gestation. On day 19 of gestation, the implantation frequency in 
females treated on day 1 was much lower than that of controls. The litters of the 
control group were larger, and significantly so, among mice treated on days 1, 3 and 
5 ofgestation; the body weight of fetuses was also decreased on day 19. Nickel chlo­
ride may thus adversely affect mouse embryos during the passage through the ovi­
duct, with subsequent effects after implantation. Data on maternal effects were not 
presented (Storeng & Jansen, 1981). 

Long-Evans rats born in a laboratory especially designed to avoid environmen­
tal contamination from trace metals were administered nickel [salt unspecified] at 5 
mg/1 in the drinking-water in five pairs. About one-third of the offspring in the first 
generation were runts, and one maternal death occurred. In the second generation, 
there were 10% young deaths with only 5% runts and, in the third g~neration, 21% 
young de~ths with 6% runts. Thus, the size of the litters decreased somewhat with 
each generation and, with some failures in breeding, the number of rats was reduced 
(Schroeder & Mitchener, 1971). A subsequent study, reported in an abstract, found 
similar effects on reproduction through two generations of rats following adminis­
tration of 500 mgll nickel chloride in drinking-water. There was no decrease in ma­
ternal weight gain or other maternal effect (Kimmel eta/., 1986). 

Nickel chloride was administered in the drinking-water to female rats at a con­
centration of0.1 or 0.01 mg/1 Ni for seven months and then during pregnancy. Em­
bryonic mortality was 57% among nine rats exposed to the higher concentration, 
compared to 34% among eight controls. At the lower concentration no such differ­
ence was observed (Nadeenko et a/., 1979). 

Nickel chloride (1.2-6.9 mg/kg bw Ni) was administered intraperitoneally to 
pregnant ICR mice on single days between days 7-11 ofgestation. Increased resorp­
tion, decreased fetal weight, delayed skeletal ossification and a high incidence of 
malformations were observed in a do~e-related fashion on gestation day 18. The 
malformations consisted of acephaly, exencephaly, cerebral hernia, open eyelids, 
cleft palate, micromelia, ankylosis of the extremities, club foot and other skeletal 
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abnormalities. Five of 27, 6/25 and 7/24 dams receiving 4.6 mg/kg bw or more died 
within 72 h after injection on days 9, 10 and 11 (Lu eta/., 1979). 

Fischer rats were administered nickel chloride (16 mg/kg bw Ni) intramuscu­
larly on day 8 of gestation. The body weight of fetuses on day 20 ofgestation and of 
weanlings four to eight weeks after birth were reduced. Nocongenital anomaly was 
found in fetuses from nickel-treated dams, or in rats that received ten intramuscular 
injections of 2 mglkg bw Ni as nickel chloride twice daily from day 6 to day 10 of 
gestation (Sunderman eta/., 1978a). 

Groups of pregnant Wistar rats were given nickel chloride (1, 2 or 4 mg/kg bw 
Ni) by intraperitoneal injection on days 8, 12 and 16 of pregnancy and were sacri­
ficed on day 20. More malformations occurred when nickel was administered dur­
ing organogenesis than after, and their occurrence was maximal at dose levels that 
were toxic to dams. The abnormalities included hydrocephalus, haemorrhage, hy­
dronephrosis, skeletal retardation and one heart defect (Mas et a/., 1985). 

(iv) Other nickel compounds 

Nickel carbonyl (11 mg/kg bw Ni) was injected intravenously into pregnant Fis­
cher rats on day 7 of gestation. On day 20, fetal mortality was increased, the body 
weight of live pups was decreased and there was a 16% incidence of fetal malforma­
tions, including anophthalmia, microphthalmia, cystic lungs and hydronephrosis. 
No information was given regarding maternal toxicity (Sunderman et a/., 1983b). 

Fischer rats were exposed on day 7 or 8 of gestation by inhalation to nickel 
carbonyl at concentrations of 80, 160 or 360 mgfm3 for 15 min. Ophthalmic anoma­
lies (anophthalmia and microphthalmia) were observed in 86/511 fetuses from 62 
pregnancies; they were most prevalent at the highest dose level and were not ob­
served when the compound was given on day 9 of gestation (Sunderman et a/., 
1979b). In another experiment, pregnant rats exposed to 60 or 120 mg/m3 nickel 
carbonyl by inhalation for 15 min onday 8 of gestation also had a high incidence of 
ocular anomalies. Maternal toxicity was not reported (Sunderman et al., 1978b). 

Groups of pregnant hamsters were administered 60 mg/m3 nickel carbonyl by 
inhalation for 15 min on days 4, 5, 6, 7 or 8 ofgestation. Dams were sacrificed on day 
15 and the fetuses examined for malformation. Exposure on days 4 and 5 of gesta­
tion resulted in malformations in about 5.5% of the progeny, which included cystic 
lung, exencephaly, fused rib, anophthalmia, cleft palate and haemorrhage into the 
serous cavities. Nine of 14 dams lived until day 16 ofgestation. Haemorrhages were 
not observed in controls. Among the fetuses of dams exposed to nickel carbonyl on 
day 6 or 7 of gestation, one fetus had fused ribs and two had hydronephrosis. For 
pregnancies allowed to reach full-term, there was no significant difference on the 
day of delivery between pups from nickel carbonyl-exposed litters and controls. 
Neonatal mortality was increased (Sunderman et a/., 1980). 
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(f) Genetic and related effects 

Many reviews of the genetic effects of nickel compounds have been published 
(Heck & Costa, 1982; Christie & Costa, 1984; Costa & Heck, 1984; Hansen & Stem, 
1984; Reith & Br0gger, 1984; Costa & Heck, 1986; Fairhurst & Illing, 1987; Sunder­
man, 1989). 

The genotoxic effects of different nickel compounds are divided into five cate­
gories: (i) those for metallic nickel; (ii) those for nickel oxides and hydroxides; (iii) 
those for crystalline nickel sulfide, crystalline nickel subsulfide and amorphous 
nickel sulfide; (iv) those for nickel chloride, nickel sulfate, nickel acetate and nickel 
nitrate; and (v) those for nickel carbonate, nickelocene, nickel potassium cyanide 
and nickel subselenide. The studies on these compounds are summarized in Ap­
pendix 1 to this volume. 

(i) Metallic nickel 

Nickel powder was reported not to induce chromosomal aberrations in cul­
tured human peripheral lymphocytes [details not given] (Paton & Allison, 1972). 

Nickel powder ground to a mean particle size of 4-5 J..Lm at concentrations of 5, 
10 a11:d 20 J..Lg/ml caused a dose-dependent increase in morphological transforma­
tion of Syrian hamster embryo cells (Costa eta/., 1981b). At 20 J..Lg/ml, nickel powder 
produced a 3% incidence of transformation, while crystalline nickel subsulfide and 
crystalline nickel sulfide (at 10-20 J..Lg/ml) produced a 10-13% incidence of transfor­
mation and 5 and 10 J..Lg/ml of amorphous nickel sulfide induced none. Nickel pow­
der inhibited progression through S phase in Chinese hamster CHO cells, as mea­
sured by flow cytometry (Costa eta/., 1982). 

Hansen and Stern (1984) reported that nickel powder transformed BHK 21 
cells [see General Remarks for concern about this assay]. PI:Qli.f.era.jpn in soft agar 
was used as the endpoint. At equally toxic doses, they found trrai'nickel powder and 
crystalline nickel subsulfide had similar transforming activities; the toxicity of 200 
J..Lg/ml nickel powder was equal to that of 10 J..Lg/ml nickel subsulfide. 

(ii) Nickel oxides 

Nickel monoxide and nickel trioxide in distilled water gave negative results in 
the Bacillus subtilis rec +free· assay for differential toxicity at concentrations ranging 
from 5 to 50 mM (Kanematsu et a/., 1980). [The Working Group noted that since 
particulate nickel compounds such as these are relatively insoluble and their entry 
into mammalian cells requires phagocytosis (Costa & Mollenhauer, 1980a,b,c), it is 
unlikely that they were able to enter the bacteria.] 
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Chromosomal aberrations were not induced in human peripheral lymphocytes 
by treatment in vitro with nickel monoxide [details not given] (Paton & Allison, 
1972). 

Nickel monoxide and nickel trioxide transformed Syrian hamster embryo cells 
at concentrations of 5-20 J.Lg/ml. The activity of the trioxide was about twice that of 
the monoxide, similar to that of metallic nickel and about 20% that of crystalline 
nickel sulfide (Costa et al., 1981a,b). 

Nickel monoxide that was calcined at a low temperature had greater trans­
forming activity in this system than nickel monoxide calcined at a high temperature 
at concentrations of 5 and 10 J.Lg/ml and was equivalent to that of crystalline nickel 
sulfide. The cell-transforming activity of these nickel compounds was reported to 
correlate well with their ability to induce preneoplastic changes in rats (Sunderman 
et al., 1987). 

Syrian hamster BHK 21 cells were transformed by nickel monoxide and by a 
nickel oxide catalyst identified as Ni01•4(3H20). At equally toxic doses, nickel mon­
oxide had the same transforming activity as did nickel subsulfide. [See General 
Remarks for concern about this assay.] The nickel oxide catalyst, Ni01•4 , had simi­
lar toxicity and transforming capacity as nickel subsulfide (Hansen & Stern, 1983, 
1984). 

The ability of 50 J.1M nickel monoxide to induce anchorage-independent 
growth in primary human diploid foreskin fibroblasts was similar to that of 10 J.!M 
nickel subsulfide or nickel acetate. The absolute numbers of anchorage-indepen­
dent colonies induced at these doses were 26 with nickel monoxide, 67 with nickel 
subsulfide, 79 with nickel sulfide (10 J,JM) and about 42 with nickel acetate, com­
pared with none in cultures of untreated cells. The frequency of anchorage-inde­
pendent growth induced by nickel monoxide was about three-fold less than with 
nickel subsulfide, but was equivalent to that obtained with nickel acetate. The tran­
formed cells had 33- to 429-fold higher plating efficiency in agar than the parental 
cells; anchorage-independence was stable for eight passages only (Biedermann & 
Landolph.{1987). 

Nickel oxide inhibited progression through S phase in Chinese hamster CHO 
cells, as measured by flow cytometry (Costa eta/., 1982). 

(iii) 	 Nickel sulfides (crystalline nickel sulfide, crystalline nickel subsulfide 
and amorphous nickel sulfide) 

Crystalline nickel sulfide and nickel subsulfide were actively phagocytized by 
cells at an early stage following their addition to tissue cultures. Phagocytosis was 
dependent upon the calcium concentration in the medium (Abbracchio et al., 
1982a) and particle size (particles >5-6 Jlm were much less actively taken up and 
much less toxic than smaller particles) (Costa & Mollenhauer, 1980a,b,c). Particles 

'1 
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are taken up in areas of active cell ruffling, internalized and moved about the cell in 
a saltatory motion; lysosomes repeatedly interact with the particles, which are con­
tained in the perinuclear region and sometimes inside cytoplasmic vacuoles, where 
they slowly dissolve, releasing nickel ions (Evans et a/., 1982). Interaction between 
lysosomes and nickel sulfide particles may result in exposure of the particles to the 
acidic content of the lysosomes, and this interaction may accelerate intracellular 
dissolution of crystalline nickel sulfide to ionic nickel (Abbracchio eta/., 1982a). In 
contrast, amorphous nickel sulfide and nickel particles were not significantly taken 
up by cells in vitro (Costa eta/., 1981a). Crystalline nickel sulfide particles differ 
from amorphous particles in that they have a negative surface charge, as shown us­
ing Z-potential measurements and binding of the particles to filter-paper discs of­
fering different charges (Abbracchio eta/., 1982b). Alteration of the positive charge 
of amorphous nickel sulfide particles by treatment with lithium aluminium hydride 
results in activation of phagocytosis (Abbracchio eta/., 1982b; Costa, 1983). 

Crystalline nickel sulfide was actively phagocytized by the protozoan Paramoe­ ;:, 

cium tetraurelia and induced lethal genetic damage in parent cells. The activity of 
' 

nickel subsulfide was more consistent than that of nickel sulfide, but both com­
pounds produced higher mutagenic activities than glass beads, used as a control. 
The concentrations used ranged from 0.5 to 54 j.lg/ml; both compounds showed 
greatest mutagenicity at 0.5 J.lg/ml, as higher levels were toxic (Smith-Sonneborn 
eta/., 1983). 

Crystalline nickel subsulfide at 5, 10 and 50 J.lg/ml inhibited DNA synthesis in 
the rat liver epithelial cell line T51B (Swierenga & McLean, 1985). Nickel subsulfide 
inhibited progression through S phase in Chinese hamster CHO cells, as measured 
by flow cytometry (Costa et a/., 1982). 

Crystalline nickel sulfide and nickel subsulfide were active in inducing DNA 
damage in cultured mammalian cells. Crystalline nickel sulfide induced DNA 
strand breaks in rat primary hepatocytes (Sina eta/., 1983) and, at 1-20 j.lg/ml, 
single-strand breaks in tritium-labelled DNA in cultured Chinese hamster ovary 
cells, as determined using alkaline sucrose gradients (Robison & Costa, 1982). Us­
ing the same technique, Robison eta/. (1982) showed that crystalline nickel subsul­
fide also induced strand breaks, whereas amorphous nickel sulfide, which is not 
phagocytized by cells, did not. As observed with alkaline elution analysis, crystal­
line nickel sulfide induced two major types of lesion - single-strand breaks and 
DNA protein cross-links (Costa eta/., 1982; Patierno & Costa, 1985). Treatment of 
primary Syrian hamster embryo cells with crystalline nickel subsulfide at 10 J.lg/ml 
and Chinese hamster CHO cells with crystalline nickel sulfide at 1-5 J.lg/ml induced 
DNA repair, as determined by analysis with caesium chloride gradients. Amor­
phous nickel sulfide had no effect in either cell type (Robison et a/., 1983). 
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Crystalline nickel subsulfide and amorphous nickel sulfide induced a weak 
mutation response at the hprt (6-thioguanine and 8-azaguanine resistance) locus in 
Chinese hamster ovary cells (Costa et al., 1980). 

Mutation to 8-azaguanine resistance was induced in a cultured rat liver epithe­
lial cell line T51B treated with particulate crystalline nickel subsulfide at concentra­
tions ranging from 5 to 50 J.Lg/ml. At noncytotoxic doses, the mutagenic activity was 
four-fold above background, and at cytotoxic doses it was 20-fold above back­
ground. The mutagenic activity of dissolved products of these particles (at 12.5-20 
J.Lg/ml) was about two-fold above background at noncytotoxic doses and 20-fold 
above background at cytotoxic doses. Neither dissolved nor particulate nickel 
subsulfide at 2-27 J.Lg/ml induced unscheduled DNA synthesis in rat primary hepa­
tocytes (Swierenga & McLean, 1985). Nickel subsulfide, however, was reported to 
inhibit unscheduled DNA synthesis induced in primary rat hepatocytes by methyl 
methane sulfonate [details not given] (Swierenga & McLean, 1985). Concentrations 
of 0.5-10 J.!M nickel subsulfide did not induce 8-azaguanine or 6-thioguanine resis­
tance in primary human fibroblasts (Biedermann & Landolph, 1987). 

Crystalline nickel sulfide (0.1-0.8 J.Lg/cm2) was mutagenic in monolayer cul­
tures in Chinese hamster V79 cells in which the endogenous hprt gene had been in­
activated by a mutation and a single copy of a bacterial gpt gene had been inserted 
(Christie eta/., 1990). 

The frequency of sister chromatid exchange was increased in cultured human 
lymphocytes treated with nickel subsulfide at 1-10 J.Lg/ml (Saxholm et al., 1981). 

Chromosomal aberrations were induced in cultured mouse mammary carcino­
ma Fm3A cells following treatment with 4-8x 1D-4M crystalline nickel sulfide dis­
solved in medium and filtered. The early chromosomal aberrations consisted of 
gaps; following reincubation in control medium after treatment, gaps, breaks, ex­
changes and other types of aberration were observed (Nishimura & Umeda, 1979; 
Umeda & Nishimura, 1979). [The Working Group noted that the chemical form of 
nickel used in this study is not known.] 

Treatment of Chinese hamster ovary cells with crystalline nickel sulfide at 5-20 
J.Lg/ml for 6-48 h produced a dose- and time-dependent increase in the frequency of 
chromosomal aberrations, which were selective for heterochromatin and included 
mostly g .ps and breaks, with some exchanges and dicentrics (Sen & Costa, 1985). 
Crystalli te nickel sulfide at 1-10 J.Lg/ml also increased the frequency of sister chro­
matid e) ;hange in a dose-dependent fashion, selectively in heterochromatic re­
gions, in both Chinese hamster ovary cells (Sen & Costa, 1986b) and mouse 
C3H/10'Ph cells (Sen eta/., 1987). 
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A dose-dependent increase in the frequency of morphological transformation 
was induced in primary Syrian hamster embryo cells by treatment with crystalline 
nickel subsulfide at 1-5 J.Lg/ml for nine days (DiPaolo & Casto, 1979) and by either 
crystalline nickel sulfide or nickel subsulfide at 0.1-10 }lg/ml for 48 h (Costa eta/., 
1979; Costa, 1980; Costa & Mollenhauer, 1980a,b,c; Costa eta/., 1981a,b, 1982). At 
the same dose range, amorphous nickel sulfide had no effect. Clones derived from 
the transformed cells had greater plating efficiency, saturation densities and prolif­
eration rates than normal cells; they also had more inducibility of ornithine decar­
boxylase, were able to proliferate in soft agar and were tumorigenic in nude mice. 

C3H/101V2 cells were transformed at equal frequencies by crystalline nickel 
subsulfide at concentrations of 0.001, 0.01 and 0.1 J..Lg/ml; at concentrations higher 
than 1 JJ.g/ml, there was no transformation due to cell lysis or death. Transformed 
cells also showed long microvilli. They were not characterized for their ability to :..-:..­'"-.I

'oform tumours in nude mice or for anchorage-independent growth (Saxholm eta!., ';:"':. ... 
,..,... 

-~:;:;· .1981). [The Working Group questioned the induction of transformation by concen­
trations of crystalline nickel subsulfide as low as 0.001 }lg/ml.] 

Crystalline nickel subsulfide induced transformed properties in rat liver epi­
thelial T51B cells that were related to cytokeratin lesions. Solutions prepared as 
leachates of nickel subsulfide (containing about 300 JJ.g/ml Ni) induced large juxta­
nuclear cytokeratin aggregates within 24 h ofexposure, which persisted after remov­
al of the compounds and were passed on to daughter cells. After long-term expo­
sure to 2.5 JJ.g/ml crystalline nickel subsulfide (dissolution products), these lesions 
were related to concomitant induction of differentiation and transformation mark­
ers, loss of density dependence, ability to grow in calcium-deficient medium and 
increased growth rates. Altered cells formed differentiated benign tumours in nude 
mice (Swierenga eta/., 1989). 

Crystalline nickel subsulfide at 5-20 J..Lg/ml induced transformation to anchor­
age-independence of Syrian hamster BHK 21 cells (Hansen & Stern, 1983). [See 
General Remarks for concern about this assay.] 

Human skin fibroblasts transformed by crystalline nickel subsulfide to an­
chorage-independent growth had a much higher plating efficiency than normal 
cells. The phenotype was stable for eight passages (Biedermann & Landolph, 1987). 

Crystalline nickel sulfide, but not amorphous nickel sulfide, at doses of 1-20 
M-g/ml, inhibited the polyriboinosinic-polyribocytidylic acid-stimulated production 
of a/f3 interferon in mouse embryo fibroblasts (Sonnenfeld et al., 1983). 

Heterochromatic abnormalities were seen in early-passage cultures of cells 
from crystalline nickel sulfide-induced, mouse rhabdomyosarcomas (Christie eta/., 
1988). 
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(iv) 	 Nickel salts (nickel chlon·de, nickel sulfate, nickel nitrate and nickel 
acetate) 

Nickel acetate induced A. prophage in Escherichia coli WP2s, with a maximal 
effect at 0.04 mM (Rossmann et al., 1984). Nickel sulfate at 300 J.Lg/ml did not induce 
forward mutations in T4 phage (Corbett eta/., 1970). 

Nickel chloride at 1-10 mM decreased the fidelity of DNA polymerase using a 
poly (c) template (Sirover & Loeb, 1976, 1977). Nickel acetate inhibited DNA syn­
thesis in mouse mammary carcinoma Fm3A cells (Nishimura & Umeda, 1979). 

Nickel chloride at 200-1000 J..LM induced a genotoxic response in a differential 
killing assay using E. coli WP2 (wild-type) and the repair-deficient derivative WP67 
(uvrA-,polA-) and CM871 (uvrA-, recA-, lexA-) (Tweats eta/., 1981). De Flora et al. 
(1984) reported negative results with nickel chloride, nickel nitrate and nickel 
acetate using the same strains in a liquid micromethod test procedure, with and 
without an exogenous metabolic system. 

Nickel chloride did not induce differential toxicity in B. subtilis H17 rec + (arg-, 
trp-) or M45 rec- (arg-, trp-) at 5-500 mM (Nishioka, 1975; Kanematsu et al., 1980). No 
mutagenicity was induced by nickel chloride at 0.1-100 mM inS. typhimurium LT2 or 
TA100 (Tso & Fung, 1981), by nickel chloride, nickel acetate or nickel nitrate in 
S. typhimurium TA1535, TA1537, TA1538, TA97, TA98 or TA100 (De Flora et al., 
1984) or by nickel chloride or nickel sulfate inS. typhimurium TA1535, TA1537, 
TA1538, TA98 or TA100, when trimethylphosphate was substituted for ortho-phos­
phate to allow nickel to be soluble in the media (Arlauskas eta/., 1985). Even when 
substantial quantities of nickel were demonstrated to enter the bacteria, there was 
still no mutagenic response in S. typhimun·um strains TA1535, TA1538, TA1975 or 
TA1978 (0.5-2 mM) (Biggart & Costa, 1986). 

Pikalek and Necasek (1983), however, demonstrated mutagenic activity of 
nickel chloride at 0.5-10 J.lg/ml in hornoserine-dependent Corynebacterium sp887, 
utilizing a fluctuation test. Dubins and LaYelle (1986) demonstrated co-mutagene­
sis of nickel chloride with alkylating agents in S. typhimurium strain TA100 and in 
E. coli strains WP2 + and WP2 uvrA-; Ogawa et al. (1987) demonstrated co-mutage­
nesis with 9-aminoacridine. Nickel acetate at up to 100 J..LM was not co-mutagenic 
with ultraviolet light in E. coli WP2 (Rossman & Molina, 1986). Soluble nickel salts 
have been shown to be negative in host-mediated assays, using S. typhimurium G46 
in NMRI mice and Se"atia marcescens A21 in mice, at concentrations of 50 mg/kg 
(Buselmaier et al., 1972). 

Nickel chloride at 3 and 10 mM for 24 h induced gene conversion in Saccharo­
myces cerevisiae D7 (Fukunaga eta!., 1982). It also induced petite mutations in 13 
S. cerevisiae haploid strains (Egilsson et a/., 1979). 
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Negative results were obtained in the Drosophila melanogaster somatic eye co. 
lour (zeste mutation) test with nickel chloride at 0.21 mM (Rasmuson, 1985) and at 
4.2 mM (Vogel, 1976) and with nickel nitrate at 0.14 mM (Rasmuson, 1985). 

Nickel sulfate induced sex-linked recessive lethal mutations in D. melanogaster 
at concentrations of 200, 300 and 400 ppm and sex chromosomal loss at the highest 
concentration tested. The injection volume was not stated, but the LD50 was 400 
ppm (Rodriguez-Arnaiz & Ramos, 1986). Nickel nitrate at 3.4-6.9 mM did not in­
duce sex-linked recessive lethal mutations in D. melanogaster (Rasmuson, 1985). 

Nickel chloride increased the frequency of strand breaks in Chinese hamster 
ovary cells at 1 and 10 IJ.g/ml with 2-h exposure (Robison & Costa, 1982) and at 
10-100 J1M for 16 and 48 h, with a decrease in the average molecular weight of DNA 
from 7.2-5.7 x 10-7 Da (Robison et al., 1982). Nickel chloride at 0.5-5 mM induced 
both single-strand breaks and DNA-protein cross-links in the same cell line. The 
extent of cross-linking was maximal during the late S phase of the cell cycle when 
heterochromatic DNA is replicated (Patierno & Costa, 1985; Patierno eta!., 1985). 

~~(,A
Nickel chloride at 0.05 mM for 30 min did not induce DNA strand breaks in #\ 

human lymphocytes as evaluated by alkaline unwinding (McLean eta!., 1982). [The 
Working Group noted that the exposure period was very short and the dose very 
low.] Nickel sulfate at 250 J..Lg/ml did not induce DNA single-strand breaks in hu­
man fibroblasts (Ag 1522) (Fornace, 1982). 

Nickel chloride at0.1-1 mM induced DNA repair synthesis in Chinese hamster 
ovary and primary Syrian hamster embryo cells, which have a very high degree of 
density inhibition of growth and very little background replication synthesis (Robi­
son et al., 1983, 1984). It inhibited DNA synthesis in primary rat embryo cells at 1.0 
IJ.g/ml (Basrur & Gilman, 1967) and in T51B rat liver epithelial cells (Swierenga & 
McLean, 1985). 

Exposure of two human cell lines, HeLa and diploid embryonic fibroblasts, 
and of Chinese hamster V79 cells and L-A mouse fibroblasts to nickel chloride in 
vitro resulted in a dose-dependent depression of proliferation and mitotic rate. The 
effects on viability were accompanied by a reduction in DNA, protein and, to ctless­
er degree, RNA synthesis. Cells in G 1 and early S phases were most sensitive (Skreb 
& Fischer, 1984). Nickel chloride also selectively blocked cell cycle progression in 
the S phase in Chinese hamster ovary cells (Harnett eta/., 1982). Nickel chloride at 
40-120 IJ.M for one to several days of exposure prolonged S-phase in Chinese ham­
ster ovary cells (Costa eta!., 1982). 

Nickel chloride at 0.4 and 0.8 mM for 20 h induced 8-azaguanine-resistant mu­
tations in Chinese hamster V79 cells, although 0.8 mM induced a very weak muta­
genic response (Miyaki et a/., 1979). Nickel chloride at 0.5-2.0 mM induced a 
dose-related increase in the frequency of mutation to 6-thioguanine resistance in 
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Chinese hamster V79 cells. At 2 mM, cell survival was 50% and the mutant fraction 
was 8.6-fold above background (Hartwig & Beyersmann, 1989). Trifluorothymi­
dine-resistant mutants were induced in L5178Y tk +1- mouse lymphoma cells fol­
lowing exposure to nickel chloride at 0.17-0.71 mM for 3 h; dose-dependent two- to 
five-fold increases in mutation frequency were seen, smvival ranging from 5 to 
33.5% (Amacher & Paillet, 1980). 

Nickel sulfate at 0.1 mM induced a two-fold increase in the frequency of muta­
tion to 6-thioguanine resistance over the background level in Chinese hamster V79 
cells (G 12) containing a transfected bacterial gpt gene (Christie et al., 1990). No gene 
mutation to ouabain resistance was seen, however, in primary Syrian hamster em­
bryo cells exposed to 5 J.lg/ml nickel sulfate (Rivedal & Sanner, 1980). 

As assessed in a mutation assay for the synthesis of P-85gag-mosviral proteins, 
nickel chloride at concentrations of 20-160 J.lM induced expression of the v-mos 
gene in MuSVts 110-infected rat kidney cells (6m2 cell line) (Biggart & Murphy, 
1988). 

Nickel chloride at 0.01-0.05 mM increased the incidence of sister chromatid 
exchange in Chinese hamster ovary cells (Sen eta!., 1987). An increased frequency 
was also seen with nickel sulfate at 0.1 mM in the P33 8D1 macrophage cell line 
(Andersen, 1983), at 0.13 mM in Chinese hamster Don cells (Ohno et al., 1982), at 
0.004-0.019 mM in Syrian hamster embryo cells (Larramendy eta/., 1981), at 0.75 
J..Lg/ml (0.003 mM) in Chinese hamster ovary cells (Deng & Ou, 1981) and at 0.01 mM 
in human lymphocytes (Andersen, 1983). Dose-dependent increases in the frequen­
cy of sister chromatid exchange were seen in human peripheral blood lymphocytes 
with nickel sulfate at 0.01 mM and 0.019 mM (Larramendy eta!., 1981), 0.0023-2.33 
mM (Wulf, 1980) and 0.95-2.85 J..LM (Deng & Ou, 1981). 

Nickel chloride induced chromosomal aberrations in Fm3A mouse mammary 
carcinoma cells (Nishimura & Umeda, 1979; Umeda & Nishimura, 1979). It also 
induced aberrations (primarily gaps, breaks and exchanges) in Chinese hamster 
ovary cells at 0.001-1 mM, preferentially in heterochromatic regions (Sen & Costa, 
1985, 1986b; Sen eta/., 1987); and aberrations in Syrian hamster embryo cells at 
0.019 mM (Larramendy eta/., 1981). Increased frequencies were also reported in 
Syrian hamster embryo cells (0.019 mM) and human peripheral blood lymphocytes 
(0.019 mM) exposed to nickel sulfate hexahydrate (Larramendy eta/., 1981) and in 
Fm3A mouse mammary carcinoma cells exposed to nickel acetate at 0.6 mM for 
48 h (Umeda & Nishimura, 1979) or at 1 mM for 24 h (Nishimura & Umeda, 1979). 

Nickel sulfate at 1.0 mM reduced average chromosomal length in human lym­
phocytes, indicating its ability to act as a powerful spindle inhibitor at concentra­
tions just below lethal levels (Andersen, 1985). 

http:0.95-2.85
http:0.0023-2.33
http:0.01-0.05
http:0.17-0.71
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Nickel sulfate hexahydrate and nickel chloride induced a concentration-de­
pendent increase in morphological transformation of Syrian hamster embryo cells 
(Pienta et a/., 1977; DiPaolo & Casto, 1979 [2.5-10 J.Lg/ml]; Zhang & Barrett, 1988). 
Nickel sulfate transformed these cells at 5 J.!g/ml (Rivedal & Sanner, 1980; Rivedal et 
a/., 1980; Rivedal & Sanner, 1981, 1983), and concentrations of 10-40 J.Lg/ml (38-154 
J..I.M) nickel sulfate enhanced transformation of normal rat kidney cells infected with 
Molony murine sarcoma virus (Wilson & Khoobyarian, 1982). 

Nickel acetate at 100-400 J.!g/ml transformed Syrian hamster BHK21 cells 
(Hansen & Stern, 1983) [See General Remarks for concern about this assay.] 

Nickel acetate and nickel sulfate at 10 J.!M induced transformation to anchor­
age-dependent growth of primary human foreskin fibroblasts (Biedermann & Lan­
dolph, 1987). 

Continuous exposure of cultures of normal human bronchial epithelial cells to 
nickel sulfate at 5-20 J.Lg/ml reduced colony-forming efficiency by 30-80.%. After 40 
days of incubation, 12 cell lines were derived which exhibited accelerated growth, 
aberrant squamous differentiation and loss of the requirement for epidermal 
growth factor for clonal growth. Aneuploidy was induced and marker chromo­
somes were found. However, none of these transformed cultures was anchorage-in­
dependent or produced tumours upon injection into athymic nude mice (Lechner et 
a/., 1984). Human fetal kidney cortex explants were exposed continuously to 5 Jlg/ml 
nickel sulfate. After 70-100 days, immortalized cell lines were obtained, with de­
creased serum dependence, increased plating efficiency, higher saturation density 
and ability to grow in soft agar. However, they were not tumorigenic (Tveito eta/., 
1989). 

Nickel sulfate disrupted cell-to-cell communication in a dose-related manner 
in NIH3T3 cells from a base level of98% at 0.5 mM to 2% at 5mM; cell viability was 
not affected by these concentrations (Miki eta/., 1987). [The Working Group noted 
that the method for determining cell viability was not described.] 

Intraperitoneal injections of nickel sulfate at 15-30% of the LD50 to CBA mice 
in vivo suppressed DNA synthesis in hepatic epithelial cells and in the kidney (Am­
lacher & Rudolph, 1981). Nickel chloride given by intramuscular injection to rats at 
20 mg/kg bw Ni inhibited DNA synthesis in the kidney (Hui & Sunderman, 1980). 

Polychromatic erythrocytes were not induced in BALB/c mice after an intra­
peritoneal injection of 25 mg/kg bw nickel chloride or 56 mg/kg bw nickel nitrate 
(Deknudt & Leonard, 1982). 

The frequency of chromosomal aberrations in bone-marrow cells and sperma­
togonia of male albino rats was not increased following intraperitoneal injections of 
3 and 6 mg/kg bw nickel sulfate. Animals were sacrificed seven to 14 days after 
treatment (Mathur et a/., 1978). 

' ·~ 
., 
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Nickel chloride increased the frequency of chromosomal aberrations in 
bone-marrow cells of Chinese hamsters given intraperitoneal injections of concen­
trations that were 4-20% of the LD50 (Chorvatovicova, 1983) and ofSwiss mice given 
intraperitoneal injections of 6, 12 or 24 mg/kg bw (Mohanty, 1987). 

Dominant lethal mutations were not induced in BALB/c mice after an intra­
peritoneal injection of 12.5-100 mg/kg bw nickel chloride or 28-224 mg/kg bw nickel 
nitrate (Deknudt & Leonard, 1982). 

(v) Other nickel compounds 

DNA-protein cross-linking in the presence of the nickel[II]- and nickel[III]­
tetraglycine complexes and molecular oxygen was observed in vitro in calf thymus 
nucleohistone. The same complexes were also able to cause random polymerization 
of histones in vitro (Kasprzak & Bare, 1989). 

Haworth et al. (1983) reported no mutation inS. typhimurium TA100, TA1535, 
TA1537 or TA98 following exposure to nickelocene at doses up to 666 J.lg/plate. 

Nickel potassium cyanide at concentrations of 0.2-1.6 mM for 48 h increased 
the frequency of chromosomal aberrations in Fm3A mouse mammary carcinoma 
cells (Nishimura & Umeda, 1979; Umeda & Nishimura, 1979). 

Crystalline nickel subselenide at 1-5 J..Lg/ml inhibited cell progression through 
S phase, as seen with flow cytometry (Costa eta!., 1982). Concentrations of 5-20 
J.lg/ml crystalline nickel subselenide transformed primary Syrian hamster embryo 
cells (Costa et al., 1981a,b; Costa & Mallenhauer, 1980c). 

Intravenous administration of nickel carbonyl to rats at 20 mg/kg bw Ni inhib­
ited DNA synthesis in liver and kidriey (Hui & Sunderman, 1980). 

DNA-protein cross-links and single-strand breaks, as detected by alkaline elu­
tion, were found in rat kidney nuclei 20 h after intraperitoneal injection of 'nickel 

• 	 carbonate' at 10-40 mg/kg bw (Ciccarelli eta/., 1981). After 3 and 20 h, single-strand 
breaks were detected in lung and kidney nuclei, and both DNA-protein and DNA 
interstrand cross-links were found in kidney nuclei. No DNA damage was observed 
in liver or thymus gland nuclei (Ciccarelli & Wetterhahn, 1982). [The Working 
Group noted that the compound tested was probably basic nickel carbonate.] 

3.3 Other relevant data in humans 

(a) Absorption, distribution, excretion and metabolism 

Recent reviews include those of Raithel and Schaller (1981), Sunderman eta/. 
(1986a), the US Environmental Protection Agency (1986), Grandjean et al. (1988), 
Sunderman (1988) and the World Health Organization (1990). 

A positive relation exists between air levels of nickel and serum/plasma con­
centrations of nickel after occupational exposure to various forms of nickel (see also 
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Tables 11, 12, 13). A considerable scattering of results was apparent, and the corre­
lation was poor; a better correlation may be achieved in individual studies of 
well-defined exposure groups (Grandjean et a/., 1988). Sparingly soluble com­
pounds may be retained in the lungs for long periods of time. Thus, even three to 
four years after cessation of exposure, nickel concentrations in plasma and urine 
were elevated in retired nickel workers exposed to sparingly soluble compounds in 
the roasting/smelting department of a nickel refinery (Boysen eta!., 1984). Respira­
tory uptake of nickel in welders is described in the monograph on welding. 

Provided that pulmonary exposure to nickel can be excluded, the approximate 
fraction of nickel absorbed by the intestinal tract can be estimated from oral intake 
and faecal and urinary nickel elimination (Horak & Sunderman, 1973). Cumulative 
urinary excretion in non-fasting volunteers given a single oral dose of 5.6 mg Ni as 
nickel sulfate hexahydrate indicated an intestinal absorption of 1-5% (Christensen 
& Lagesson, 1981; Sunderman, 1988). After ingestion of nickel sulfate during fast­
ing, 4-20% of the dose was excreted in the urine within 24 h (Cronin eta!., 1980). 
Compartmental analysis of nickel levels in serum, urine and faeces in a study of 
intestinal absorption of nickel sulfate by human volunteers showed that an average 
of about 27% was absorbed when ingested as an aqueous solution after 12 h of fast­
ing, while 0.7% was absorbed when the nickel was ingested with scrambled eggs 
(Sunderman eta!., 1989b). Ingestion of food items with a high natural nickel content 
resulted in a urinary excretion corresponding to about 1% of the amount ingested 
(Nielsen eta/., 1987). The bioavailability of nickel can be reduced by various dietary 
constituents and beverages. Drugs may influence intestinal nickel absorption. 
Ethylenediaminetetraacetic acid very efficiently prevented intestinal absorption of 
nickel (Solomons eta/., 1982); and, as reported in an abstract, disulfiram increased 
the intestinal absorption of nickel, probably by forming a lipophilic complex be­
tween its metabolite diethyldithiocarbamate and nickel (Hopfer et al., 1984). 

After intestinal absorption of nickel ingested as nickel sulfate hexahydrate in 
lactose by eight volunteers, most of the nickel present in blood was in serum; nickel 
concentrations in serum and blood showed a very high positive correlation (r = 0.99) 
(Christensen & Lagesson, 1981). In patients with chronic renal failure, a high nickel 
concentration was found in serum but no significant increase was observed in lym­
phocytes (Wills eta/., 1985). However, in nickel refinery workers, plasma nickel con­
centrations were lower than those in whole blood, and about 63% appeared to be 
contained in the buffy coat (Barton et a/., 1980). 

As reported in an abstract, nickel levels in intercellular fluid were significantly 
lower in a group of nickel-allergic patients than in controls, possibly due to cell 
binding or uptake (Bonde eta/., 1987). This finding may be related to the observa­
tion that incubation with nickel subsulfide in vitro caused considerable binding of 
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nickel to the cell membrane ofT-lymphocytes from nickel-sensitized patients but to 
very few cells from nonsensitized persons (Hildebrand eta/., 1987). 

The lungs contain the highest concentration of nickel in humans with no known 
occupational nickel exposure; lower levels occur in the kidneys, liver and other tis­
sues (Sumino eta/., 1975; Rezuke eta/., 1987). One study documented high levels in 
the thyroid and adrenals (Rezuke et al., 1987) and another in bone (Sumino et a/., 
1975). The pulmonary burden of nickel appears to increase with age (Kollmeier et 
a/., 1987), although this correlation was not confirmed in another study (Raithel et 
a/., 1988). The upper areas of the lungs and the right middle lobe contained higher 
nickel concentrations than the rest ofthe lung (Raithel et al., 1988), and high concen­
trations were found in hilar lymph nodes (Rezuke et a/., 1987). 

Lung tissue from three of four random cases of bronchial carcinoma from an 
area with particularly high local emissions of chromium and nickel contained in­
creased concentrations of nickel and chromium (Kollmeier eta/., 1987), while no 
such tendency was seen in ten other cases with no known occupational exposure to 
nickel (Turban et a/., 1985). 

High nickel concentrations were found in biopsies of nasal mucosa from both 
active and retired workers from the Kristiansand, Norway, nickel refinery, particu­
larly in workers from the roasting/smelting department. After retirement, in­
creased nickel levels persisted for at least ten years, with slow release at a half-time 
of 3.5 years (Torjussen & Andersen, 1979). Biopsies from two nasal carcinomas in 
nickel refinery workers contained nickel concentrations similar to those seen in 
biopsies from workers without cancer (Torjussen eta/., 1978). Lung tissue obtained 
at autopsy ofworkers from the roasting and smelting department of the Norwegian 
nickel refinery contained higher nickel concentrations (geometric mean, 148 J!g/g 
dry weight; n = 15) than tissue from workers from the electrolysis department (geo­
metric mean, 16 J!g/g; n = 24); nickel concentrations in lung tissue were not higher 
in workers who had died from lung cancer than in workers who had died of other 
causes (Andersen & Svenes, 1989). 

In cases of nickel carbonyl poisoning, the highest nickel concentrations have 
been recorded in the lungs, with lower levels in kidneys, liver and brain (National 
Research Council, 1975). 

The half-time of nickel in serum was 11 h (one-compartment model during the 
first 32 h) in eight volunteers after ingestion of 5.6 mg nickel sulfate hexahydrate in 
lactose; serum nickel concentration and urinary nickel excretion showed a highly 
positive correlation (r= 0.98) (Christensen & Lagesson, 1981). Possibly due to 
delayed absorption of inhaled nickel, somewhat longer half-times were reported for 
nickel concentrations in plasma and urine (20-34 h and 17-39 h, respectively) in 
nickel platers (Tossavainen et al., 1980), glass workers (30-50 h in urine) (Raithel et 
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al., 1982; Sunderman eta/., 1986a) and welders (53 h in urine)(Zober eta/., 1984). Ten 
subjects who had accidentally ingested soluble nickel compounds and were treated 
the following day with intravenous fluids to induce diuresis, showed an average 
elimination half-time of27 h, while the half-time was twice as high in untreated sub­
jects with lower serum nickel concentrations (Sunderman et a/., 1988b). ·< 

Urinary excretion of nickel is frequently used to survey workers exposed to in­
organic nickel compounds (Aitio, 1984; Sunderman eta!., 1986a; Grandjean et al., 
1988). The best indicator of current exposure to soluble nickel compounds is a 24-h 
urine sample (Sunderman eta!., 1986a). In cases of nickel carbonyl intoxication, 
urinary nickel level is an important diagnostic and therapeutic guide (Sunderman & 
Sunderman, 1958; Adams, 1980), but its use in biological monitoring of exposure to 
nickel carbonyl has not been evaluated in detail. 

Systemically absorbed nickel may be excreted through sweat (Christensen et 
a!., 1979). Faecal excretion includes non-absorbed nickel and nickel secreted into 
the gastrointestinal tract (World Health Organization, 1990). Saliva contains nickel 
concentrations similar to those seen in plasma (Catalanatto & Sunderman, 1977). 
Secretin-stimulated pancreatic juice was reported to contain an average of 1.09 
nmol [64 J.Lg]/ml nickel, corresponding to a total nickel secretion of about 1.64-2.18 
J.Lmol [96-128 J.Lg] per day at a pancreatic secretion rate of 1.5-21/day (Ishihara et al., 
1987). Bile obtained at autopsy contained an average nickel concentration of 2.3 
J.Lg/1, suggesting daily biliary excretion of about 2-5 ).lg (Rezuke eta!., 1987). A biliary 
nickel concentration of 62 J.Lg/g was recorded at autopsy of a small girl who had 
swallowed about 15 g nickel sulfate crystals (Daldrup eta!., 1983); since biliary ex­
cretion in this case would correspond to about 0.1% of the dose, it was considered 
that this route of excretion would be of minimal importance in acute intoxication 
(Rezuke et al., 1987). Nickel-exposed battery production workers showed high faecal 
nickel excretion, probably owing to direct oral intake of nickel (e.g., via contamina­
tion of food from exposed surfaces); faecal nickel content (24 J.lg/g dry-weight) was 
correlated with the amount present in air (18 ).lg/m3) (Hassler eta!., 1983). 

Nickel was found in cord blood from full-term infants at 3 ).lg/1 (McNeely et al., 
1971). Tissue levels at 22-43 weeks of gestation were similar to those seen in adults 
(Casey & Robinson, 1978). 

(b) Toxic effects 
Nickel is an essential nutrient in several species, but no essential biochemical 

function has been established in humans. Recent reviews of nickel toxicity in hu­
mans include those of Raithel and Schaller (1981), the US Environmental Protec­
tion Agency (1986), Sunderman (1988) and the World Health Organization (1990). 

Acute symptoms reported in 23 patients exposed to severe nickel contamina­
tion during haemodialysis included nausea, vomiting, weakness, headache and pal­
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pitations; the symptoms disappeared rapidly upon cessation of dialysis (Webster et 
al., 1980). Twenty workers who accidentally ingested water contaminated with nickel 
sulfate and chloride hexahydrates at doses estimated at 0.5-2.5 g Ni developed 
nausea, abdominal pain or discomfort, giddiness, lassitude, headache, diarrhoea, 
vomiting, coughing and shortness of breath; no related sequela was observed on 
physical examination, and all individuals were asymptomatic within three days 
(Sunderman et al., 1988b). In a study of fasting human volunteers, one subject who 
ingested nickel sulfate (as 50 J.Lg/kg bw Ni) in water developed a transien.t hemianop­
sia at the time of peak nickel concentration in serum (Sunderman eta/., 1989b). One 
fatal case of oral intoxication with nickel sulfate has been reported (Daldrup et al., 
1983). 

Biochemical indications of nephrotoxicity, mainly with tubular dysfunction, 
have been observed in nickel electrolysis workers (Sunderman & Horak, 1981). In­
creased haemoglobin and reticulocyte counts were reported in ten subjects three to 
eight days after they had accidentally ingested 0.5-2.5 g Ni as nickel sulfate and chlo­
ride hexahydrates in contaminated drinking-water (Sunderman et al., 1988b). 

Nickel is a common skin allergen-in recent studies, the most frequent cause 
of allergic contact dermatitis in women and one of the most common causes in men; 
about 10-15% of the female population and 1-2% of males show allergic responses 
to nickel challenge (Peltonen, 1979; Menne et al., 1982). Nickel ions are considered 
to be exclusively responsible for the immunological effects of nickel (Wahlberg, 
1976). Sensitization appears to occur mainly in young persons, usually due to non­
occupational skin exposures to nickel alloys (Menne et al., 1982). Subsequent provo­
cation ofhand eczema may be caused by occupational exposures, especially to nick­
el-containing fluids and solutions (Rystedt & Fischer, 1983). Oral intake of low 
doses of nickel may provoke contact dermatitis in sensitized individuals (Veien et 
a/., 1985). Inflammatory reactions to nickel-containing prostheses and implants 
may occur in nickel-sensitive individuals (Lyell et al., 1978). 

Several cases of nickel-associated asthma have been described (Cirla eta/., 
1985). Case reports suggest that inhalation of nickel dusts may result in chronic 
respiratory diseases (asthma, bronchitis and pneumoconiosis) (Sunderman, 1988). 
[The Working Group was unable to determine the causal significance of nickel in 
this regard.] 

Nickel carbonyl is the most acutely toxic nickel compound. Symptoms follow­
ing nickel carbonyl intoxication occur in two stages, separated by an almost symp­
tom-free interval which usually lasts for several hours. Initially, the major symp­
toms are nausea, headache, vertigo, upper airway irritation and substernal pain, 
followed by interstitial pneumonitis with dyspnoea and cyanosis. Prostration, pul~ 
monary oedema, kidney toxicity, adrenal insufficiency and death may occur in se­
vere cases (Sunderman & Kincaid, 1954; Vuopala et al., 1970; Sunderman, 1977). 
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Frequent clinical findings included fever with leukocytosis, electrocardiographic 
abnormalities suggestive of myocarditis and chest X-ray changes (Zhicheng, 1986). 
Hyperglycaemia has also been reported (Sunderman, 1977). Neurasthenic signs and 
weakness may persist in survivors for up to six months (Zhicheng, 1986). 

(c) Effects on reproduction and prenatal toxicity 


No data were available to the Working Group. 


(d) Genetic and related effects 

Cytogenetic studies have been performed using peripheral blood lymphocytes 
from electroplating and nickel refining plant workers; they are summarized in Ap­
pendix 1 to this volume. 

Waksvik and Boysen (1982) found elevated levels of chromosomal aberrations 
(mainly gaps; p. < 0.003), but not of sister chromatid exchanges, in two groups of 
nickel refinery workers. One group of nine workers engaged in crushing/roasting/ 
smelting processes and exposed mainly to nickel monoxide and nickel subsulfide 
for an average of 21.2 years (range, 3-33 years) at an air nickel content of 0.5 mg/m3 
(range, 0.1-1.0 mg/m3) and with a mean plasma nickel level of 4.2 J.Lg/1 had 11.9% of 
metaphases with gaps. Another group ofworkers, engaged in electrolysis, who were 
exposed mainly to nickel chloride and nickel sulfate for an average of 25.5 years 
(range, 8-31 years) at an air nickel content of 0.2 mg/m3 (range, 0.1-0.5 mg/m3) and 
with a mean plasma level of 5.2 J.Lg/1, had 18.3% of metaphases with gaps1. Mean 
control values of3.7% ofmetaphases with gaps were seen in seven office workers in 
the same plant with plasma nickel levels of 1 J.Lg/1, who were matched for age and sex. 
All subjects were nonsmokers and nonalcohol consumers, were free from overt viral 
disease, were not known to have cancer and had not received therapeutic radiation; 
none was a regular drug user and the groups were uniform as to previous exposure 
to diagnostic X-rays. 

Waksvik et al. (1984) investigated nine ex-workers from the same plant who had 
been retired for an average of eight years who had had similar types of exposure to 
more than 1 mg/m3 atmospheric nickel for 25 years or more; they were selected from 
among a group ofworkers known to have nasal dysplasia and who still had plasma 
nickel levels of 2 J.Lg/1 plasma. These retired workers showed some retention of gaps 
(p < 0.05) and an increased frequency of chromatid breaks to 4.1% of meta phases 
versus 0.5% (p < 0.001) in 11 unexposed retired workers controlled for age, life style 
and medication status. All subjects were of similar socioeconomic status and had 

1The exposures o(these workers were clarified in an erratum to the original article, published subse­
quently (Mutat. Res., 104, 395 (1982)). 
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not had X-rays or overt viral disease recently; none smoked or drank alcohol. Four 
exposed and nine unexposed subjects were on medication but not with drugs known 
to influence chromosomal parameters. 

Deng et a/. (1983, 1988) studied the frequencies of sister chromatid exchange 
and chromosomal aberrations in lymphocytes from seven electroplating workers 
exposed to nickel. Air nickel concentrations were 0.0053-0.094 mg/m3 (mean, 0.024 
mg/m3). Control subjects were ten administrative workers from the same plant 
matched for age and sex; the groups were uniform as to socioeconomic status, and 
none of the subjects smoked or used alcohol, had overt viral disease, had recently 
been exposed to X-rays or was taking medication known to have chromosomal ef­
fects. The exposed workers had an increased frequency of sister chromatid ex­
change (7.50 ± 2.19 (SEM) versus 6.06 ± 2.30 (SEM); p < 0.05). [The Working 
Group noted that this is a small difference between groups.] The frequency of chro­
mosomal aberrations (gaps, breaks and fragments) was increased from 0.8% of me­
taphases in controls to 4.3% in nickel platers. 

The frequencies of sister chromatid exchange and chromosomal aberrations 
were studied in workers in a nickel carbonyl production plant. The subjects were 
divided into four groups: exposed, exposed smokers, controls and control smokers. 
Controls were ex-employees. None of the subjects had a history of serious illness; 
none was receiving irradiation or was infected by viruses at the time of blood sam­
pling. No significant difference in the frequency of chromosomal breaks or gaps 
was observed between the different groups, and there was no statistically significant 
difference in the frequency of sister chromatid exchange between unexposed and 
nickel-exposed workers (Decheng et al., 1987). [The Working Group noted that sev­
eral discrepancies in the description of this study make it difficult to evaluate.] 

Studies of mutagenicity and chromosomal effects in humans are summarized 
in Table 25. 

3.4 Epidemiological studies of carcinogenicity to humans 

(a) Introduction 

The report of the International Committee on Nickel Carcinogenesis in Man 
(ICNCM) (1990) presehts updated results on nine cohort studies and one case-con­
trol study of nickel workers, one of which was previously unpublished. The indus­
tries include mining, smelting, refining and high-nickel alloy manufacture and one 
industry in which pure nickel powder was used. The report adds to or supersedes 
previous publications on most of these cohorts, as various new analyses are in­
cluded, some cohorts have been enlarged, and follow-up has been extended. Nickel 
species were divided into four categories: metallic nickel, oxidic nickel, soluble nick­
el and sulfidic nickel (including nickel subsulfide ). Soluble nickel was defined as 
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Table 25. Cytogenetic studies of people exposed occupationally to nickel and nickel compounds 

Occupational exposure Reported principal Mean reported dose Sister chromatid Chromosomal Reference ­~ components (range) exchange 	 aberrations n 
~ 

Crushing, roasting, Nickel monoxide, nickel Air: 0.5 (0.1-1.0) mg/m3 None Only gaps Waksvik & 0 zsmelting subsulfide Exposure: 21.2 {3-33) years 	 Boysen (1982) 
0 

Electrolysis Nickel chloride, nickel sulfate Air: 0.2 (0.1-0.5) mg/m3 None Mainly gaps Waksvik~ 0 
Exposure: 25.2 (8-31) years Boysen l 82) ~ 

Crushing, roasting, Nickel monoxide, nickel Air: 1 mg/m3 	 None Gaps and breaks Waksvik et al. ::r: 
smelting and/or subsulfide, nickel chloride, Exposure: > 25 years in retired workers {1984) C/) 

electrolysis nickel sulfate <
0 

Nickel carbonyl Nickel carbonyl Exposure: 7971 h None None Decheng et al. Eproduction 	 {1987) ~ 
trlElectroplating Nickel and chromium com- Air: 0.0053-0.094 mg/m3 Small increase Mainly gaps, but Deng et al. 
~ 

pounds Exposure: 2-27 years 	 also breaks and (1983, 1988) \.0 

fragments 
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consisting 'primarily of nickel sulfate and nickel chloride but may in some estimates 
include the less soluble nickel carbonate and nickel hydroxide'. 

The historical estimates of exposure cited in the reviews of the following stu­
dies were not based on contemporary measurements. Furthermore, total airborne 
nickel was estimated first, and this estimate was then divided into estimates for four 
nickel species (metallic, oxidic, sulfidic and soluble), as defined in the report of the 
committee (ICNCM, 1990). The procedures for dividing the exposure estimates are 
described in section 2 of this monograph (pp. 297-298). Because of the inherent 
error and uncertainties in the procedures for estimating exposures, the estimated 
concentrations of nickel species in workplaces in the ICNCM analysis must be in­
terpreted as broad ranges indicating only estimates of the order of magnitude of the 
actual exposures. 

In order to facilitate the interpretation of the epidemiological findings on mor­
tality from lung cancer and nasal cancer, selected estimates of exposure are pres­
ented in Tables 26, 27 and 28 (pp. 402-404) for some of the plants and subcohorts. 
The expo&ure estimates presented in the tables should be used only to make qualita­
tive comparisons of exposure among departments within a plant and should not be 
used to make comparisons of exposure estimates among plants, for the reasons giv­
en above. 

(b) Nickel mining, smelting and refining 

(i) !NCO Ontario, Canada (mining, smelting and refining)l 
Follow-up of all sinter plant workers and of all men employed at the Ontario 

division of INCO for at least six months and who had worked (or been a pensioner) 
between 1 January 1950 and 31 December 1976 (total number of men, 54 509) was 
extended to the end of 1984 by record linkage to the Canadian Mortality Data Base 
(ICNCM, 1990). Sinter plant workers included men who had worked in two differ­
ent sinter plants in the Sudbury area (the Coniston and Copper Cliff sinter plants) 
and in the leaching, calcining and sintering department at the Port Colborne nickel 
refinery. In the Coniston sinter plant, sulfidic nickel ore concentrates were partially 
oxidized at 600°C (Roberts et a/., 1984) on sinter machines to remove about 
one-third of the sulfur and to agglomerate the fine material for smelting in a blast 
furnace. In the Copper Cliff sinter plant, nickel subsulfide was oxidized to nickel 
oxide at very high temperatures (1650°C). The leaching, calcining and sintering 

1There are some discrepancies between the figures cited here and those reported by Roberts et al. 

(1990a,b), but the differences are not substantial. 
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department produced black and green nickel oxides from nickel subsulfide by a 
series of leaching and calcining operations. The department also included a sinter 
plant like that at Copper Cliff. Employment records for men employed in the 
department did not allow them to be assigned to individual leaching, calcining or 
sintering operations. Mortality up to the end of 1976 in this cohort of about 55 000 
men was described by Roberts et al. (1984); an earlier study of 495 men employed at 
the Copper Cliff sinter plant was reported by Chovil eta/. (1981). The nickel species 
to which men were exposed in dusty sintering operations were primarily oxidic and 
sulfidic nickel, and possibly soluble nickel at lower levels (see Table 26). High con­
centrations of nickel compounds were estimated in the Copper Cliff sinter plant, 
which ranged from 25-60 mg/m3 Ni as nickel oxide and 15-35 mg/m3 Ni as nickel 
subsulfide, with up to 4 mg/m3 Ni soluble nickel as anhydrous nickel sulfate 
between 1948 and 1954. Among the 3769 sinter plant workers, there were 148lung 
cancer deaths (standardized mortality ratio (SMR), 261; 95% confidence interval 
(CI), 220-306) and 25 nasal cancer deaths (SMR, 5073; 95% CI, 3282-7489). Among 
the 50 977 nonsinter workers in the cohort, there were 547lung cancer deaths (SMR, 
110; 95% CI, 101-120) and six nasal cancer deaths (SMR, 142; 95% CI, 52-309). The 
only other site for which cancer mortality was significantly elevated was the buccal 
cavity and pharynx (12 deaths in sinter plant workers: SMR, 211; 95% CI, 109-369; 35 
deaths in other workers: SMR, 71; 95% CI, 49-99). The sinter plant workers had 
little or no excess risk during the first 15 years after starting work (no nasal cancer 
death; five lung cancer deaths; SMR, 158 [95% CI, 51-370]), and their subsequent 
relative risk increased with increasing duration of employment. There were also 
statistically significant excesses of mortality from lung cancer in men employed for 
25 or more years in the Sudbury area, both in mining (129 deaths; SMR, 134 [95% 
CI, 112-159]) and in copper refining (24 deaths; SMR, 207 [95% CI, 133-308]). In the 
electrolysis department of the Port Colborne plant, workers were estimated to be 
exposed to low concentrations of metallic, oxidic, sulfidic and soluble nickel. Seven 
nasal cancer deaths occurred (SMR, 5385; 95% CI, 2165-11 094) in men who had 
spent over 15 years in the electrolysis department at Port Colborne; all seven had 
spent some time in the leaching, sintering and calcining area at the Sudbury site, 
although two had spent only three and seven months, respectively. Lung cancer 
mortality among workers in the electrolysis department with no exposure in leach­
ing, calcining and sintering, but with 15 or more years since first exposure, gave an 
SMR of 88 (19 deaths; 95% CI, 53-137). There was a marked difference in the ratio 
of lung to nasal cancer excess between the Copper Cliff sinter plant and the Port 
Colborne leaching, calcining and sintering plant: 7:1 at Copper Cliff (63 observed 
lung cancers, minus 20.5 expected, versus six nasal cancers) and only about 2:1 at 
Port Colborne (72 observed lung cancers, minus 30.0 expected, versus 19 nasal can­
cers). 



393 NICKEL AND NICKEL COMPOUNDS 

(ii) Falconbridge, Ontario, Canada (mining and smelting) 

A cohort of 11594 men employed at Falconbridge, Ontario, between 1950 and 
1976, with at least six months' service, was previously followed up to the end of 1976 
(Shannon et al., 1984a,b). Follow-up has now been extended to the end of 1985 by 
record linkage to the Canadian Mortality Data Base (ICNCM, 1990). Expected 
numbers were calculated from Ontario provincial death rates. One death was due 
to nasal cancer, compared with 0.77 expected. The only cause of death showing a 
statistically significant excess in the overall analysis was lung cancer (114 deaths; 
SMR, 135; 95% CI, 111-162). Subdivision of the total cohort by duration of expo­
sure in different areas and latency revealed no SMR for lung cancer that differed 
significantly from this moderate overall excess, but the highest SMRs occurred in 
men who had spent more than five years in the mines ( 46 deaths; SMR, 158; 95% CI, 
116-211) or in the smelter (15 deaths; SMR, 163; 95% CI, 91-269). Men who had 
worked in the smelter are reported to have had low levels of exposure to pentlandite 
and pyrrhotite, sulfidic nickel, oxidic nickel and some exposure to nickel sulfate. 
Estimated total exposures to nickel in all areas of the facility were below 1 mg/m3 Ni 
(ICNCM, 1990). 

(iii) !NCO, Clydach, South Wales, UK (refining) 

The excess of lung and nasal sinus cancer among workers in the INCO refinery 
in Clydach, South Wales, which opened in 1902, was recognized over 50 years ago 
(Bridge, 1933). The first formal analyses of cancer mortality were carried out by Hill 
in 1939 and published by Morgan (1958), who identified calcining, furnaces and 
copper sulfate extraction as the most hazardous processes. Subsequent reports in­
dicated that the risk had been greatly reduced by 1925 or 1930 (Doll, 1958; Doll et 
a/., 1970, 1977; Cuckle et al., 1980); trends in risk with age at first exposure, period of 
first exposure and latency were analysed (Doll eta/., 1970; Peto et al., 1984; Kaldor et 
a/., 1986). The cohort of845 men employed prior to 1945 studied by Doll et al. (1970) 
has now been extended to include 2521 men employed for at least five years between 
1902 and 1969, and followed up to the end of 1984 (ICNCM, 1990). Among 1348 men 
first employed before 1930 there were 172 lung cancer deaths (SMR, 393; 95% CI, 
336-456) and 74 nasal cancer deaths (SMR, 21120; 95% CI, 16 584-26 514); the high­
est risks were associated with calcining, furnaces and copper sulfate production. 
The calcining and furnace areas had high estimated levels of oxidic, sulfidic and 
metallic nickel (see Table 27). Until the late 1930s, the oxidic nickel consisted of 
nickel-copper oxide. Men in the copper plant were exposed to very high concentra­
tions of nickel-copper oxide; they were also exposed to soluble nickel: the extraction 
of copper from the calcine involved the handling of large volumes of solutions con­
taining 60 gil nickel as nickel sulfate. Until1923, arsenic present in sulfuric acid is 
believed to have accumulated at significant levels in several process departments, 
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mainly as nickel arsenides. The only other significantly elevated risks were an ex­ ' cess of five lung cancer deaths (SMR, 333; 95% CI, 108-776) and four nasal cancer 
deaths (SMR, 36 363; 95% CI, 9891-93 089) in men employed before 1930 with less 
than one year in calcining, furnace or copper sulfate but over five years in hydrome­
tallurgy, an area in which exposure to soluble nickel was similar to that in other 
high-risk areas and exposures to oxidic nickel were an order of magnitude lower 
than in other high-risk areas, with negligible exposure to sulfidic nickel (see Table 
27); and in the small subgroup of nickel plant cleaners (12lung cancer deaths; SMR, 
784 [95% CI, 402-1361]), who were highly exposed to metallic nickel (5 mg/m3 Ni), 
oxidic nickel (6 mg /m3 Ni) and sulfidic nickel ( > 10 mg/m3 Ni), with negligible 
exposure to soluble nickel (ICNCM, 1990). A notable anomaly in the data for the 
whole refinery was the marked reduction in nasal cancer but not lung cancer 
mortality, when comparing men first exposed before 1920 and those first exposed 
between 1920 and 1925 (Peto eta/., 1984). The risk, although greatly reduced, may 
not have been entirely eliminated by 1930, as there were 44 lung cancers (SMR, 125 
[95% CI, 91-168]) and one nasal cancer (SMR, 526 [95% CI, 13-3028]) among the 
1173 later employees. 

(iv) Falconbridge, Kristiansand, Norway (refining) 

The cohort of 3250 men reported by ICNCM (1990) is restricted to men first 
employed in 1946-69 with at least one year's service and followed until the end of 
1984. For each work area, average concentrations for the four categories of nickel 
(sulfidic nickel, metallic nickel, oxidic nickel and soluble nickel) were estimated as 
four ranges for three periods (1946-67, 1968-77 and 1978-84). The four ranges and 
the arithmetic average computed for each range were: low (0.3 mg/m3), medium (1.3 
mg/m3), high (5 mg/m3) and very high (10 mg/m3). There were 77lung cancer deaths 
(SMR, 262; 95% CI, 207-327), three nasal cancer deaths (SMR, 453; 95% CI, 
93-1324) and a further four incident cases of nasal cancer. Five of the nasal cancer 
cases had ~pent their entire employment in the roasting, smelting and calcining de­
partment, where oxidic nickel was estimated to have been the predominant expo­
sure, with lesser amounts of sulfidic and metallic nickel. Before 1953, arsenic was 
present in the feed materials, and significant contamination with nickel arsenides is 
believed to have occurred at various steps of the process. The remaining two cases 
were in electrolysis workers who were exposed mainly to soluble nickel (nickel sul­
fate until 1953 and nickel sulfate and nickel chloride solutions thereafter) and 
nickel-copper oxides. No other type of cancer occurred significantly in excess. 
Among men first employed after 1955, there have been 13lung cancer deaths (SMR, 
173 [95% CI, 92-296]) and no nasal cancer (0.2 expected). Several comparisons were 
made assuming 15 years' latency. The highest risk for lung cancer was seen among a 
group of workers who had worked in the electrolysis deparment but never in roast­

' 
·~• 

1j 
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ing and smelting (30 deaths; SMR, 385; 95% CI, 259-549). In the group of workers 
who had worked in roasting and smelting but never in the electrolysis department, 
14lung cancer deaths were seen (SMR, 225; 95% CI, 122-377) (see also Table 28). In 
those who had spent no time in either of these departments, the SMR was 187 (six 
cases [95% CI, 68-406]). Although exposure to soluble nickel in the roasting, calcin­
ing and smelting department was initially estimated to be negligible, it was noted 
that soluble nickel was certainly present in the Kristiansand roasting department in 
larger amounts than had been allowed for, and to some extent in all smelter and 
calcining plants (ICNCM, 1990). 

The overlapping cohort reported by Pedersen eta/. (1973) and Magnus eta/. 
(1982) included 2247 men employed for at least three years from when the plant be­
gan operation in 1910. Results for cancers diagnosed up to 1979 were presented by 
Magnus et a/. (1982). There were 82 lung cancers [standardized incidence ratio 
(SIR), 373; 95% CI, 296-463] and 21 nasal cancers (SIR, 2630 [95% CI, 1625-4013]). 
Of the nasal cancers, eight occurred in men involved in roasting-smelting, eight in 
electrolysis workers, two in workers in other specified processes and three in admin­
istration, service and unspecified workers. The incidence of no other type ofcancer 
was significantly elevated overall, although there were four laryngeal cancers (SIR, 
670) among roasting and smelting workers. An analysis of lung cancer incidence in 
relation to smoking suggested an additive rather than a synergistic effect. Adjust­
ment for national trends in lung cancer rates, assuming an additive effect of nickel 
exposure, suggested little or no reduction in lung cancer risk between men first 
employed in 1930-39 and those first employed in 1950-59. This contrasts with the 
marked reduction in nasal cancer risk. 

(v) Hanna Mining and Nickel Smelting, Oregon, USA 

A total of 1510 men who had worked for at least six months between 1953, when 
the plant opened, and 1977 were followed up to the end of 1983 (ICNCM, 1990). 
Expected numbers of deaths were those for the state of Oregon. A statistically sig­
nificant excess of lung cancer was observed among men with less than one year of 
exposure (seven deaths; SMR, 265 [95% CI, 107-546]) but not in men with longer 
exposure (20 deaths; SMR, 127 [95% CI, 77-196]) or in the subgroup who had 
worked in areas with potentially high exposures (smelting, 'skull plant', refining and 
ferrosilicon plant; seven deaths; SMR, 113; 95% CI, 45-233). There was no nasal 
cancer, and no excess of other cancers (21 deaths; SMR, 65 [95% CI, 41-100]). Aver­
age airborne concentrations were estimated to have been 1 mg/m3 Ni or less, even in 
areas with potentially high exposure, and in most areas were below 0.1 mg/m3 Ni. 
The principal nickel compounds to which workers were exposed were nickel-con­
taining silicate ore and iron-nickel oxide, with very little soluble nickel and no sulfid­
ic nickel. 
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(vi) Societe Le Nickel, New Caledonia (mining and smelting) 

Approximately 25% of the adult male population of New Caledonia has 
worked in nickel mines (silicate-oxide nickel ores) or smelters. Since the local rates 
for cancer of the lung and upper respiratory tract are higher than those in neigh­
bouring islands, a small hospital-based case-control study was conducted (Lessard 
et al., 1978). Ofthe 68 cases identified in 1970-74, 29 cases and 22/109 controls had 
been exposed to nickel, giving an age- and smoking-adjusted relative risk (RR) of 
3.0. [The Working Group noted that control subjects were selected from among 
patients seen in the laboratory ofone hospital, while cases were identified through a 
variety of sources. Selection bias could have contributed to the apparent excess 
risk.] 

Another study showed no difference in the incidence of lung cancer (RR, 0.9, 
not significant) or of upper respiratory tract cancer (RR, 1.4; not significant) 
between nickel workers and the general population. In a case-control study con­
ducted among the nickel workers, no association was found between cancers at 
these sites and exposure to total dust, nickeliferous dust, raw ore or calcined ore 
(Goldberg eta/., 1987). Subsequent analyses (Goldberg et al., 1990) provided little 
evidence that people with lung and upper respiratory tract cancer had had greater 
exposure to nickel than controls. Exposure was principally to silicate oxides, com­
plex oxides, sulfides, metallic iron-nickel alloy and soluble nickel. The estimated 
total airborne nickel concentration in the facility was estimated to be low ( < 2 mg/ 
m3 Ni) (ICNCM, 1990). 

(vii) Other studies ofmining, smelting and refining 

Several studies have been published in which the results were not described in 
sufficient detail for evaluation. Saknyn and Shabynina (1970, 1973) reported ele­
vated lung cancer mortality among process workers in four nickel smelters in the 
USSR (SMRs, 200, 280, 380, 400 [no observed numbers given]). Electrolysis work­
ers, exposed mainly to nickel sulfate and nickel chloride, were reported to be at par­
ticularly high risk for lung cancer (SMR, 820); excesses of stomach cancer and 
soft-tissue sarcoma were also observed. Tatarskaya (1965, 1967) reported an excess 
of nasal cancer among electrolysis workers in the USSR. 

Olejar et al. (1982) reported a marginal excess of lung cancer (based on eight 
cases) among workers in a Czechoslovak refinery. 

One nasal sinus cancer and .one lung cancer occurred among 129 men at the 
Outokumpu Oy refinery in Finland, but expected numbers were not calculated. 
Workers were exposed primarily to soluble nickel; the highest measurement re­
corded was 1.1 mg/m3 Ni (ICNCM, 1990). 
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Egedahl and Rice (1984) found no excess risk among workers in a refinery in 
Alberta, Canada, but there were only two cases of lung cancer in the cohort (SIR, 83 
[95% CI, 10-301]). 

(c) Nickel alloy and stainless-steel production 

(i) 	 Huntington Alloys (!NCO), W. Virginia (refining and manufacture of 
high-nickel alloys) 

A cohort of 3208 men with at least one year's service before 1947 was followed 
up to the end of 1977 (Enterline & Marsh, 1982) and then to the end of 1984 
(ICNCM, 1990). Workers were exposed to metallic, oxidic, sulfidic and soluble 
nickel at low levels, except in the calcining department where high levels of sulfidic 
nickel ( 4000 mg/m3 Ni) were present. Average airborne exposures were estimated to 
have been below 1 mg/m3 Ni in all areas except calcining. On the basis of the 
ICNCM report (1990), there was no significant overall excess of lung cancer (91 
deaths; SMR, 97 [95% CI, 80-121]). There was a nonsignificant excess among men 
first employed before 1947 (when calcining ceased) with 30 or more years' service 
(40 deaths; SMR, 124; 95% CI, 88-169). The group who had worked in calcining for 
five or more years was too small for useful analysis (two lung cancers; SMR, 100; 
95% CI, 12-361). Four deaths from nasal cancer occurred in the whole cohort, all in 
persons employed before 1948; two were coded on death certificates as nasal cancer 
(expected, 0.9) and two were classified on the death certificates as bone cancer. Two 
had not worked in calcining and three had never been exposed to nickel sulfides; one 
had also worked as a heel finisher in a shoe factory. There was no excess mortality 
from nonrespiratory cancers. 

(ii) Henry Wiggin, UK (high-nickel alloy plant) 

Mortality up to 1978 in a cohort of 1925 men employed for at least five years in a 
plant that opened in 1953 was reported by Cox eta/. (1981). Follow-up has now been 
extended to April1985 for 1907 men (ICNCM, 1990). Average exposures from 1975 
on rarely exceeded 1 mg/m3 Ni in any area, with an overall average of the order of0.5 
mg/m3 Ni. Measurements taken since 1975 were stated probably to be underesti­
mates of the level ofexposure to oxidic and metallic nickel ofworkers in earlier peri­
ods. Soluble nickel was reported to constitute 14-49% of total nickel in various de­
partments (Cox eta/., 1981). Thirty deaths were due to lung cancer (SMR, 98; 95% 
CI, 57-121), including 13 deaths among men employed for ten years or more in areas 
where they were exposed to nickel (SMR, 91; 95% CI, 57-149). Subdivision by dura­
tion of exposure or latency produced no evidence of increased lung cancer risk, and 
there was no nasal cancer. An excess of soft-tissue sarcoma was found, based on 
two cases (SMR, 769; 95% CI, 92-2769) (ICNCM, 1990). 



398 IARC MONOGRAPHS VOLUME 49 

(iii) Twelve high-nickel alloy plants in the USA 

Mortality up to the end of 1977 among 28 261 workers (90% male) employed for 
at least one year in 12 high-nickel alloy plants in the USA, and still working at some 
time between 1956 and 1960, was reported by Redmond (1984). There were 332lung 
cancer deaths (SMR, 109 [95% CI, 98-122]) and two nasal sinus cancer deaths 
(SMR, 93 [95% CI, 12-358]). The excess of lung cancer was confined to men 
employed for five or more years in 'allocated services', most of whom were mainte­
nance workers (197 deaths; SMR, 127 [95% CI, 110-146]). Excess mortality was ob­
served from liver cancer (31 deaths; SMR, 182 [95% CI, 124-259]) in all men, and 
from cancer of the large intestine (SMR, 223 [95% CI, 122-375]) among non-white 
men. No data on exposure were available, but the authors noted that there may have 
been exposure to asbestos in these plants. " 

l 

(iv) Twenty-six nickel-chromium alloy foundries in the USA 

A proportionate mortality analysis of 851 deaths among men ever employed in 
26 nickel-chromium alloy foundries in the USA in 1968-79 (Cornell & Landis, 1984) 
showed no statistically significant excess of lung cancer (60 deaths; proportionate 
mortality ratio (PMR, 105 [95% CI, 80-135]) or other cancers (103 deaths; PMR, 87 
[95% CI, 71-106]) in comparison with US males. No death was due to nasal cancer. 

Lung cancer mortality in a cohort of foundry workers was investigated by 
Fletcher and Ades (1984). The cohort consisted of men hired between 1946 and 
1965 in nine steel foundries in the UK and employed for at least one year. The 10 250 
members of the cohort were followed up until the end of 1978 and assigned to 25 
occupational categories according to information from personnel officers. Lung 
cancer mortality for the subcohort of fettlers and grinders in the fettling shop was 
higher than expected on the basis of mortality rates for England and Wales (32 
cases; SMR, 195; 95% CI, 134-276). [The Working Group noted that these workers 
may have been exposed to chromium- and nickel-containing dusts.] 

(v) Seven stainless-steel and low-nickel alloy production plants in the USA 

A proportionate mortality analysis of 3323 deaths among white males ever 
employed in areas with potential exposure to nickel in seven stainless-steel and 
low-nickel alloy production plants (Cornell, 1984) showed no excess of lung cancer 
(218 deaths; PMR, 97 [95% CI, 85-111]) or of other cancers (419 deaths; PMR 91 
[95% CI, 83-100]). There was no death from nasal cancer. 

(d) Other industrial exposures to nickel 

(i) Two nickel-cadmium battery facton·es in the UK 

Kipling and Waterhouse (1967) reported art excess of prostatic cancer based on 
four cases among 248 men exposed for one year or longer in a nickel-cadmium bat­
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tery factory. The cohort was enlarged to include 3025 workers (85% men) employed 
for at least one month (Sorahan & Waterhouse, 1983, 1985), and the most recent 
report included deaths up to the end of 1984 (Sorahan, 1987). Exposure categories 
were defined on the basis of exposure to cadmium. The authors commented that 
almost all jobs with high exposure to cadmium also entailed high exposure to nickel 
hydroxide, and there was also possible exposure to welding fumes (Sorahan & Wa­
terhouse, 1983). The excess ofprostatic cancer cases was confined to highly exposed 
workers, among whom there were eight cases (SIR, 402 [95% CI, 174-792]); in the 
remainder of the cohort there were seven (SIR, 78 [95% CI, 31-160]) (Sorahan & 
Waterhouse, 1985). An excess of cancer of the lung was seen (110 deaths; SMR, 130 
[95% CI, 107-157]), and this showed a significant association with duration in 'high 
exposure' jobs, particularly among men first employed before 1947 (Sorahan, 1987). 

(ii) A nickel-cadmium battery factory in Sweden 

A total of 525 male workers in a Swedish nickel-cadmium battery factory 
employed for at least one year were followed up to 1980 (Andersson eta/., 1984). Six 
deaths were due to lung cancer (SMR, 120 [95% CI, 44-261]), four to prostatic 
cancer (SMR, 129 [95% CI, 35-330]) and one to nasopharyngeal cancer (SMR, 
> 1000). Cadmium levels prior to 1950 were said to have been about 1 mg/m3 in 
some areas; nickel levels were reported as 'about five times higher', although no ac­
tual measurement was reported. 

(iii) A nickel and chromium plating factory in the UK 

A total of 2689 workers (48% male) employed in a nickel-chromium plating 
factory in the UK were followed to the end of 1983 by Sorahan et a/. (1987). There 
was excess mortality from lung cancer (72 deaths; SMR, 150 [95% CI, 117-189]) and 
nasal cancer (three deaths; SMR, 1000 [95% CI, 206-2922]), but this was confined to 
workers whose initial employment had been as chrome bath platers, and the lung 
cancer excess was significantly related to duration ofchrome bath work. An earlier 
study of 508 men employed only as nickel platers in the factory (Burges, 1980) 
showed no excess for any cancer except that of the stomach (eight deaths; SMR, 
267); among men with more than one year's employment, the SMR for stomach can­
cer was 476 (adjusted for social class and region; four deaths [95% CI, 130-1219]). 
The SMR for lung cancer was 122 [95% CI, 59-224]. 

(iv) A die-casting and electroplating plant in the USA 

A proportionate mortality analysis of 238 deaths (79% male) in workers 
employed for at least ten years in a die-casting and electroplating plant in the USA 
was reported by Silverstein eta!. (1981). There was excess mortality from lung can­
cer (28 deaths; PMR 191 [95% CI, 127-276]) among white men, but not for ~ancer at 
any other site. The PMRs for lung cancer by duration ofemployment were 165 ( < 15 
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years) and 209 (>15 years), and those by latency were 178 ( < 22.5 years) and 211 
(> 22.5 years). The authors noted that the workers had been exposed to chro­
mium[VI], polycyclic aromatic hydrocarbons and various compounds of nickel. 

(v) Oak Ridge gaseous dif.Msion plant, Tennessee, USA 

Fine pure nickel powder is used as b~er material in urani urn enrichment by 
gaseous diffusion. A cohort of 814 white men employed at any time before 1954 in 
the production of this material was followed up from 1948 to 1972 by Godbold and 
Tompkins (1979). Exposure was thus entirely to metallic nickel. Follow-up was ex­
tended to the end of 1977 by Cragle eta/. (1984), and mortality up to the end of 1982 
was reported by ICNCM (1990). The median concentration of nickel was about 0.13 
mg/m3, but high concentrations occurred in some areas. About 300 of the 814 men 
had been employed for a total of less than two years. There was no excess of lung 
cancer, either overall (nine deaths; SMR, 54; 95% CI, 25-103) or among men 
employed for 15 years or longer (five deaths; SMR, 109 [95% CI, 35-254]), and mor­
tality from other cancers was close to that expected (29 deaths; SMR, 96 [95% CI, 
64-137]) for the whole cohort. No death from nasal cancer occurred, but only 0.22 
were expected. [The Working Group noted that measurements made in 1948-63 
(Godbold & Tompkins, 1979) suggest that the average exposure may have been to 
0.5 mg/m3 Ni.] 

(vi) Aircraft engine factory, Connecticut, USA 

Bernacki eta/. (1978b) compared the employment histories of 42 men at an 
aircraft engine factory in the USA who had died of lung cancer with those of 84 
age-matched men who had died of causes other than cancer. The proportion classi­
fied as nickel-exposed was identical (26%) among cases and controls. Atmospheric 
nickel concentrations in the past were believed to have been < 1 mg/m3 • 

(e) Other studies 

Several studies have been reported in which occupational histories of nasal 
caneer patients were sought by interview with patients or relatives, from medical or 
other records, or from death certificates. Acheson et al. (1981), in a study of 1602 
cases diagnosed in England and Wales over a five-year period, found an excess (29 
cases; SMR, 250 [95% CI, 167-359]) in furnace and foundry workers, which was 
partly (but not entirely) due to the inclusion of seven process workers from the 
INCO {Clydach) nickel refinery (see above). Hemberg et al. (1983) studied 287 
cases diagnosed in Denmark, Finland or Sweden over a 3.5-year period. The associ­
ation with exposure to nickel {12 cases, five matched controls among 167 matched 
case-control pairs who were interviewed; odds ratio, 2.4; 95% CI, 0.9-6.6) was not 
statistically significant. All except one of the nickel-exposed cases (a nickel refinery 
worker) had also been classified as having exposure to chromium (odds ratio, 2.7; 



401 NICKEL AND NICKEL COMPOUNDS 

95% CI, 1.1-6.6), which was significantly associated with nasal cancer risk. Brinton 
eta/. (1984) recorded exposure to nickel in only one (RR, 1.8; 95% CI, 0.1-27.6) of160 
cases and one of 290 controls in a hospital-based study between 1970 and 1980 in 
North Carolina and Virginia. Roush eta/. (1980) examined exposure to nickel, cut­
ting oils and wood dust in a case-control study based on all sinonasal cancer deaths 
in Connecticut in 1935-75. Job titles were obtained from deaths certificates and city 
directories and were classified according to estimated airborne exposures. Ten of 
216 cases and 49 of 662 controls were classified as having been exposed to nickel 
(RR, 0.71; 95% CI, 0.4-1.5). 

Gerin et al. (1984) reported significantly more frequent exposure to nickel 
among 246 Canadian lung cancer patients (29 exposed; odds ratio, 3.1; 95% CI, 
1.9-5.0) than among patients with other cancers. All29 cases had also been exposed 
to chromium, and 20 (69%) had been exposed to stainless-steel welding fumes. In a 
case-control study of 326 Danish laryngeal cancer patients, Olsen and Sabroe (1984) 
found a statistically significant association with exposure to nickel from alloys, bat­
tery chemicals and chemicals used in plastics production (RR, 1.7; 95% CI, 1.2-2.5; 
adjusted for age, tobacco and alcohol consumption and sex). 

4. Summary of Data Reported and Evaluation 

4.1 Exposure data 

Nickel, in the form of various alloys and compounds, has been in widespread 
commercial use for over 100 years. Several million workers worldwide are exposed 
to airborne fumes, dusts and mists containing nickel and its compounds. Expo­
sures by inhalation, ingestion or skin contact occur in nickel and nickel alloy pro­
duction plants as well as in welding, electroplating, grinding and cutting operations. 
Airborne nickel levels in excess of 1 mg/m3 have been found in nickel refining, irt the 
production of nickel alloys and nickel salts, and in grinding and cutting of stain­
less-steel. In these industries, modern control technologies have markedly reduced 
exposures in recent years. Few data are available to estimate the levels ofpast expo­
sures to total airborne nickel, and the concentrations of individual nickel com­

~- pounds were not measured. 
Occupational exposure has been shown to give rise to elevated levels of nickel 

in blood, urine and body tissues, with inhalation as the main route of uptake. Non­
occupational sources of nickel exposure include food, air and water, but the levels 
found are usually several orders of magnitude lower than those typically found in 
occupational situations. 
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Table 26. INCO Ontario (Canada) nickel refinery facilities- average nickel exposure levels and cancer risks in workers 
with 15 or more years since first exposurea 

Plant 	 Depart- Estimated airborne concentration (mg/m3 Ni) Duration in department 
ment 

Metallic Oxidic Sulfidic Soluble 'lbtal Ever >5 years
nickel nickel nickel nickel nickel 

Lung cancer Nasal cancer Lung cancer Nasal cancer 	 1-4 

Obs 	 SMR Obs SMR Obs SMR Obs SMR ~ (95% CI) (95% CI) (95% CI) (95% CI) 
~ 
0Coniston 	 Sinter Negl.b 0.1-0.5 1-5 Neg!. 1-5 8 292 0 - 6 492 0 ­ z(126-576) 	 (181-1073) 0 

Copper Sinter 0 
Cliff 

1948-54 Neg!. 25-60 15-35 <4 40-100 } 307 6 3617 33 789 4 13 146 ~ 
1955-63 Neg!. 5-25 3-15 <2 8-40 63 (238-396) (1327-7885) (543-1109) (3576-33 654) ::r: 

C/.l 

Port Col- Leaching, < 
borne calcining, 0 

1926-35 sintering NegI. 20-40 10-20 <3 30-80 239 19 7776 38 366 15 18 750 
1936-45 Negl. 3-15 2-10 <3 5-25 }n (187-302) (4681-12 144) (259-502) (10 500-30 537) E 
1946-58 Negl. 5-25 3-15 <3 8-40 ~ 

tT1 
88d oc.d 1Qd.e oc.d .::..Electroly- <0.5 <0.2 <0.5 <0.3 <1 19 - 89 - 1.0 

sis (53-137) 

llfrom ICNCM (1990), estimated average airborne concentrations of nickel species and mortality from lung cancer and nasal cancer by department; standardized mortality 
ratio (SMR) and 95% confidence interval (Cl) 
hNegl., negligible exposure 
'1\vo nasal cancer deaths occurred in men with > 20 years in electrolysis and only short exposure (three months and seven months) in leaching, calcining and sintering 
liNever worked in leaching, calcining and sintering 

eworkers with >to years in electrolysis 

.•• i!h -·~···~>li·...M'!;;j~~ 
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Table 27. MOND/INCO (Ciydach, South Wales, UK) nickel refinery- average nickel exposure levels and cancer risks 
in 'high-risk' departments in workers with 15 or more years since first exposurea 

Department 	 Estimated airborne concentration Duration in department 
(mg/m3 Ni)b 

zMetallic Oxidic Sulfidic Soluble Ever >s years 
()nickel nickel nickel nickel ­
~ Lung cancer Nasal cancer Lung cancer Nasal cancer t""' 

Obs 	 SMR Obs SMR Obs SMR Obs SMR 
(95% Cl) (95% CI) (95% CI) (95% Cl) ~ 

Furnaces, 1905-63 5.6 6.4 2.6 0.4 9 409 3 24 781 1 370 3 1000 z-(') 
Linear calciners, 1902-30; 5.3 18.8 6.8 0.8 16 725 7 44509 12 1244 6 78 280 ~ milling and grinding, 

~ 1902-36 
(') 

Copper plant, 13.1 0 
before 1937 - 0.4 1.1 17 317 5 13 912 8 541 2 14 541 ~ 
1938-60 

0.4 
0.01 0.01 -

(185-507) 
-

(4507-32 415) 
-

(233-1066) 
-

(1759-52 493) 0c: z 
Hydrometallurgy 

1902-79 
0.5 0.9 0.05 1.3 7 196 

(79-404) 
4 18 779 

(5108-48 074) 
5 333 

(108-776) 
4 36363 

(9891-93 089) 
tj 
{/.) 

"from ICNCM (1990); estimated average airborne concentrations of nickel species and mortality from lung cancer and nasal cancer by department. In each row, 
observations are restricted to men with < 1 year employment in other high-risk departments. Standardized mortality ratio (SMR) and 95% confidence interval 
(CI) 

"The Working Group expressed reservations about the accuracy of these estimates, as discussed on p. 391. 
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Table 28. Falconbridge (Kristiansand, Norway) nickel refinery - average nickel exposure levels and cancer 
risks in workers with 15 or more years since first exposurea -Department Estimated airborne concentration 

(mg/m3 Ni) 
Duration in department 

~ 
Metallic 
nickel 

Oxidic 
nickel 

Sulfidic 
nickel 

Soluble 
nickel 

Ever >5 years ~ 
0 z 

Lung cancer Nasal cancer" Lung cancer Nasal cancer" 0 
0 

Obs SMR Obs SMR Obs SMR Obs SMR ~(95% CI) (95% CI) (95% CI) (95% CI) 
:X:: 
C/) 

Calcining, roasting. 
smelting; never in 
e teet rolysis 

0.3-1.3 5.0-10.0 0.3 Negl.c 14 225 
(122-377) 

5 - 8 254 
(109-500) 

5 - d 
5 

Electrolysis; never in 
calcining, roasting 

0.3-1.3 0.3-1.3 Negl.-1.3 1.3-5.0 30 385 
(259-549) 

2 - 19 476 
(287-744) 

2 - ~ 
tT1 

smelting .$:>. 
\0 

tlfrom ICNCM (1990); estimated average airborne concentrations of nickel species and mortality from or incidence of lung cancer and nasal cancer 
by department; standardized mortality ratio (SMR) and 95% confidence interval (CI) 
"Three deaths and four incident cases 
CNegl., negligible exposure 

··;h'.;:.,;,.,F,.,,~~ ~.. •• ~ ~"" 1 • i ,: . ,/ . .;'· .A 1 ·· 
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4.2 Experimental carcinogenicity data 

Metallic nickel and nickel alloys 

Metallic nickel was tested by inhalation exposure in mice, rats and guinea-pigs, 
by intratracheal instillation in rats, by intramuscular injection in rats and hamsters, 
and by intrapleural, subcutaneous, intraperitoneal and intrarenal injection in rats. 
The studies by inhalation exposure were inadequate for an assessment ofcarcinoge­
nicity. After intratracheal instillation, it produced significant numbers of squa­
mous-cell carcinomas and adenocarcinomas of the lung. Intrapleural injections in­
duced sarcomas. Subcutaneous administration of metallic nickel pellets induced 
sarcomas in rats, intramuscular injection of nickel powder induced sarcomas in 
rats and hamsters, and intraperitoneal injections induced carcinomas and sarco­
mas. No significant increase in the incidence of local kidney tumours was seen fol­
lowing intrarenal injection. 

Nickel alloys were tested by intramuscular, intraperitoneal and intrarenal in­
jection and by subcutaneous implantation of pellets in rats. A ferronickel alloy did 
not induce local tumours after intramuscular or intrarenal injection. Two powdered 
nickel alloys induced malignant tumours following intraperitoneal injection, and 
one nickel alloy induced sarcomas following subcutaneous implantation in pellets. 

Nickel oxides and hydroxides 

Nickel monoxide was tested by inhalation exposure in rats and hamsters, by 
intratracheal instillation in rats, by intramuscular administration in two strains of 
mice and two strains of rats, and by intrapleural, intraperitoneal and intrarenal in­
jection in rats. The two studies by inhalation exposure in rats were inadequate for 
an assessment of carcinogenicity; lung tumours were not induced in the study in 
hamsters. Intratracheal instillation resulted in a significant incidence oflung carci­
nomas. Local sarcomas were induced at high incidence after intrapleural, intra­
muscular and intraperitoneal injection. No renal tumour was seen following intra­
renal injection. 

Two studies in rats in which nickel trioxide was injected intramuscularly or in­
tracerebrally were inadequate for evaluation. 

In a study in which nickel hydroxide was tested in three physical states by intra­
muscular injection in rats, local sarcomas were induced by dry gel and crystalline 
forms. Local sarcomas were induced in one study in which nickel hydroxide was 
tested by intramuscular injection in rats. 

Nickel sulfides 

Nickel subsulfide was tested by inhalation exposure and by intratracheal instil­
lation in rats, by subcutaneous injection to mice and rats, by intramuscular admin­
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istration to mice, rats, hamsters and rabbits, by intrapleural, intraperitoneal, 
~n~rar~na~, intratesticu!ar, intraoc~lar and in:ra-articul!lr a~ministration in r~ts, by 
InJeCtiOn mto retropentoneal fat m rats, by ImplantatiOn mto rat heterotopic tra­
cheal transplants and by administration to pregnant rats. 

After exposure by inhalation, rats showed a significant increase in the inci­
dence of benign and malignant lung tumours. Multiple intratracheal instillations 
resulted in malignant lung tumours (adenocarcinomas, squamous-cell carcinomas 
and mixed tumours). 

A high incidence of local sarcomas was observed in rats after intrapleural ad­
ministration. Subcutaneous injection induced sarcomas in mice and rhabdomyo­
sarcomas and fibrous histiocytomas in rats. Nickel subsulfide has been shown con­
sistently to induce local sarcomas following intramuscular administration, and 
dose-response relationships were demonstrated in rats and hamsters. The majority 
of the sarcomas induced were of myogenic origin, and the incidences of metastases 
were generally high. In rats, strain differences in tumour incidence and local tissue 
responses were seen. After intramuscular implantation of millipore diffusion 
chambers containing nickel subsulfide, a high incidence of local sarcomas was in­
duced. 

Mesotheliomas were included among the malignancies induced by intraperito­
neal administration. Intrarenal injections resulted in a dose-related increase in the 
incidence of renal-cell neoplasms. A high incidence of sarcomas (including some 
rhabdomyosarcomas) was seen after intratesticular injection, and a high incidence 
of eye neoplasms (including retinoblastomas, melanomas and gliomas) after in­
traocular injection. Intra-articular injection induced sarcomas (including rhabdo­
myosarcomas and fibrous histiocytomas), and injection into retroperitoneal fat in­
duced mainly fibrous histiocytomas. Implantation of pellets containing nickel sub­
sulfide into rat heterotopic tracheal transplants induced both carcinomas and sar­
comas; in the group given the highest dose, sarcomas predominated. The study in 
which pregnant rats were injected with nickel subsulfide early in gestation was inad­
equate for evaluation. 

Nickel disulfide was tested by intramuscular and intrarenal injection in rats. 
High incidences of local tumours were induced. 

Nickel monosulfide was tested by intramuscular and intrarenal injection in 
rats. The crystalline form induced local tumours, but the amorphous form did not. 

Nickel fe"osulfide matte induced local sarcomas after administration by intra­
muscular injection in rats. 

Nickel salts 

Nickel sulfate was tested for carcinogenicity by intramuscular and intraperito­
neal injection in rats. Repeated intramuscular injections did not induce local 

~1: . 
1 
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tumours; however, intraperitoneal injections induced malignant tumours in the 
peritoneal cavity. 

Nickel chloride was tested by repeated intraperitoneal injections in rats, induc­
ing malignant tumours in the peritoneal cavity. 

Nickel acetate was tested by intraperitoneal injection in mice and rats. After 
repeated intraperitoneal injections in rats, malignant tumours were induced in the 
peritoneal cavity. In strain A mice, lung adenocarcinomas were induced in one 
study and an increased incidence of pulmonary adenomas in two studies. 

Studies in rats in which nickel carbonate was tested for carcinogenicity by in­
traperitoneal administration and nickel fluoride and nickel chromate by intramuscu­
lar injection could not be evaluated. 

Other forms of nickel 

Nickel carbonyl was tested for carcinogenicity by inhalation exposure and in­
travenous injection in rats. After inhalation exposure, a few lung carcinomas were 
observed two years after the initial treatment. Intravenous injection induced an 
increase in the overall incidence of neoplasms, which were located in several organs. 

Nickelocene induced some local tumours in rats and hamsters following intra­
muscular injection. 

One sample of dust collected in nickel refineries, containing nickel subsulfide 
and various proportions of nickel monoxide and nickel sulfate, induced sarcomas in 
mice and rats following intramuscular injection. Intraperitoneal administration of 
two samples of dust, containing unspecified nickel sulfides and various proportions 
of nickel oxide, soluble nickel and metallic nickel, induced sarcomas in rats. In a 
study in which hamsters were given prolonged exposure to a nickel-enriched fly ash 
by inhalation, the incidence of tumours was not increased. 

Intramuscular administration to rats of nickel sulfarsenide, two nickel arse­
nides, nickel antimonide, nickel telluride and two nickel selenides induced significant 
increases in the incidence of local sarcomas, whereas administration of nickel 
monoarsenide and nickel titanate did not. None of these compounds increased the 
incidence of renal-cell tumours in rats after intrarenal injection. 

4.3 Human carcinogenicity data 

Increased risks for lung and nasal cancers were found to be associated with 
exposures during high-temperature oxidation of nickel matte and nickel-copper 
matte (roasting, sintering, calcining) in cohort studies in Canada, Norway (K.ristian­
sand) and the UK (Clydach), with exposures in electrolytic refining in a study in 
Norway, and with exposures during leaching of nickel-copper oxides in acidic solu­
tion (copper plant) and extraction ofnickel salts from concentrated solution{hydro­
metallurgy) in the UK (see Table 26). 
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The substantial excess risk for lung and nasal cancer among Clydach hydro­
metallurgy workers seems likely to be due, at least partly, to their exposure to 'solu­
ble nickel'. Their estimated exposures to other types ofnickel (metallic, sulfidic and 
oxidic) were up to an order of magnitude lower than those in several other areas of 
the refinery, including some where cancer risks were similar to those observed in 
hydrometallurgy. Similarly, high risks for lung and nasal cancers were observed 
among electrolysis workers at Kristiansand. These men were exposed to high esti­
mated levels of soluble nickel and to lower levels of other forms of nickel. Nickel 
sulfate was the only or predominant soluble nickel species present in these areas. 

The highest risks for lung and nasal cancers were observed among calcining 
workers, who were heavily exposed to both sulfidic and oxidic nickel. A high lung 
cancer rate was also seen among nickel plant cleaners at Clydach, who were heavily 
exposed to these insoluble compounds, with little or no exposure to soluble nickel. 
The separate effects of oxides and sulfides cannot be estimated, however, as high 
exposure was always either to both, or to oxides together with soluble nickel. Work­
ers in calcining furnaces and nickel plant cleaners were also exposed to high levels of 
metallic nickel. 

Among hard-rock sulfide nickel ore miners in Canada, there was some in­
crease in lung cancer risk, but exposure to other substances could not be excluded. 
In studies of open-cast miners of silicate-oxide nickel ores in the USA and in New 
Caledonia, no significant increase in risk was seen, but the numbers of persons stu­
died were small and the levels of exposure were reported to be low. 

No significant excess of respiratory tract cancer was observed in three studies 
of workers in high-nickel alloy manufacture or in a small study of users of metallic 
nickel powder. No increase in risk forlung cancer was observed in one small group 
of nickel electroplaters in the UK with no exposure to chromium. 

In a case-control study, an elevated risk for lung cancer was found among per­
sons exposed to nickel together with chromium-containing materials. 

The results of epidemiological studies of stainless-steel welders are consistent 
with the finding of excess mortality from lung cancer among other workers exposed 
to nickel compounds, but they do not contribute independently to the evaluation of 
nickel since welders are also exposed to other compounds. (See also the monograph 
on welding.) 

4.4 Other relevant data 

Nickel and nickel compounds are absorbed from the respiratory tract, and to a 
smaller extent from the gastrointestinal tract, depending on dissolution and cellular 
uptake. Absorbed nickel is excreted predominantly in the urine. Nickel tends to 
persist in the lungs of humans and of experimental animals, and increased concen­
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trations are seen notably in workers after inhalation of nickel. The nasal mucosa 
may retain nickel for many years. 

Nickel carbonyl is the most acutely toxic nickel compound and causes severe 
damage to the respiratory system in experimental animals and in humans. Nickel 
causes contact dermatitis in humans. In experimental animals, adverse effects have 
also been documented in the respiratory system and in the kidney. 

In four studies, the frequency of sister chromatid exchange did not appear to 
be increased in peripheral blood lymphocytes ofnickel workers exposed during var­
ious processes. Enhanced frequencies of chromosomal gaps and/or anomalies 
were observed in single studies in peripheral blood lymphocytes of employees en­
gaged in: (i) crushing, roasting and smelting (exposure mainly to nickel oxide and 
nickel subusulfide ); (ii) electrolysis (exposure mainly to nickel chloride and nickel 
sulfate); and (iii) electroplating (exposure to nickel and chromium compounds). 
Enhanced frequencies were also seen in lymphocytes from retired workers who had 
previously been exposed in crushing, roasting and smelting and/or electrolysis. 

Some nickel compounds have adverse effects on reproduction and prenatal 
development in rodents. Decreased fertility, reduction in the number of pups per 
litter and birth weight per pup, and a pattern of anomalies, including eye malforma­
tions, cystic lungs, hydronephrosis, cleft palate and skeletal deformities, have been 
demonstrated. 

In one study, metallic nickel did not induce chromosomal aberrations in cul­
tured human cells, but it transformed animal cells in vitro. Nickel oxides induced 
anchorage-independent growth in human cells in vitro and transformed cultured 
rodent cells; they did not induce chromosomal aberrations in cultured human cells 
in one study. 

Crystalline nickel subsulfide induced anchorage-independent growth and in­
creased the frequency ofsister chromatid exchange but did not cause gene mutation 
in human cells in vitro. Crystalline nickel sulfide and subsulfide induced cell trans­
formation, gene mutation and DNA damage in cultured mammalian cells; the sul­
fide also induced chromosomal aberrations and sister chromatid exchange. Amor­
phous nickel sulfide did not transform or produce DNA damage in cultured mam­
malian cells. In one study, crystalline nickel sulfide and crystalline nickel subsulfide 
produced DNA damage in Paramoecium. 

Nickel chloride and nickel nitrate were inactive in assays in vivo for induction 
of dominant lethal mutation and micronuclei, and nickel sulfate did not induce 
chromosomal aberrations in bone-marrow cells; however, nickel chloride induced 
chromosomal aberrations in Chinese hamster and mouse bone-marrow cells. 

Soluble nickel compounds were generally active in the assays of human and 
animal cells in vitro in which they were tested. 
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Nickel sulfate and nickel acetate induced anchorage-independent growth in 
human cells in vitro. Nickel sulfate increased the frequency ofchromosomal aberra­
tions in human cells, and nickel sulfate and nickel chloride increased the frequency 
of sister chromatid exchange. Nickel sulfate did not induce single-strand DNA 
breaks in human cells. Nickel sulfate and nickel chloride transformed cultured 
mammalian cells. Chromosomal aberrations were induced in mammalian cells by 
nickel chloride, nickel sulfate and nickel acetate, and sister chromatid exchange was 
induced by nickel chloride and nickel sulfate. Nickel chloride and nickel sulfate 
also induced gene mutation, and nickel chloride caused DNA damage in mammal­
ian cells. In one study, nickel sulfate inhibited intercellular communication in cul­
tured mammalian cells. 

Nickel sulfate induced aneuploidy and gene mutation in a single study in Dro­
sophila; nickel chloride and nickel nitrate did not cause gene mutation. Nickel chlo­
ride induced gene mutation and recombination in yeast. 

In single studies, nickel acetate produced DNA damage in bacteria, while nick­
el nitrate did not; the results obtained with nickel chloride were inconclusive. In 
bacteria, neither nickel acetate, sulfate, chloride nor nitrate induced gene mutation. 

Nickel carbonate induced DNA damage in rat kidney in vivo. Crystalline nick­
el subselenide transformed cultured mammalian cells, and nickel potassium cya­
nide increased the frequency of chromosomal aberrations. Nickelocene did not in­
duce bacterial gene mutation. DNA damage was induced in calf thymus nucleohi­
stone by nickel[III]-tetraglycine complexes. 

4.5 Evaluation1 

There is sufficient evidence in humans for the carcinogenicity of nickel sulfate, 
and of the combinations of nickel sulfides and oxides encountered in the nickel 
refining industry. 

There is inadequate evidence in humans for the carcinogenicity of metallic 
nickel and nickel alloys. 

There is sufficient evidence in experimental animals for the carcinogenicity of 
metallic nickel, nickel monoxides, nickel hydroxides and crystalline nickel sulfides. 

There is limited evidence in experimental animals for the carcinogenicity of 
nickel alloys, nickelocene, nickel carbonyl, nickel salts, nickel arsenides, nickel 
antimonide, nickel selenides and nickel telluride. 

1For descriptions of the italicized terms, see Preamble, pp. 33-37. 
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There is inadequate evidence in experimental animals for the carcinogenicity of 
nickel trioxide, amorphous nickel sulfide and nickel titanate. 

The Working Group made the overall evaluation on nickel compounds as a 
group on the basis ofthe combined results of epidemiological studies, carcinogenic­
ity studies in experimental animals, and several types of other relevant data, sup­
ported by the underlying concept that nickel compounds can generate nickel ions at 
critical sites in their target cells. 

Overall evaluation 

Nickel compounds are carcinogenic to humans (Group 1). 
Metallic nickel is possibly carcinogenic to humans (Group 2B). 

5. References 

Abbracchio, M.P., Heck, J.D., Caprioli, R.M. & Costa, M. (1981) Differences in surface 
properties of amorphous and crystalline metal sulfides may explain their toxicological 
potency. Chemosphere, 10, 897-908 

Abbracchio, M.P., Simmons-Hansen, J. & Costa, M. (1982a) Cytoplasmic dissolution of pha­
gocytized crystalline nickel sulfide particles: a prerequisite for nuclear uptake of nick­
el. 1 Toxicol. environ. Health, 9, 663-676 

Abbracchio, M.P., Heck, J.D. & Costa, M. (1982b) The phagocytosis and transforming activ­
ity of crystalline metal sulfide particles are related to their negative surface charge. 
Carcinogenesis, 3, 175-180 

Acheson, E.D., Cowdell, R.H. & Rang, E.H. (1981) Nasal cancer in England and Wales: an 
occupational survey. Br. 1 ind. Med., 38, 218-224 

Adalis, D., Gardner, D.E. & Miller, F.J. (1978) Cytotoxic effects of nickel on ciliated epithe­
lium. Am. Rev. respir. Dis., 118,347-354 

Adams, D.B. (1980) The routine determination of nickel creatinine in urine. In: Brown, S.S. 
& Sunderman, F.W., Jr, eds, Nickel Toxicology, London, Academic Press, pp. 99-102 

Adamsson, E., Lind, B., Nielsen, B. & Piscator, M. (1980) Urinary and fecal elimination of 
nickel in relation to airborne nickel in a battery factory. In: Brown, S.S. & Sunderman, 
F.W., Jr, eds, Nickel Toxicology, London, Academic Press, pp. 103-106 

Aitio, A (1984) Biological monitoring of occupational exposure to nickel. In: Sunderman, 
F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), 
Lyon, IARC, pp. 497-505 

Aitio, A., Tossavainen, A., Gustafsson, T., Kiilunen, M., Haapa, K. & Jarvisalo, J. (1985) Uri­
nary excretion of nickel and chromium in workers of a steel foundry. In: Brown, S.S. & 
Sunderman, F.W., Jr, eds, Progress in Nickel Toxicology, Oxford, Blackwell Scientific 
Publishers, pp. 149-152 



412 IARC MONOGRAPHS VOLUME 49 

Albert, D.M., Gonder, J.R., Papale, J., Craft, J.L., Dohlman, H. G., Reid, M.C. & Sunder­
man, F.W., Jr (1980) Induction of ocular neoplasms in Fischer rats by intraocular injec­
tion of nickel subsulfide. In: Brown, S.S. & Sunderman, F.W., Jr, eds, Nickel Toxicology 
London, Academic Press, pp. 55-58 ' 

Aldrich Chemical Co., Inc. (1988) Aldrich Catalog/ Handbook ofFine Chemicals, Milwaukee 
' WI, pp. 1097-1099 

Alexander, A.J., Goggin, P.L. & Cooke, M. (1983) A Fourier-transform infrared spectromet­
ric study of the pyrosynthesis of nickel tetracarbonyl and iron pentacarbonyl by combus­
tion of tobacco. Anal. chim. Acta, 151, 1-12 

Amacher, D.E. & Paillet, S.C. (1980) Induction of trifluorothymidine-resistant mutants by 
metal ions in L5178Y ffK+1- cells. Mutat. Res., 78, 279-288 

Amavis, R., Hunter, W.J. &Smeets, J.G.P.M., eds (1976)HardnessofDrinking Water and Pub­
lic Health. Proceedings of the European Scientific Colloquium, Luxembourg, May 1975 
(EUR 5447), Oxford, Pergamon Press, p. 194 

American Conference of Governmental Industrial Hygienists (1988) Threshold Limit values 
and Biological Exposure Indices for 1988-1989, Cincinnati, OH, p. 28 

American Tokyo Kasei (1988) Organic Chemicals 88189 Catalog, Portland, OR, p. 913 
Amlacher, E. & Rudolph, C. (1981) The thymidine incorporation inhibiting screening system 

(fSS) to test carcinogenic substances: a nuclear DNA synthesis suppressive short term 
test. Arch. Geschwulstforsch., 51, 605-610 

Andersen, 0. (1983) Effects of coal combustion products and metal compounds on sister 
chromatid exchange (SCE) in a macrophage-like cell line. Environ. Health Perspect., 47, 
239-253 

Andersen, 0. (1985) Evaluation of the spindle-inhibiting effect of Ni + + by quantitation of 
chromosomal super-contraction. Res. Commun. chem. Pathol. Pharmacal., 50,379-386 

Andersen, I. & Svenes, K.B. (1989) Determination of nickel in lung specimens of thirty-nine 
autopsied nickel workers. Int. Arch. occup. environ. Health, 61, 289-295 

Andersen, J.R., Gammelgaard, B. & Reimert, S. (1986) Direct determination of nickel in 
human plasma by Zeeman-corrected atomic absorption spectrometry. Analyst, 3, 
721-722 

Andersson, K., Elinder, C.G., H0gstedt, C., Kjellstrom, T. & Spang, G. (1984) Mortality 
among cadmium and nickel-exposed workers in a Swedish battery factory. ToxicoZ. envi­
ron. Chern., 9, 53-62 

Angerer, J. & Heinrich-Ramm, R. (1988) Nickel in blood (Ger.). In: Analytische Methodenzur 
Priifung gesundheitsschiidlicher Arbeitsstoffe - Analysen in biologischem Material (Ana­
lytical Methods for Investigation of Noxious Occupational Substances. Analysis in Bio­
logical Material), Vol. 2/3, Part 9, Weinheim, VCH-Verlagsgesellschaft, pp. 1-11 

Angerer, J. & Schaller, K.H. (1985)Analyses ofHazardous Substances in Biological Materials, 
Vol. 1, Weinheim, VCH-Verlagsgesellschaft, pp. 177-188 



413 NICKEL AND NICKEL COMPOUNDS 

Angerer, J., Heinrich-Ramm, R. & Lehnert, G. (1989) Occupational exposure to cobalt and 
nickel. Biological monitoring. Int. J environ. anal. Chern., 35, 81-88 · 

Antonsen, D.H. (1981) Nickel compounds. In: Mark, H.F., Othmer, D.F., Overberger, C.G., 
Seaborg, G.T. & Grayson, M., eds, Kirk-Othmer Encyclopedia ofChemical Technology, 
3rd ed., Vol. 15, New York, John Wiley & Sons, pp. 801-819 

Anwer, J. & Mehrotra, N.K. (1986) Effect of simultaneous exposure to nickel chloride and 
benzo(a)pyrene on developing chick embryos. Drugchem. Toxicol., 9, 171-183 

Arbeidsinspectie (Labour Inspection) (1986) De Nationale MAC-Lijst 1986 (National 
MAC-List 1986), Voorburg, p. 18 

Arbejdstilsynet (Labour Inspection) (1988) Graensevaerdier for Stoffer og Materialer (Limit 
Values for Compounds and Materials) (No. 3.1.0.2), Copenhagen, p. 25 

Arbetarskyddsstyrelsens (National Board of Occupational Safety and Health) (1987) Hygie­
niska Griinsviirden (Hygienic Limit Values), Stockholm, p. 35 

Archer, F.C. (1980)Trace elements in soils in England and Wales. In: Inorganic Pollution and 
Agriculture, London, Her Majesty's Stationery Office, pp. 184-190 

Arlauskas, A., Baker, R.S. U., Bonin, A.M., Tandon, R.K., Crisp, P.T. & Ellis, J. (1985) Muta­
genicity of metal ions in bacteria. Environ. Res., 36, 379-388 

Barton, R.T., Andersen, I. & H0getveit, A. C. (1980) Distribution of nickel in blood fractions. 
In: Brown, S.S. & Sunderman, F.W., Jr, eds, Nickel Toxicology, London, Academic 
Press, pp. 85-88 

Basrur, P.K. & Gilman, J.P.W. (1967) Morphologic and synthetic response of normal and tu­
mor muscle cultures to nickel sulfide. Cancer Res., 27, 1168-1177 

Beach, D.J. & Sunderman, F.W., Jr (1969) Nickel carbonyl inhibition of 14C-oroticacid incor­
poration into rat liver RNA. Proc. Soc. exp. Bioi. Med., 131, 321-322 

Beach, D .J. & Sunderman, F.W., J r (1970) Nickel carbonyl inhibition of RNA synthesis by a 
chromatin-RNA polymerase complex from hepatic nuclei. Cancer Res., 30, 48-50 

Bencko, V. (1983) Nickel: a review of its occupational and environmental toxicology. J Hyg. 
Epidemiol. Microbial. Immunol., 27, 237-247 

Bennett, B.G. (1984) Environmental nickel pathways to man. In: Sunderman, F.W., Jr, ed., 
Nickel in the Human Environment (IARC Scientific Publications No. 53), Lyon, IARC, 
pp. 487-495 

Benson, J.M., Henderson, R.F., McClellan, R.O. & Rebar, A.H. (1985) Comparative toxicity 
of nickel salts to the lung. In: Brown, S.S. & Sunderman, F.W., Jr, eds, Progress in Mckel 
Toxicology, Oxford, Blackwell Scientific Publications, pp. 85-88 

Benson, J.M., Henderson, R.F. & McClellan, R.O. (1986a) Comparative cytotoxicity of four 
nickel compounds to canine and rodent alveolar macrophages in vitro. 1 Toxicol. envi­
ron. Health, 19, 105-110 

Benson, J.M., Henderson, R.F., McClellan, R.O., Hanson, R.L. & Rebar, A.H. (1986b) 
Comparative acute toxicity of four nickel compounds to F344 rat lung. Fundam. appl. 
Toxicol., 7, 340-347 

Benson, J.M., Carpenter, R.L., Hahn, F.F., Haley, P.J., Hanson, R.L., Hobbs, C.H., Pickrell, 
J.A. & Dunnick, J.K. (1987) Comparative inhalation toxicity of nickel subsulfide to 
F344/N rats and B6C3F1 mice exposed for 12 days. Fundam. appl. Toxicol., 9, 251-265 



414 IARC MONOGRAPHS VOLUME 49 

Benson, J.M., Henderson, R.F. & Pickrell, J.A. (1988a) Comparative in vitro cytotoxicity of 
nickel oxides and nickel-copper oxides to rat, mouse, and dog pulmonary alveolar ma­
crophages. 1 Toxicol. environ. Health, 24, 373-383 

Benson, J.M., Burt, D.G., Carpenter, R.L., Eidson, A.F., Hahn, F.F., Haley, P.J., Hanson 
R.L., Hobbs, C.H., Pickrell, J.A. & Dunnick, J.K. (1988b) Comparative inhalation tox~ 
icity of nickel sulfate to F344/N rats and B6C3F1 mice exposed for 12 days. Fundam. 
appl. Toxicol., 10, 164-178 

Bergman, B., Bergman, M., Magnusson, B., Soremark, R. & Toda, Y. (1980)The distribution 
of nickel in mice. An autoradiographic study. 1 oral Rehabil., 7, 319-324 

Bernacki, EJ., Parsons, G.E., Roy, B.R., Mikac-Devic, M., Kennedy, C.D. & Sundennan, 
F.W., Jr (1978a) Urine nickel concentrations in nickel-exposed workers. Ann. clin. Lab. 
Sci., 8, 184-189 

Bernacki, E.J., Parsons, G.E. & Sunderman, F.W., Jr (l978b) Investigation of exposure to 
nickel and lung cancer mortality. Case control study at a aircraft engine factory. Ann. 
clin. Lab. Sci., 8, 190-194 

Bernacki, E.J., Zygowicz, E. & Sunderman, F.W., Jr (1980) Fluctuations of nickel concentra­
tions in urine of electroplating workers. Ann. clin. Lab. Sci., 10, 33-39 

Berry,J.P., Galle, P., Poupon, M.F., Pot-Deprun, J., Chouroulinkov, 1., Judde,J.G. & Dewal­
ly, D. (1984) Electron microprobe in vitro study of interaction of carcinogenic nickel 
compounds with tumour cells. In: Sunderman, F.W., Jr, ed., Nickel in the Human Envi­
ronment (IARC Scientific Publications No. 53), Lyon, IARC, pp. 153-164 

Biedermann, K.A. & Landolph, J.R. (1987) Induction of anchorage independence in human 
diploid foreskin fibroblasts by carcinogenic metal salts. Cancer Res., 47, 3815-3823 

Biggart, N.W. & Costa, M. (1986) Assessment of the uptake and mutagenicity of nickel chlo­
ride in Salmonella tester strains. Mutat. Res., 175, 209-215 

Biggart, N.W. & Murphy, E.C., Jr (1988) Analysis of metal-induced mutations altering the 
expression or structure of a retroviral gene in a mammalian cell line. Mutat. Res., 198, 
115-129 

Blakeley, St J.H. & Zatka, V.J. (1985) Report to the NiP ERA Scientific Advisory Committee on 
Interlaboratory Test Program on Nickel Phase Speciation in Dust Samples. First Test on Bulk 
Dust Samples- Summer 1985, Toronto, Nickel Producers Environmental Research As­
sociation 

Boldt, J. & Queneau, P. (1967) The Winning ofMckel, New York, Van Nostrand 
Bonde, 1., Beck, H.-I., J0rgensen, P.J. & Grandjean, P. (1987) Nickel levels in intercellular 

fluid from nickel-allergic patients and controls. In: Trace Elements in Human Health and 
Disease, Abstracts, Second Nordic Symposium, August 1987, Odense, UniversityofCopen­
hagen, Copenhagen, World Health Organization, p. Dl2 

Bossu, F.P., Paniago, E.B., Margerum, D.W., Kirksey, S.T., Jr & Kurtz, J.L. (1978) Trivalent 
nickel catalysis of the autooxidation of nickel(II) tetraglycine. Inorg. Chem., 17, 
1034-1042 

Boysen, M., Solberg, L.A., Torjussen, W., Poppe, S. & H0getveit, A.C. (1984) Histological 
changes, rhinoscopical findings and nickel concentration in plasma and urine in retired 
nickel workers. Acta otolaryngol., 97, 105-115 



415 NICKEL AND NICKEL COMPOUNDS 

.Bridge, J .C. (1933) Annual Report ofthe Chief Inspector ofFactories and Workshops for the ~ar 
1932, London, His Majesty's Stationery Office, pp. 103-109 

.Brinton, L.A., Blot, W.J., Becker, J.A., Winn, D.M., Browder, J.P., Farmer, J.C., Jr & Frau­
meni, J.F., Jr (1984) A case-control study of cancers of the nasal cavity and paranasal 
sinuses. Am. 1 Epidemiol., 119, 896-906 

.Brown, S.S., Nomoto, S., Stoeppler, M. & Sunderman, F.W., Jr (1981) IUPAC reference 
method for analysis of nickel in serum and urine by electrothermal atomic absorption 
spectrometry. Clin. Biochem., 14, 295-299 

Burges, D.C.L. (1980) Mortality study of nickel platers In: Brown, S.S. & Sunderman, F.W., 
Jr, eds, Nickel Toxicology, London, Academic Press, pp. 15-18 

Burgess, W.A. (1981) Recognition ofHealth Hazards in Industry. A Review ofMaterials and Pro­
cesses, New York, John Wiley & Sons 

Buselmaier, M., Rohrbom, G. & Propping, P. (1972) Mutagenicity testing with pesticides in 
the host-mediated assay and in the dominant lethal test in mouse (Ger.). Bioi. Zbl., 91, 
311-325 

Callan, W.M. & Sunderman, F.W., J r (1973) Species variations in binding of63Ni(II) by serum 
albumin. Res. Commun. chem. Pathol. Pharmacol., 5, 459-472 

Camner, P., Johansson, A. & Lundborg, M. (1978) Alveolar macrophages in rabbits exposed 
to nickel dust. Ultrastructural changes and effect on phagocytosis. Environ. Res., 16, 
226-235 

Camner, P., Casarett-Bruce, M., Curstedt, T., Jarstrand, C., Wiemik, A., Johansson, A., 
Lundborg, M. & Robertson, B. (1984) Toxicology of nickel. In: Sunderman, F.W., Jr, 
ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), Lyon, 
IARC, pp. 267-276 

Camner, P., Curstedt, T., Jarstrand, C., Johansson, A, Robertson, B. & Wiemik, A (1985) 
Rabbit lung after inhalation of manganese chloride: a comparison with the effects of 
chlorides of nickel, cadmium, cobalt, and copper. Environ. Res., 38, 301-309 

Carvalho, S.M.M. & Ziemer, P.L. (1982) Distnbution and clearance of 63Ni administered as 
63NiC12 in the rat: intratracheal study. Arch. environ. Contam. Toxicol., 11, 245-248 

Casey, C. E. & Robinson, M.F. (1978) Copper, manganese, zinc, nickel, cadmium and lead in 
human foetal tissues. Br. 1 Nutr., 39, 639-646 

Catalanatto, F.A. & Sunderman, F.W., Jr (1977) Nickel concentrations in human parotid sali­
va. Ann. clin. Lab. Sci., 7, 146-151 

Cawse, P.A. (1978)A Survey ofAtmospheric Trace Elements in the UK· Results for 1977 (Harwell 
Report AERE-R 9164), Harwell, Environmental and Medical Sciences Division, 
Atomic Energy Authority 

Chamberlain, P.G. (1988) Nickel. In: Minerals Yearbook 1986 (Preprint from Bulletin 675), 
Vol. I, Metals and Minerals, Washington DC, Bureau of Mines, US Government Print­
ing Office, pp. 1-17 

Chemical Information Services Ltd (1988) Directory of World Chemical Producers 1989190 
Edition, Oceanside, NY, pp. 49, 287, 426-427, 489-490 

Chmielnicka, J., Szymanska, J.A. & Tyfa, J. (1982) Disturbances in the metabolism of endog­
enous metals (Zn and Cu) in nickel-exposed rats. Environ. Res., 27, 216-221 



416 IARC MONOGRAPHS VOLUME 49 

Chorvatovicova, D. (1983) The effect of NiC12 on the level of chromosome aberrations . 
Chinese hamster Cricetulus griseus (Czech.). Biol6gia (Bratislava), 38, 1107-1112 

111 
.. 

Chovil, A., Sutherland, R.B. & Halliday, M. (1981) Respiratory cancer in a cohort of nickel 
sinter plant workers. Br. J. ind. Med., 38, 327-333 

Christensen, O.B. & Lagesson, V. (1981) Nickel concentration of blood and urine afterorat 
administration. Ann. clin. Lab. Sci., 11, 119-125 

Christensen, O.B. & Moller, H. (1978) Release of nickel from cooking utensils. Contact Der­
matitis, 4~ 343-346 

Christensen, O.B., Moller, H., Andrasko, L. & Lagesson, V. (1979) Nickel concentration of 
blood, urine and sweat after oral administration. Contact Dermatitis, 5, 312-316 

Christie, N .T. & Costa, M. (1984) In vitro assessment of the toxicity of metal compounds. IV, 
Disposition of metals in cells: interactions with membranes, glutathione, metallothio­
nein, and DNA. Bioi. Trace Elem. Res., 6, 139-158 

., 
Christie, N.T., Thmmolo, D.M., Biggart, N.W. & Murphy, E.C., Jr (1988) Chromosomal .~ 

changes in cell lines from mouse tumors induced by nickel sulfide and methylcholan- :fi 

threne. Cell Bioi. Toxicol., 4, 427-445 

Christie, N.T., Thmmolo, D.M., Klein, C.B. & Rossman, T.G. (1990) The role of Ni(II) in 
mutation. In: Nieboer, E. & Aitio, A., eds, Advances in Environmental Science and Tech­
nology, Nickel and Human Health: Cu"ent Perspectives, New York, John Wiley & Sons (in 
press) 

Ciccarelli, R.B. & Wetterhahn, K.E. (1982) Nickel distribution and DNA lesions induced in 
rat tissues by the carcinogen nickel carbonate. Cancer Res., 42, 3544-3549 

Ciccarelli, R.B. & Wetterhahn, K.E. (1984a) Molecular basis for the activity of nickel. In: 
Sunderman, F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publica­
tions No. 53), Lyon, IARC, pp. 201-213 

Ciccarelli, R.B. & Wetterhahn, K.E. (1984b) Nickel-bound chromatin, nucleic acids, and nu­
clear proteins from kidney and liver of rats treated with nickel carbonate in vivo. Cancer 
Res., 44, 3892-3897 

Ciccarelli, R.B. & Wetterhahn, K.E. (1985) In vitro interaction of63-nickel(II) with chroma­
tin and DNA from rat kidney and liver nuclei. Chern. -biol. Interact., 5;2, 347-360 

Ciccarelli, R.B., Hampton, T.H. & Jennette, K.W. (1981) Nickel carbonate induces 
DNA-protein crosslinks and DNA strand breaks in rat kidney. Cancer Lett., 12,349-354 

Cirla, AM., Bemabeo, F., Ottoboni, F. & Ratti, R. (1985) Nickel induced occupational asth­
ma: immunological and clinical aspects. In: Brown, S.S. & Sunderman, F.W., Jr, eds, 
Progress in Nickel Toxicology, Oxford, Blackwell Scientific Publications, pp. 165-168 

Considine, D.M., ed. (1974) Chemical and Process Technology Encyclopedia, New York, 
McGraw Hill Book, pp. 394, 613, 765-769 

Cook, W.A. (1987) Occupational Exposure Limits- Worldwide, Washington DC, American 
Industrial Hygiene Association, pp. 124, 147, 203 

Corbett, T.H., Heidelberger, C. & Dove, W.F. (1970) Determination of the mutagenic activ­
ity to bacteriophage T4 ofcarcinogenic and noncarcinogenic compounds. Mol. Pharma­
cal., 6, 667-679 



417 NICKEL AND NICKEL COMPOUNDS 

cornell, R.G. (1984) Mortality patterns among stainless-steel workers. In: Sunderman, 
F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), 
Lyon, IARC, pp. 65-71 

cornell, R.G. & Landis, J.R. (1984) Mortality patterns among nickel/chromium alloy found­
ry workers. In: Sunderman, F.W., J r, ed., Nickel in the Human Environment (IARC Scien­
tific Publications No. 53), Lyon, IARC, pp. 87-93 

costa, M. (1980) Biochemical and morphological transformation of hamster embryo cells in 
tissue culture by specific metal compounds. In: Bhatnagar, R.E., ed., Molecular Basis of 
Environmental Toxicity, Ann Arbor, MI, Ann Arbor Science Publishers, pp. 373-389 

Costa, M. (1983) Sequential events in the induction of transformation in cell culture by spe­
cific nickel compounds. Bioi. Trace Elem. Res., 5, 285-295 

Costa, M. & Heck, J.D. (1984) Perspectives on the mechanism of nickel carcinogenesis. In: 
Eichhorn, G.L. & Marzilli, L., eds, Advances in Organic Biochemistry, Vol. 6, Berlin 
(West), Springer-Verlag, pp. 285-309 

Costa, M. & Heck, J.D. (1986) Metal ion carcinogenesis: mechanistic aspects. In: Sigel, H., 
ed., Metal Ions in Biological Systems, Vol. 20, Concepts on Metal Ion Toxicity, New York, 
Marcel Dekker, pp. 259-278 

Costa, M. & Mollenhauer, H.H. (1980a) Carcinogenic activity of particulate nickel com­
pounds is proportional to their cellular uptake. Science, 209, 515-517 

Costa, M. & Mollenhauer, H.H. (1980b) Phagocytosis of nickel subsulfide particles during 
the early stages of neoplastic transformation in tissue culture. Cancer Res., 40, 
2688-2694 

Costa, M. & Mollenhauer, H.H. (1980c) Phagocytosis of particulate nickel compounds is re­
lated to their carcinogenic activity. In: Brown, S.S. & Sunderman, F.W., Jr, eds, Nickel 
Toxicology, New York, Academic Press, pp. 43-46 

Costa, M., Nye, J.S., Sunderman, F.W., Jr, Allpass, P.R. & Gondos, B. (1979) Induction of 
sarcomas in nude mice by implantation of Syrian hamster fetal cells exposed in vitro to 
nickel subsulfide. Cancer Res., 39, 3591-3597 

Costa, M., Jones, M.K. & Lindberg, 0. (1980) Metal carcinogenesis in tissue culture systems. 
In: Martell, AE., ed., Inorganic Chemistry in Biqlogy and Medicine (ACS Symposium 
Series No. 140), Washington DC, American Chemical Society, pp. 45-73 

Costa, M., Simmons-Hansen, J., Bedrossian, C.W.M., Bonura, J. & Caprioli, R.M. (1981a) 
Phagocytosis, cellular distnbution, and carcinogenic activity of particulate nickel com­
pounds in tissue culture. Cancer Res., 41, 2868-2876 

Costa, M., Abbracchio, M.P. & Simmons-Hansen, J. (1981b) Factors influencing the phago­
cytosis, neoplastic transformation, and cytotoxicity of particulate nickel compounds in 
tissue culture systems. Toxicol. appl. Pharmacal., 60, 313-323 

Costa, M., Heck, J.D. & Robison, S.H. (1982) Selective phagocytosis ofcrystalline metal sul­
fide particles and DNA strand breaks as a mechanism for the induction of cellular 
transformation. Cancer Res., 42, 2757-2763 

Cotton, F.A. & Wilkinson, G. (1988)Advanced Inorganic Chemistry, 5th ed., New York, John 
Wiley & Sons, pp. 741-755 



418 IARC MONOGRAPHS VOLUME 49 

Cox, J .E., Doll, R., Scott, W.A. & Smith, S. (1981) Mortality of nickel workers: experience of 
men working with metallic nickel. Br. 1 ind. Med., 38, 235-239 

Cragle, D.L., Hollis, D.R., Newport, T.H. & Shy, C.M. (1984) A retrospective cohort mortal­
ity study among workers occupationally exposed to metallic nickel powder at the Oak 
Ridge gaseous diffusion plant. In: Sunderman, F.W., Jr, ed., Nickel in the Human Envi­
ronment (IARC Scientific Publications No. 53), Lyon, IARC, pp. 57-63 

Cronin, E., Di Michiel, A.D. & Brown, S.S. (1980) Oral challenge in nickel-sensitive women 
with hand eczema. In: Brown, S.S. & Sunderman, F.W., Jr, eds, Mckel Toxicology, Lon­
don, Academic Press, pp. 149-152 

Cuckle, H., Doll, R. & Morgan, L.G. (1980) Mortality study of men working with soluble 
nickel compounds. In: Brown, S.S. & Sunderman, F.W, Jr, eds, Mckel Toxicology, Lon­
don, Academic Press, pp. 11-14 

Daldrup, T., Haarhoff, K. & Szathmary, S.C. (1983) Fetal nickel sulfate intoxication (Ger.). 
Beitr. gerichtl. Med., 41, 141-144 

Damjanov, I., Sunderman, F.W., Jr, Mitchell, J.M. & All pass, P.R. (1978) Induction of testic­
ular sarcomas in Fischer rats by intratesticular injection of nickel subsulfide. Cancer 
Res., 38, 268-276 

Daniel, M.R. (1966) Strain differences in the response of rats to the injection of nickel sul­
phide. Br. 1 Cancer., 20, 886-895 

Daniel, M., Edwards, M. & Webb, M. (1974) The effect of metal-serum complexes on differ­
entiating muscle in vitro. Br. 1 exp. Pathol., 55, 237-244 

Decheng, C., Ming, J., Ling, H., Shan, W., Ziqing, Z. & Xinshui, Z. (1987) Cytogenetic analy­
sis in workers occupationally exposed to nickel carbonyl. Mutat. Res., 188, 149-152 

De Flora, S., Zanacchi, P., Camoirano, A., Bennicelli, C. & Badolati, G.S. (1984) Genotoxic 
activity and potency of 135 compounds in the Ames reversion test and in a bacterial 
DNA-repair test. Mutat. Res., 133, 161-198 

Deknudt, G. & Leonard, A. (1982) Mutagenicity tests with nickel salts in the male mouse. 
Toxicology, 25, 289-292 

Deng, C. & Ou, B. (1981) The cytogenetic effects of nickel sulphate (Chin.). Acta genet. sin., 
8, 212-215 

Deng, ~.Z., Ou, B., Huang, J., Zhuo, Z., Xian, H., Yao, M.C., Chen, M.Y., Li, Z.X., Sheng, 
S.Y. & Yei, Z.F. (1983) Cytogenetic effects of electroplating workers (Chin.). Acta sci. 
circumst., 3, 267-271 

Deng, C.Z., Lee, H.C.H., Xian, H.L., Yao, M.C., Huang, J.C. & Ou, B.X. (1988) Chromo­
somal aberrations and sister chromatid exchanges of peripheral blood lymphocytes in 
Chinese electroplating workers: effect of nickel and chromium. 1 trace Elements exp. 
Med., 1, 57-62 

Dewally, D. & Hildebrand, H.F. (1980) The fate of nickel subsulphide implants during carci­
nogenesis. In: Brown, S.S. & Sunderman, F.W., Jr, eds,Nickel Toxicology, London, Aca­
demic Press, pp. 51-54 

DiPaolo, J.A. & Casto, B.C. (1979) Quantitative studies of in vivo morphological transforma­

tion of Syrian hamster cells by inorganic metal salts. Cancer Res., 39, 1008-1013 


Doll, R. (1958) Cancer of the lung and nose in nickel workers. Br. 1 ind. Med., 15, 217-223 




419 NICKEL AND NICKEL COMPOUNDS 

Doll, R., Morgan, L.G. & Speizer, F.E. (1970) Cancers of the lung and nasal sinuses in nickel 
workers. Br. 1 Cancer, 24, 623-632 

Doll, R., Mathews, J.D. & Morgan, L.G. (1977) Cancers of the lung and nasal sinuses in nick­
el workers: a reassessment of the period of risk. Br. 1 ind. Med., 34, 102-105 

Drazniowsky, M., Channon, S.M., Parkinson, I.S., Ward, M.K., Poon, T.F.-H. & Kerr, D.N.S. 
(1985) The measurement of nickel in chronic renal failure. In: Brown, S.S. & Sunder­
man, F.W., Jr, eds, Progress in Nickel Toxicology, Oxford, Blackwell Scientific Publica­
tions, pp. 141-144 

Dubins, J.S. & LaVelle, J.M. (1986) Nickel(II) genotoxicity: potentiation of mutagenesis of 
simple alkylating agents. Mutat. Res., 162, 187-199 

Dunnick, J .K., Benson, J .M., Hobbs, C.H., Hahn, F.F., Cheng, Y .S. & Eidson, A. F. (1988) 
Comparative toxicity of nickel oxide, nickel sulfate hexahydrate, and nickel subsulfide 
after 12 days of inhalation exposure to F344/N rats and B6C3F1 mice. Toxicology, 50, 
145-156 

Dunnick, J.K., Elwell, M.R., Benson, J.M., Hobbs, C.H., Hahn, F.F., Haly, P.J., Cheng, Y.S. 
& Eidson, A.F. (1989) Lung toxicity after 13-week inhalation exposure to nickel oxide, 
nickel subsulfide, or nickel sulfate hexahydrate in F344/N rats and B6C3F1 mice. Fun­
dam. appl. Toxicol., 12, 584-594 

Egedahl, R. & Rice, E. (1984) Cancer incidence at a hydrometallurgical nickel refinery. In: 
Sunderman, F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publica­
tions No. 53), Lyon, IARC, pp. 47-55 

Egilsson, V., Evans, I.H. & Wilkie, D. (1979) Toxic and mutagenic effects of carcinogens on 
the mitochondria of Saccharomyces cerevisiae. Mol. gen. Genet., 174, 39-46 

English, J.C., Parker, R.D.R., Sharma, R.P. & Oberg, S.G. (1981) Toxicokinetics of nickel in 
rats after intratracheal administration of a soluble and insoluble form. Am. ind. Hyg. 
Assoc. J., 42, 486-492 

Enterline, P.E. & Marsh, G .M. (1982) Mortality among workers in a nickel refinery and alloy 
manufacturing plant in West Virginia. 1 nat/ Cancer lnst., 68, 925-933 

ERAMET-SLN (Entreprise de Recherches et d'Activites - Metaux - Societe le Nickel) 
(1985) Electroplating. Nickel Chloride Hexahydrate. liquid Nickel Chloride, Paris 

ERAMET-SLN (Entreprise de Recherches et d'Activites - Metaux - Societe le Nickel) 
(1986) Fe"onickel, Paris 

ERAMET-SLN (Entreprise de Recherche et d'Activites - Metaux - Societe le Nickel) 
(1989a) Stainless-steel Production, Paris 

ERAMET-SLN (Entreprise de Recherches et d'Activites - Metaux - Societe le Nickel) 
(1989b) Nickel Sulfate. Nickel Chloride. Estimated Quantity ofProduct per Year, Paris 

Eurometaux (1986) Data Relating to Nickel Production, Consumption and Application in Eu­
rope, Brussels 

European Chemical Industry Ecology and Toxicology Centre (1989) Nickel and Nickel Com­
pounds. Review of Toxicology and Epidemiology with Special Reference to Carcinogenesis 
(ECETOC Technical Report No. 33), Brussels 



420 IARC MONOGRAPHS VOLUME 49 

Evans, \V.H., Read, J .I. & Lucas, B.E. (1978) Evaluation of a method for the determination 
of total cadmium, lead and nickel in foodstuffs using measurement by flame atomic 
absorption spectrophotometry. Analyst, 103, 580-594 -i 

Evans, D.J.I., Shoemaker, R.S. & Veltman, H., eds, (1979) International Laterite Symposium, i 
New Orleans, LA, February 19-211979, New York, Society of Mining Engineers of the J. 
American Institute of Mining, Metallurgical and Petroleum Engineers ~ 

Evans, R.M., Davies, P.J .A & Costa, M. (1982) Video time-lapse microscopy of phagocytosis J. 

and intracellular fate of crystalline nickel sulfide particles in cultured mammalian cells. 
1 

Fairh~:~e;.~·il:~g~~~~~~~1987) The Toxicity of Nickel and Its Inorganic Compounds -_i_~-~ 
(Health and Safety Executive Toxicity Review 19), London, Her Majesty's Stationery 
Office 

Farrell, R.L. & Davis, G.W. (1974) The effects of particulates on respiratory carcinogenesis j 
by diethylnitrosamine. In: Karbe, E. & Park, J.F., eds, Experimental Lung Cancer, Carci­
nogenesis and Bioassays, New York, Springer, pp. 219-233 

Fassett, J.D., Moore, L.J., Travis, J.C. & DeVoe, J.R. (1985) Laser resonance ionization mass 
spectrometry. Science, 230, 262-267 · 

Feroz, M., Mughal, M.S. & Malik, M.A. (1976) Studies on accumulation of nickel ions in 
various tissues of the mouse (Mus musculus) injected with nickel acetate. Biologi.a, 22, 
181-192 

Finch, G.L., Fisher, G.L. & Hayes, T.L. (1987) The pulmonary effects and clearance of intra­
tracheally instilled Ni3S2 and Ti02 in mice. Environ. Res.; 42, 83-93 

Fisher, G.L., Crisp, C.E. & McNeill, D.A. (1986) Lifetime effects of intratracheally instilled 
nickel subsulfide on B6C3F1 mice. Environ. Res., 40, 313-320 

Fletcher, A. C. & Ades, A. (1984) Lung cancer mortality in a cohort of English foundry work­
ers. Scand. 1 Work Environ. Health, 10, 7-16 

Flora, C.J. & Nieboer, E. (1980) Determination of nickel by differential pulse polarography 
at a dropping mercury electrode. Anal. Chern., 52, 1013-1020 

Pomace, A.J., Jr (1982) Detection of DNA single-strand breaks produced during the repair 
of damage by DNA-protein cross-linking agents. Cancer Res., 42, 145-149 

Foulkes, E.C. & McMullen, D.M. (1986) On the mechanism of nickel absorption in the rat 
jejunum. Toxicology, 38, 35-42 

Fukunaga, M., Kurachi, Y. & Mizuguchi, Y. (1982) Action of some metal ions on yeast chro­
mosomes. Chern. pharm. Bull., 30, 3017-3019 

Furst, A. & Al-Mahrouq, H. (1981) Excretion of nickel following intratracheal administra­
tion of the carbonate. Proc. west. Pharmacal. Soc., 24, 119-121 

Furst, A. & Cassetta, D. (1973) Carcinogenicity of nickel by different routes (Abstract No. 
121). Proc. Am. Assoc. CQ!lcer Res, 14, 31 

Furst, A. & Schlauder, M.C. (1971) The hamster as a model for metal carcinogenesis. Proc. 
west. Pharmacal. Soc., 14, 68-71 

Furst, A., Cassetta, D.M. & Sasmore, D.P. (1973) Rapid induction of pleural mesotheliomas 
in the rat. Proc. west. Pharmacal. Soc., 16, 150-153 



421 NICKEL AND NICKEL COMPOUNDS 

Gentry, S.J., Howarth, S.R. & Jones, A. (1983) Catalysts. In: Parmeggiani, L., ed., Encyclo­
paedia ofOccupational Health and Safety, Geneva, International Labour Office, Vol. 1, 
pp. 421-426 

Gerin, M., Siemiatycki, J., Richardson, L., Pellerin, J., Lakhani, R. & Dewar, R. (1984) Nick­
el and cancer associations from a multicancer occupation exposure case-referent study: 
preliminary findings. In: Sunderman, F.W., Jr, ed., Nickel in the Human Environment 
(IARC Scientific Publications No. 53), Lyon, IARC, pp. 105-115 

Gilani, S.H. (1982) The effect of nickel upon chick embryo cardiogenesis (Abstract). Teratol­
ogy, 25, 44A 

Gilani, S.H. & Marano, M. (1980) Congenital abnormalities in nickel poisoning in chick em­
bryos. Arch. environ. Contam. Toxicol., 9, 17-22 

Gilman, J .P.W. (1962) Metal carcinogenesis. II. A study of the carcinogenic activity of cobalt, 
copper, iron, and nickel compounds. Cancer Res., 22, 158-162 

Gilman, J.P.W. (1966) Muscle tumorigenesis. Can. Cancer Conf., 6, 209-223 

Gilman, J.P.W. & Herchen, H. (1963) The effect of physical form of implant on nickel sul­
phide tumourigenesis in the rat. Acta unio. int. cancrum, 19, 615-619 

Gilman, J.P.W. & Ruckerbauer, G.M. (1962) Metal carcinogenesis. I. Observations on the 
carcinogenicity of a refinery dust, cobalt oxide and colloidal thorium dioxide. Cancer 
Res., 22, 152-157 

Glaser, U., Hochrainer, D., Oldiges, H. & Takenaka, S. (1986) Long-term inhalation studies 
with NiO and ~03 aerosols in Wistar rats. Excerpt a med. int. Congr. Sci., 676, 325-328 

Glennon, J.D. & Sarkar, B. (1982) Nickel(II) transport in human blood serum. Studies of 
nickel(II) binding to human albumin and to native-sequence peptide, and ternary-com­
plex formation with L-histidine. Biochem. 1., 203, 15-23 

Godbold, J.H., Jr & Tompkins, E.A. (1979) A long-term mortality study of workers occupa­
tionally exposed to metallic nickel at the Oak Ridge gaseous diffusion plant. 1 occup. 
Med., 21, 799-806 

Goldberg, M., Goldberg, P., Leclerc, A., Chastang, J.F., Fuhrer, R., Brodeur, J.M., Segnan, 
N ., Floch, J .J. & Michel, G. (1987) Epidemiology of respiratory cancers related to nick­
el mining and refining in New Caledonia (1978-1984). Int. 1 Cancer, 40~ 300-304 

Goldberg, M., Goldberg, P., Leclerc, A., Chastang, J .F., Marne, M.J., Gueziec, J ., Lavigne, 
F., Dubourdrieu, D. & Huerre, M. (1990) A seven-year survey of respiratory cancers 
among nickel workers in New Caledonia (1978-1984). In: Nieboer, E. & Aitio, A., eds, 
Advances in Environmental Science and Technology, Nickel and Human Health: Cu"ent 
Perspectives, New York, John Wiley & Sons (in press) 

Grandjean, P. (1984) Human exposure to nickel. In: Sunderman, F.W., Jr, ed., Nickel in the 
Human Environment (IARC Scientific Publications No. 53), Lyon, IARC, pp. 469-485 

Grandjean, P. (1986) Health Effects Document on Nickel, Odense, Department of Environ­
mental Medicine, Odense University 

Grandjean, P., Selikoff, I.J., Shen, S.K. & Sunderman, F.W., Jr (1980) Nickel concentrations 
in plasma and urine of shipyard workers. Am. 1 ind. Med., 1, 181-189 



422 IARC MONOGRAPHS VOLUME 49 

Grandjean, P., Andersen, 0. & Nielsen, G.D. (1988) Nickel. In: Alessio, L., Berlin, A., Bon~ 
M. & Roi, R., eds, Biological Indicators for Assessment ofHuman Exposure to Industrial 
Chemicals, Luxembourg, Commission of the European Communities, pp. 57-81 

Grandjean, P., Nielsen, G.D. & Andersen, 0. (1989) Human nickel exposure and chemobio­
kinetics. In: Maibach, H.I. & Menne, T., eds, Mckel and the Skin: Immunology and Toxi­
cology, Boca Raton, FL, CRC Press, pp. 9-28 

Grice, J.D. & Ferguson, R.B. (1974) Crystal structure refinement of millerite (beta-NiS). 
Can. Mineral., 12, 248-252 

Gross, H. (1987) Carcinogenic effect of nickel in industry? Conclusions from indus­
trial-medical and epidemiological research, workplace analysis in the steel industry, 
and legal instructions (Ger.). Zbl. Arbeitsmed., 37, 170-183 

Hackett, R.L. & Sunderman, F.W., Jr (1969) Nickel carbonyl. Effects upon the ultrastruc­
ture of hepatic parenchymal cells. Arch. environ. Health, 19, 337-343 

Hansen, K. & Stern, R.M. (1983) In vitro toxicity and transformation potency of nickel corn­
pounds. Environ. Health Perspect., 51, 223-226 

Hansen, K. & Stern, R.M. (1984) Toxicity and transformation potency of nickel compounds 
in BHK cells in vitro. In: Sunderman, F.W., Jr, ed., Nickel in the Human Environment 
(IARC Scientific Publications No. 53), Lyon, IARC, pp. 193-200 

Harnett, P.B., Robison, S.H., Swartzendruber, D.E. & Costa, M. (1982) Comparison of pro­
tein, RNA, and DNA binding and cell-cycle-specific growth inhibitory effects of nickel 
compounds in cultured cells. Toxicol. appl. Pharmacal., 64, 20-30 

Hartwig, A. & Beyersinann, D. (1989) Enhancement ofUV mutagenesis and sister-chroma­
tid exchanges by nickel ions in V79 cells: evidence for inhibition of DNA repair. Mutat. 
Res., 217, 65-73 

Hassler, E., Lind, B., Nilsson, B. & Piscator, M. (1983) Urinary and fecal elimination of nick­
el in relation to air-borne nickel in a battery factory. Ann. clin. Lab. Sci., 13, 217-224 

Hauptverband der gewerblichen Berufsgenossenschaften (Principal Union of Industrial Oc­
cupational Associations) (1981) von den Berufsgenossenschaften anerkannte Analysenver­
fahren zur Feststellungder Konzentrationen Krebserzeugender Arbeitsstoffe in der Luft in.Ar­
beitsbereichen (Occupational associations for recognized analytical methods to identify 
concentrates of carcinogenic occupational substances in the air of work environments) 
(ZH 11120.10), Cologne, Carl Heymanns, pp. 151-158 

Haworth, S., Lawlor, T., Mortelmans, K., Speck, W. & Zeiger, E. (1983) Salmonella mutagen­
icity test results for 250 chemicals. Environ. Mutagenesis, 5 (Suppl. 1), 3-142 

Hayashi, Y., Thkahashi, M., Maekawa, A., Kurokawa, Y. & Kokubo, T. (1984) Screening of 
environmental pollutants for promotion effects on carcinogenesis (Jpn.). In: Annual 
Report ofthe Ministry ofHealth and Welfare, Japan, for Fiscal Years 1982-1984, Vol. 20, 
Tokyo, Ministry of Health and Welfare, pp. 20-1-20-10 

Health and Safety Executive (1987) Occupational Exposure Limits 1987 (Guidance Note EH 
40/87), London, Her Majesty's Stationery Office, pp. 18, 21 

Heath, J.C. & Daniel, M.R. (1964) The production of malignant tumours by nickel in the rat. 
Br. 1 Cancer, 18, 261-264 

http:11120.10


423 NICKEL AND NICKEL COMPOUNDS 

Heath, J.C. & Webb, M. (1967) Content and intracellular distribution of the inducing metal 
in the primary rhabdomyosarcomata induced in the rat by cobalt, nickel and cadmium. 
Br. 1 Cancer, 21, 768-779 

Heck, J.D. & Costa, M. (1982) In vitro assessment of the toxicity of metal compounds. II. 
Mutagenesis. Bioi. Trace Elem. Res., 4, 319-330 

Heidermanns, G., Wolf, D. & Hoffmann, E. (1983) Nickel exposure on grinding and polish­
ing nickel alloys with nickel proportions below 80% (Ger.). Staub-Reinhalt. Luft, 43, 
374-376 

Herchen, H. & Gilman, J.P.W. (1964) Effect of duration of exposure on nickel sulphide tu­
morigenesis. Nature, 202, 306-307 

Herlant-Peers, M.C., Hildebrand, H.F. & Biserte, G. (1982) 63Ni(II) incorporation into lung 
and liver cytosol of Balb/C mouse. An in vitro and in vivo study. Zbl. Bakt. Hyg., 1 Abt. 
Orig. B, 176, 368-382 

Hernberg, S., Westerholm, P., Schultz-Larsen, K., Degerth, R., Kuosma, E., Englund, A., 
Engzell, U., Hansen, H.S. & Mutanen, P. (1983) Nasal and sinonasal cancer. Connec­
tion with occupational exposures in Denmark, Finland and Sweden. Scand. 1 Work En­
viron. Health, 9, 315-326 

Hildebrand, H.F. & Biserte, G. (1979a) Nickel subsulphide-induced leiomyosarcoma in rab­
bit white skeletal muscle- a light microscopical and ultrastructural study. Cancer, 43, 
1358-1374 

Hildebrand, H.F. & Biserte, G. (1979b) Cylindrical laminated bodies in nickel subsul­
phide-induced rhabdomyosarcoma in rabbits. Eur. 1 Cell Bioi., 19, 276-280 

Hildebrand, H.F., Collyn-D'Hooghe, M. & Herlant-Peers, M.-C. (1985) Incorporation of 
(}-Ni3~ and f3-NiS into human embryonic pulmonary cells in culture. In: Brown, S.S. 
& Sunderman, F.W., Jr, eds, Progress in Nickel Toxicology, Oxford, Blackwell Scientific 
Publications, pp. 61-64 

Hildebrand, H.F., Collyn-D'Hooghe, M. & Herlant-Peers, M.-C. (1986) Cytotoxicity of nick­
el derivatives and their incorporation into human embryonic pulmonary epithelial cells 
(Fr.). Larc med., 6, 249-251 

Hildebrand, H.F., Decaestecker, A.M. & Hetuin, D. (1987) Binding of nickel sulfides to lym­
phocyte subcellar structures. In: Trace Elements in Human Health and Disease (Extended 
Abstracts) from the Second Nordic Symposium, August 1987, Odense (WHO Environ­
mental Health Series No. 20), Copenhagen, World Health Organization, pp. 82-85 

Hoey, M.J. (1966) The effects of metallic salts on the histology of functioning of the rat testis. 
1 Reprod. Fertil., 12, 461-471 

Hogan, G.R. (1985) Nickel acetate-induced mortality in mice of different ages. Bull. environ. 
Contam. Toxicol., 34, 446-450 

H0getveit, AC., Barton, R.T. & Kost01, C.O. (1978) Plasma nickel as a primary index of ex­
posure in nickel refining. Ann. occup. Hyg., 21, 113-120 

Hopfer, S.M., linden, J.V., Crisostomo, C., O'Brien, J.E. & Sunderman, F.W., Jr (1984) 
Hypernickelemia in patients receiving disulfiram (Abstract No. 18). Ann. clin. Lab. Sci., 
14, 319-320 

Hopfer, S.M., Linden, J.V., Crisostomo, C., Catalanatto, F.A., Galen, M. & Sunderman, 
F.W., Jr (1985) Hypernickelemia in hemodialysis patients. In: Brown, S.S. & Sunder­



424 IARC MONOGRAPHS VOLUME 49 

man, F.W., Jr, eds, Progress in Nickel Toxicology, Oxford, Blackwell Scientific Publishers, 
.' pp. 133-136 


Horak, E. & Sunderman, F.W., J r (1973) Fecal nickel excretion by healthy adults. Clin. Chern., 

19, 429-430 


Horak, E. & Sunderman, F.W., Jr (1980) Nephrotoxicity of nickel carbonyl in rats. Ann. clin. 

Lab. Sci., 10, 425-431 


Horak, E., Zygowicz, E.R., Thrabishy, R., Mitchell, J .M. & Sunderman, F.W., Jr (1978) Effect 

of nickel chloride and nickel carbonyl upon glucose metabolism in rats. Ann. clin. Lab. 

Sci., 8, 476-482 


Rorie, A., Haratake, J ., Thnaka, I., Kodama, Y. & Tsuchiya, K. (1985) Electron microscopical 

findings with special reference to cancer in rats caused by inhalation of nickel oxide. 

Biol. Trace Elem. Res., 7, 223-239 


Hueper, WC. (1952) Experimental studies in metal carcinogenesis. I. Nickel cancers in rats. 

Texas Rep. Biol. Med., 16, 167-186 


Hueper, W.C. (1955) Experimental studies in metal carcinogenesis. IV. Cancer produced by 

parenterally introduced metallic nickel. 1 natl Cancer Inst., 16, 55-67 


Hueper, W.C. (1958) Experimental studies in metal carcinogenesis. IX. Pulmonary lesions in 

guinea pigs and rats exposed to prolonged inhalation of powdered metallic nickel. Arch. 

Pathol., 65, 600-607 


Hueper, W.C. & Payne, W.W. (1962) Experimental studies in metal carcinogenesis. Chro­

mium, nickel, iron, arsenic. Arch. environ. Health, 5, 445-462 


Hui, G. & Sunderman, F.W., Jr (1980) Effects of nickel compounds on incorporation of 

[3H]-thymidine into DNA in rat liver and kidney. Carcinogenesis, 1, 297-304 


IARC (1973) !ARC Monographs on the Evaluation ofCarcinogenic Risk ofChemicals to Man, 

Vol. 2, Some Inorganic and Organometallic Compounds, Lyon, pp. 126-149 


IARC (1976) !ARC Monographs on the Evaluation of Carcinogenic Risk ofChemicals to Man, 

Vol. 11, Cadmium, Nickel, Some Epoxides, Miscellaneous Industrial Chemicals and Gener­

al Considerations on Volatile Anaesthetics, Lyon, pp. 87-112 


IARC (1977) !ARC Monographs on the Evaluation ofCarcinogenic Risk ofChemicals to Man, 

\Tol. 14,~bestos, Lyon 


IARC (1979) IARC Monographs on the Evaluation ofthe Carcinogenic Riskof Chemicals to Hu­

mans, Suppl. 1, Chemicals and Industrial Processes ~sociated with Cancer in Humans, 

!ARC Monographs Volumes 1 to 20, Lyon, p. 38 


IARC (1982) !ARC Monographs on the Evaluation ofthe Carcinogenic Risk ofChemicals to Hu­

mans, Suppl. 4, Chemicals, Industrial Processes and Industries Associated with Cancer in 

Humans. !ARC Monographs Volumes 1 to 29, Lyon, pp. 167-170 


IARC (1984) !ARC Monographs on the Evaluation ofthe Carcinogenic Risk ofChemicals to Hu­

mans, \Tol. 34, Polynuclear Aromatic Compounds, Part 3, Industrial Exposures in Alumini­

um Production, Coal Gasification, Coke Production, and Iron and Steel Founding, Lyon, 

pp. 133-190 


IARC (1987) !ARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Suppl. 7, 

Overall Evaluations ofCarcinogenicity: An Updating ofiARC Monographs Volumes 1 to 

42, Lyon, pp. 264-269 


~ 
:~ 
_;_·:~·· 

:~ 



425 NICKEL AND NICKEL COMPOUNDS 

IARC (1988a) !ARC Monographs on the Evaluation ofCarcinogenic Risks to Humans, Vol. 43, 
Man-made Mineral Fibres and Radon, Lyon, pp. 173-259 

IARC (1988b) Information Bulletin on the Survey ofChemicals Being Tested for Carcinogenicity, 
No. 13, Lyon, pp. 19, 42-43, 250-251 

!ARC (1989) IARC Monographs on the Evaluation ofCarcinogenic Risks to Humans, Vol. 46, 
Diesel and Gasoline Engine Exhausts and Some Mtroarenes, Lyon, pp. 41-185 

INCO (1981-82) INCOMOND, Nickel Plating Chemicals, New York, The International 
Nickel Company 

INCO (1988) !NCO Specialty Powder Products, New York, The International Nickel Compa­
ny 

Institut National de Recherche et de Securite (National Institute of Research and Safety) 
(1986) Valeurs Limites pour les Concentrations de Substances Dangereuses dans l'Air des 
Lieuxde Travail (Limit Values for Concentrations of Dangerous Substances in Occupa­
tional Air) (DN 1609-125-86), Paris, p. 572 

International Committee on Nickel Carcinogenesis in Man (1990) Report of the Interna­
tional Committee on Nickel Carcinogenesis in Man. Scand. J. Work Environ. Health, 16, 
1-84 

Ishihara, N., Koizumi, M. & Yoshida, A. (1987) Metal concentrations in human pancreatic 
juice. Arch. environ. Health, 42, 356-360 

Ivankovic, S., Seller, W.J., Lehmann, E., Komitowski, D. & Frolich, N. (1987) Different car­
cinogenicity of two nickel alloys following intratracheal administration in the hamster 
(Abstract No. 103). Naunyn-Schniederberg's Arch. Pharmacol., 335, R26 

Jacobsen, N., Alfheirn, I. & Jonsen, J. (1978) Nickel and strontium distribution in some 
mouse tissues. Passage through placenta and mammary glands. Res. Commun. chem. 
Pathol. Pharmacol., 20, 571-584 

Jacquet, P. & Mayence, A. (1982) Application of the in vitro embryo culture to the study of 
the mutagenic effects of nickel in male germ cells. Toxicol. Lett., 11, 193-197 

Jasirn, S. & Tjalve, H. (1986) Effects of sodium pyridinethione on the uptake and distribution 
of nickel, cadmium and zinc in pregnant and non-pregnant mice. Toxicology, 38,327-350 

Jasmin, G. & Riopelle, J.L. (1976) Renal carcinomas and erythrocytosis in rats following in­
trarenal injection of nickel subsulfide. Lab. Invest., 35, 71-78 

Jiachen, H., Yifen, L., Guazhen, L., Guosan, Z., Chengen, M., Zengxi, L., Shaoyu, S. & Zi­
feng, Y. (1986) The distnbution of trace elements in rats (Chin.). Acta zool. sin., 32, 
35-39 

Johansson, A., Camner, P., Jarstrand, C. & Wiernik, A. (1980) Morphology and function of 
alveolar macrophages after long-term nickel exposure. Environ. Res., 23, 170-180 

Johansson, A., Camner, P. & Robertson, B. (1981) Effects of long-term nickel dust exposure 
on rabbit alveolar epithelium. Environ Res., 25, 391-403 

J.T. 	Baker (1988) Reagents and Laboratory Products (Catalog 880C), Phillipsbury, NJ, pp. 
142-143 

Judde, J.G., Breillout, F., Clemenceau, C., Poupon, M.F. & Jasmin, C. (1987) Inhibition of 
rat natural killer cell function by carcinogenic nickel compounds: preventive action of 
manganese. 1 nat! Cancer Inst ., 78, 1185-1190 



426 IARC MONOGRAPHS VOLUME 49 

Kaldor, J ., Peto, J ., Easton, D., Doll, R., Hermon, C. & Morgan, L. (1986) Models for respi­
ratory cancer in nickel refinery workers. 1 nat/ Cancer Inst., 77, 841-848 

Kanematsu, N., Hara, M. & Kada, T. (1980) Rec assay and mutagenicity studies on metal 
compounds. Mutat. Res., 77, 109-116 

Kasprzak, K.S. (1974) An autoradiographic study of nickel carcinogenesis in rats following 
injection of 63Ni3S2 and Ni335S2 • Res. Commun. chem. Pathol. Pharmacal., 8, 141-150 

Kasprzak, K.S. (1978) Problems ofMetabolism ofthe Carcinogenic Nickel Compounds (Pol.), 
Poznan, Technical University of Poznan Press 

Kasprzak, K.S. (1987) Nickel. In: Fishbein, L., Furst, A. & Mehlman, M.A., eds, Advances in 
Modem Environmental Toxicology, Vol. XI, Genotoxic and Carcinogenic Metals: Environ­
mental and Occupational Occu"ence and Exposure, Princeton, NJ, Princeton Scientific 
Publishing, pp. 145-183 

Kasprzak, K.S. & Bare, R.M. (1989) In vitro polymerization of histones by carcinogenic nick­
el compounds. Carcinogenesis, 10, 621-624 

Kasprzak, K.S. & Poirier, L.A. (1985) Effects of calcium(II) and magnesium(!!) on nickel(II) 
uptake and stimulation of thymidine incorporation into DNA in the lungs of strain A 
mice. Carcinogenesis, 6, 1819-1821 

Kasprzak, K.S. & Sunderman, F.W., Jr (1969) The metabolism of nickel carbonyl-14C. Taxi­
col. appl. Pharmacal., 15, 295-303 

Kasprzak, K.S. & Sunderman, F.W., J r (1977) Mechanisms of dissolution of nickel subsulfide 
in rat serum. Res. Commun. chem. Pathol. Pharmacal., 16, 95-108 

Kasprzak, K.S., Marchow, L. & Breborowicz, J. (1973) Pathological reactions in rat lungs 
following intratracheal injection of nickel subsulfide and 3,4-benzpyrene. Res. Com­
mun. chem. Pathol. Pharmacal., 6, 237-245 

Kasprzak, K.S., Gabryel, P. & Jarczewska, K. (1983) Carcinogenicity of nickel (II) hydroxides 
and nickel (II) sulfate in Wistar rats and its relation to the in vitro dissolution rates. Car­
cinogenesis, 4, 275-279 

Kasprzak, K.S., Waalkes, M.P. & Poirier, L.A. (1986) Antagonism by essential divalent met­
als and amino acids of nickel(!!)-DNA binding in vitro. Toxicol. appl. Pharmacal., 82, 
336-343 

Kasprzak, K.S., Waalkes, M.P. & Poirier, L.A. (1987) Effects of essential divalent metals on 
carcinogenicity and metabolism of nickel and cadmium. Bioi. Trace Elem. Res., 13, 
253-273 

Kettrup, A., Miihlen, T. & Angerer, J. (1985) Luftanalysen. Analytische Method en zur Priifung 
gesundheitsschiidlicher Arbeitsstoffe (Air Analysis. Analytical Method for Estimating 
Noxious Workplace Substances), Vol. 1, Weinheim, VCH-Verlagsgesellschaft 

Kiilunen, M., Jarvisalo, J ., Makitie, 0. & Aitio, A. (1987) Analysis, storage stability and ref­
erence values for urinary chromium and nickel. Int. Arch. occup. environ. Health, 59, 
43-50 

Kimmel, G.L., Price, C.J., Sonawane, B.R., Rubenstein, R. & Bellin, J.S. (1986) The effect 
of nickel chloride in drinking water on reproductive and developmental parameters 
(Abstract No. T12). Teratology, 33, 90C 



427 NICKEL AND NICKEL COMPOUNDS 

Kipling, M.D. & Waterhouse, J.A.H. (1967) Cadmium and prostatic carcinoma. Lancet, i, 
730-731 

Klus, H, & Kuhn, H. (1982) Distribution of different tobacco smoke constituents in main­
stream and sidestream smoke (A review) (Ger.). Beitr. Tabakforsch., 11, 229-265 

Knight, J.A., Rezuke, W.N., Gillies, C.G., Hopfer, S.M. & Sunderman, F.W., Jr (1988) Pul­
monary histopathology of rats following parenteral injections of nickel chloride. Toxi­
col. Pathol., 16, 350-359 

Knutti, R. & Zimmerli, B. (1985) Analysis of daily rations from Swiss canteens and restau­
rants. III. Lead, cadmium, mercury, nickel and aluminium (Ger.). Mittel Geb.lebensmit­
telhyg., 76, 206-232 

Kodama, Y., Thnaka, 1., Matsuno, K., Ishimatsu, S., Horie, A. & Tsuchiya, K. (1985) Pulmo­
nary deposition and clearance of inhaled nickel oxide aerosol. In: Brown, S.S. & Sund­
erman, F.W., Jr, eds, Progress in Nickel Toxicology, Oxford, Blackwell Scientific Publica­
tions, pp. 81-84 

Kollmeier, H., Seemann, J.W., Miiller, K.-M., Rothe, G., Wittig, P. & Schejbal, V.B. (1987) 
Increased chromium and nickel content in lung tissue and bronchial carcinoma. Am. 1 
ind. Med., 11, 659-669 

Kollmeier, H., Seemann, J., Muller, K.-M., ScheJbal, V., Rothe, G., Wittig, P. & Hummel­
sheim, G. (1988) Associations between high chromium and nickel concentrations in 
lung tissue and lung cancer (Ger.). Prax. klin. Pneumol., 42, 142-148 

Konig, W., Meis, F.U ., N eder, L., Sartori, P., Holtus, G. & Johannsen, H. (1985) Schadstoffe 
beim Schleifvorgang (Hazardous Agents in Grinding Process) (Research No. 427), Dort­
mund, Bundesanstalt fiir Arbeitsschutz 

Kretzschmar, J.G., Delespaul, I. & De Rijck, T. (1980) Heavy metal levels in Belgium: a 
five-year survey. Sci. total Environ., 14, 85-97 

Kurokawa, Y., Matsushima, M., Imazawa, T., Takamura, N., Thkahashi, M. & Hayashi, Y. 
(1985) Promoting effect of metal compounds on rat renal tumorigenesis. 1 Am. Coli. 
Toxicol., 4, 321-330 

Larramendy, M.L., Popescu, N.C. & DiPaolo, J.A. (1981) Induction by inorganic metal salts 
of sister chromatid exchanges and chromosome aberrations in human and Syrian ham­
ster cell strains. Environ. Mutagenesis, 3, 597-606 

Lau, T.J., Hackett, R.L. & Sunderman, F.W., Jr (1972) The carcinogenicity of intravenous 
nickel carbonyl in rats. Cancer Res., 32, 2253-2258 

Leach, C.N., Jr & Sunderman, F.W., Jr (1985) Nickel contamination of human serum albu­
min solutions (Letter to the Editor). New Engl. 1 Med., 313, 1232 

Leach, C.A, Jr & Sunderman, F.W., Jr (1987) Hypemickelemia following coronary arterio­
graphy caused by nickel in the radiographic contrast medium. Ann. clin. Lab. Sci., 17, 
137-144 

Lechner, J.F., Tokiwa, T., McClendon, I.A. & Haugen, A. (1984) Effects of nickel sulfate on 
growth and differentiation of normal human bronchial epithelial cells. Carcinogenesis, 
5, 1697-1703 



428 IARC MONOGRAPHS VOLUME 49 

Lee, J.E., Ciccarelli, R.B. & Wetterhahn-Jennette, K. (1982) Solubilization of the carcino­
gen nickel subsulfide and its interaction with deoxyribonucleic acid and protein. Bio­
chemistry, 21, 771-778 

Leonard, A. & Jacquet, P. (1984) Embryotoxicity and genotoxicity of nickel. In: Sundennan, 
F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), 
Lyon, IARC, pp. 277-291 

Lessard, R., Reed, D., Maheux, B. & Lambert, J. (1978) Lung cancer in New Caledonia, a 
nickel smelting island. J occup. Med., 20, 815-817 

Linden, J.V., Hopfer, S.M., Crisostomo, C., Catalanatto, F., Galen, M. & Sunderman, F.W., 
Jr (1984) Hypernickelemia in hemodialysis patients (Abstract No. 19). Ann. clin. Lah. 
Sci., 14, 320 

Liu, T. et al. (1983)The role of nickel sulfate in inducing nasopharyngeal carcinoma (NPC) in 
rats (Abstract). In: Cancer Research Reports- WHO Collaborating Centre for Research 
on Cancer, Vol. 4, Guangzhou, China, Cancer Institute ofZhongshan Medical College, 
pp. 48-49 

Lloyd, G.K. (1980) Dermal absorption and conjugation of nickel in relation to the induction 
of allergic contact dermatitis - preliminary results. In: Brown, S.S. & Sunderman, 
F.W., Jr, eds, Nickel Toxicology, Oxford, London Academic Press, pp. 145-148 

Lu, C.-C., Matsumoto, N. & Iijima, S. (1979) Teratogenic effects of nickel chloride on embry­
onic mice and its transfer to embryonic mice. Teratology, 19, 137-142 

Lu, C.-C., Matsumoto, N. & Iijima, S. (1981) Placental transfer and body distribution of nick­
el chloride in pregnant mice. Toxicol. appl. Pharmacal., 59, 409-413 

Lundborg, M. & Camner, P. (1984) Lysozyme levels in rabbit lung after inhalation of nickel, 
cadmium, cobalt, and copper chlorides. Environ. Res., 34, 335-342 

Lundborg; M., Johansson, A. & Camner, P. (1987) Morphology and release of lysozyme fol­
lowing exposure of rabbit lung macrophages to nickel or cadmium in vitro. Toxicology, 
46, 191-203 

Lyell, A., Bain, WH. & Thomson, R.M. (1978) Repeated failure of nickel-containing pros­
thetic heart valves in a patient allergic to nickel. Lancet, ii, 657-659 

Maenza, R.M., Pradhan, A.M. & Sunderman, F.W., Jr(1971) Rapid induction of sarcomas in 
rats by combination of nickel sulfide and 3,4-benzpyrene. Cancer Res., 31, 2067-2071 

Magnus, K., Andersen, A. & H0getveit, A.C. (1982) Cancer of respiratory organs among 
workers at a nickel refinery in Norway. Int. J Cancer, 30, 681-685 

Maibach, H.I. & Menne, T. (1989) Nickel and the Skin: Immunology and Toxicology, Boca Ra­
ton, FL, CRC Press 

Malcolm, D. (1983) Batteries, secondary or rechargeable, or accumulators. In: Parmeggiani, 
L., ed., Encyclopaedia ofOccupational Health and Safety, 3rd ed., Geneva, International 
Labour Office, pp. 249-253 

Mallinckrodt, Inc. (1987) Reagent and Laboratory Chemicals Catalog 1987-88, StLouis, MO, 
pp. 167-168 

Mart, L. (1983) Seasonal variations of cadmium, lead, copper and nickel levels in snow from 
the eastern Arctic Ocean. Tel/us Ser: B, 35B, 131-141 [Chem. Abstr., 99, 163271x] 



429 

~. 

NICKEL AND NICKEL COMPOUNDS 

Mas, A., Holt, D. & Webb, M. (1985) The acute toxicity and teratogenicity of nickel in preg­
nant rats. Toxicology, 35, 47-57 

Mas, A., Peligero, M.J., Arola, L. & Alemany, M. (1986) Distnbution and kinetics of injected 
· nickel in the pregnant rat. Clin. exp. Pharmacal. Physiol., 13, 91-96 

Mason, M.M. (1972) Nickel sulfide carcinogenesis. Environ. Physiol. Biochem., 2, 137-141 

Mastromatteo, E. (1986) Nickel. Am. ind. Hyg. Assoc. 1, 47, 589-601 

Mathur, AK. & Thndon, S.K. (1981) Urinary excretion of nickel and chromium in occupa­
tional workers. 1 environ. Bioi., 2, 1-6 

Mathur, A.K., Chandra, S.V., Behari, J. & Thndon, S.K. (1977a) Biochemical and morpho­
logical changes in some organs of rats in nickel intoxication. Arch. Toxicol., 37, 159-164 

Mathur, A.K., Datta, K.K., Thndon, S.K. & Dikshith, T.S.S. (1977b) Effect of nickel sulphate 
on male rats. Bull. environ. Contarn. Toxicol., 17, 241-248 

Mathur, A.K., Dikshith, T.S.S., Lal, M.M. & Tandon, S.K. (1978) Distribution of nickel and 
cytogenetic changes in poisoned rats. Toxicology, 10, 105-113 

McLean, J.R., McWilliams, R.S., Kaplan, J.G. & Birnboim, H.C. (1982) Rapid detection of 
DNA strand breaks in human peripheral blood cells and animal organs following treat­
ment with physical and chemical agents. Prog. Mutat. Res., 3, 137-141 

McNeely, M.D., Sunderman, F.W., Jr, Nechay, M.W. & Levine, H. (1971) Abnormal concen­
trations of nickel in serum in cases of myocardial infarction, stroke, bums, hepatic cir­
rhosis, and uremia. Clin. Chern., 17, 1123-1128 

McNeely, M.D., Nechay, M.W. & Sunderman, F.W., Jr (1972) Measurements of nickel in 
serum and urine as indices of environmental exposure to nickel. Clin. Chern., 18, 
992-995 

Medinsky, M.A., Benson, J.M. & Hobbs, C.H. (1987) Lung clearance and disposition of 63Ni 
in F344/N rats after intratracheal instillation of nickel sulfate solutions. Environ. Res., 
43, 168-178 

Menne, T., Borgan, 0. & Green, A. (1982) Nickel allergy and hand dermatitis in a stratified 
sample of the Danish female population: an epidemiological study including a statistic 
appendix. Acta dermatovenerol., 62, 35-41 

Menzel, D.B., Deal, D.L., Thyyeb, M.I., Wolpert, R.L., Boger, J.R., Ill, Shoaf, C.R., Sandy, 
J ., Wilkinson, K. & Francovitch, R.J. (1987) Pharmacokinetic modeling of the lung bur­
den from repeated inhalation of nickel aerosols. Toxicol. Lett., 38, 33-43 

Meranger,J.C., Subramanian, K.S. & Chalifoux, C. (1981) Survey for cadmium, cobalt, chro­
mium, copper, nickel, lead, zinc, calcium and magnesium in Canadian drinking water 
supplies. 1 Assoc. off. anal. Chern., 64, 44-53 

Meyer, A. & Neeb, R. (1985) Determination of cobalt and nickel in some biological matrices 
- comparison between chelate-gas-chromatography and adsorption-voltammetry 
(Ger.). Fresenius Z. anal. Chern., 321, 235-241 

Miki, H., Kasprzak, K.S., Kenney, S. & Heine, U .I. (1987) Inhibition of intercellular commu­
nication by nickel(II): antagonistic effect of magnesium. Carcinogenesis, 8, 1757-1760 

Mitchell, D.F., Shankwalker, G.B. & Shazer, S. (1960) Determining the tumorigenicity of 
dental materials. 1 dent. Res., 31, 1023-1028 



430 IARC MONOGRAPHS VOLUME 49 

Miyaki, M., Akamatsu, N., Ono, T. & Koyama, H. (1979) Mutagenicity of metal cations in 
cultured cells from Chinese hamster. Mutat. Res., 68, 259-263 

• 

Mohanty, P.K. (1987) Cytotoxic effect of nickel chloride on the somatic chromosomes of 

Mor;:~.~~~~S~~;o~':=~=~~";;~~~: :~~~~~l~~7respiratory c=cer in nickel 
workers. Br. 1 ind. Med., 15, 224-234 

~ 

.~ 
Morgan, L.G. & Rouge, PJ.C. (1979) A study into the correlation between atmospheric and 

biological monitoring of nickel in nickel refinery workers. Ann. occup. Hyg., 22,311-317 

Morgan, L.G. & Rouge, P.J.C. (1984) Biological monitoring in nickel refinery workers. In: 
Sunderman, F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publica­
tions No. 53), Lyon, IARC, pp. 507-520 

Muhle, H., Bellmann, B., Takenaka, S., Fuhst, R., Mohr, U. & Pott, F. (1990) Chronic effects 
of intratracheally instilled nickel containing particles in hamsters. In: Nieboer, E. & 
Aitio, A., eds, Advances in Environmental Science and Technology, Nickel and Human 
Health: Cu"ent Perspectives, New York, John Wiley & Sons (in press) 

Mukubo, K. (1978) Studies on experimental lung tumor by the chemical carcinogens and in­
organic substances. III. Histopathological studies on lung tumor in rats induced by per­
tracheal vinyl tube infusion of 20-methylcholanthrene combined with chromium and 
nickel powder, (Jpn.).l Nara med. Assoc., 29, 321-340 

Mushak, P. (1984) Nickel metabolism in health and disease. Clin. Lab. Ann. Sci., 3, 249-269 
Myron, D.R., Zimmerman, T.J., Shuler, T.R., Klevay, L.M., Lee, D.E. & Nielsen, F.H. (1978) 

Intake of nickel and vanadium by humans. A survey of selected diets. Am. 1 clin. Nutr., 
31, 527-531 

Nadeenko, V.G., Lenchenko, B.T., Arkhipenko, G.A. & Saichenko, S.P. (1979) Embryotoxic 
effect of nickel entering the organism by drinking water (Russ.). Gig. Sanit., 6, 86-88 

National Institute for Occupational Safety and Health (1977a) National Occupational Hazard 
Survey 1972-74, Cincinnati, OH 

National Institute for Occupational Safety and Health (1977b) Criteria for a Recommended 
Standard: Occupational Exposure to Inorganic Nickel (DHEW-NIOSH Document, No. 
77-164), Washington DC, US Government Printing Office 

National Institute for Occupational Safety and Health (1981) Inorganic nickel, metal and 
compounds. Method No. 298. In: Thylor, D.G., ed., NIOSH Manual ofAnalytical Meth­
ods, Vol. 7, Cincinnati, OH, US Department of Health, Education, and Welfare, pp. 
82-100 

National Institute for Occupational Safety and Health (1984) Manual of Analytical Methods, 
3rd ed., Cincinnati, OH, US Department of Health, Education and Welfare, pp. 7300-1 
-7300-5 

National Institute for Occupational Safety and Health (1988) NIOSH recommendations for 
occupational safety and health standards. Morbid. Mortal. Wkly Rep., Suppl. 37, S-20 

National Research Council (1975) Medical and Biological Effects ofEnvironmental Pollutants. 
Nickel, Washington DC, Committee on Medical and Biological Effects ofEnvironmen­
tal Pollutants, National Academy of Sciences 



431 NICKEL AND NICKEL COMPOUNDS 

Nickel Development Institute (1987a) High-temperature High-strength Nickel Base Alloys, To­
ronto 

Nickel Development Institute (1987b) Design Guidelines for the Selection and Use ofStainless 
Steel, Toronto 

Nieboer, E., Yassi, A., Jusys, A.A. & Muir, D.C.F. (1984a) The Technical Feasibility and Use­
fulness ofBiological Monitoring in the Nickel Producing Industry (Final Report), Toronto, 
Nickel Producers Environmental Research Association 

Nieboer, E., Maxwell, R.I. & Stafford, AR. (1984b) Chemical and biological reactivity of 
insoluble nickel compounds and the bioinorganic chemistry of nickel. In: Sunderman, 
F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), 
Lyon, IARC, pp. 439-458 

Nieboer, E., Stafford, A.R., Evans, S.L. & Dolovich, J. (1984c) Cellular binding and/or up­
take of nickel(II) ions. In: Sunderman, F.W., Jr, ed., Nickel in the Human Environment 
(IARC Scientific Publications No. 53), Lyon, IARC, pp. 321-331 

Nieboer, E., Maxwell, R.I., Rossetto, F.E., Stafford, A.R. & Stetsko, P.I. (1986) Concepts in 
nickel carcinogenesis. In: Xavier, A.V., ed., Frontiers in Bioinorganic Chemistry, Wein­
heim, VCH Verlag, pp. 142-151 

Nielsen, F.H. (1980) Interactions of nickel with essential minerals. In: Nriagu, J.O., ed., 
Nickel in the Environment, New York, John Wiley & Sons, pp. 611-634 

Nielsen, G.D. & Flyvholm, M. (1984) Risks of high nickel intake with diet. In: Sunderman, 
F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), 
Lyon, IARC, pp. 333-338 

Nielsen, F.H., Shuler, T.R., McLeod, T.G. & Zimmerman, T.J. (1984) Nickel influences iron 
metabolism through physiologic, pharmacologic and toxicologic mechanisms in the rat. 
1 Nutr., 114, 1280-1288 

Nielsen, G.D., J0rgensen, P.J., Keiding, K. & Grandjean, P. (1987) Urinary nickel excretion 
before and after loading with naturally occurring nickel. In: Trace Elements in Human 
Health and Disease, Abstracts, Second Nordic Symposium, August 1987, Odense Universi­
ty, Copenhagen, World Health Organization, p. C3 

Nishimura, M. & Umeda, M. (1979) Induction of chromosomal aberrations in cultured mam­
malian cells by nickel compounds. Mutat. Res., 68, 337-349 

Nishioka, H. (1975) Mutagenic activities of metal compounds in bacteria. Mutat. Res., 31, 
185-189 

Niyogi, S.K., Feldman, R.P. & Hoffman, D.J. (1981) Selective effects of metal ions on RNA 
synthesis rates. Toxicology, 22, 9-21 

Norseth, T. (1984) Chromium and nickel. In: Aitio, A., Riihimati, V. & Vainio, H., eds, Bio­
logical Monitoring and Surveillance of Workers Exposed to Chemicals, Washington DC, 
Hemisphere Publishing Corp., pp. 49-59 

Oberdoerster, G. & Hochrainer, D. (1980) Effect of continuous nickel oxide exposure on 
lung clearance. In: Brown, S.S. & Sunderman, F.W., Jr, eds, Nickel Toxicology, London, 
Academic Press, pp. 125-128 

Odense University (1986) Health Effects Document on Nickel, Odense, Department of Envi­
ronmental Medicine 



432 IARC MONOGRAPHS VOLUME 49 

Ogawa, H.I., Thuruta, S., Niyitani, Y., Mino, H., Sakata, K. & Kato, Y. (1987) Mutagenicity of 
metal salts in combination with 9-aminoacridine in Salmonella typhimuri.um. Jpn. J. Ge­
net., 62, 159-162 

Ohno, H., Hanaoka, F. & Yamada, M.-A. (1982) Inducibility of sister-chromatid exchanges 
by heavy-metal ions. Mutat. Res., 104, 141-145 

Okamoto, M. (1987) Induction of ocular tumor by nickel subsulfide in the Japanese common 
newt, Cynops pyrrhogaster. Cancer Res., 47, 5213-5217 

Olejar, S., Olejarova, E. & Vrabel, K. (1982) Neoplasia of the lungs in the workers of a nickel 
smelting plant (Czech.). Pracov. Uk., 34, 280-282 

Olsen, I. & Jonsen, J. (1979) Whole body autoradiography of 63Ni in mice throughout gesta­
tion. Toxicology, 12, 165-172 

Olsen, J. & Sabroe, S. (1984) Occupational causes of laryngeal cancer. J. Epidemiol. Commun. 
Health, 38, 117-121 

Onkelinx, C., Becker, J. & Sunderman, F.W., Jr (1973) Compartmental analysis of the me­
tabolism of 63Ni(II) in rats and rabbits. Res. Commun. chem. Pathol. Pharmacal., 6, 
663-676 

Oskarsson, A. & Tjalve, H. (1979a) An autoradiographic study on the distnbution of 63NiC12 
in mice. Ann. clin. Lab. Sci., 9, 47-59 

Oskarsson, A. & Tjalve, H. (1979b) The distnbution and metabolism of nickel carbonyl in 
mice. Br. J. ind. Med., 36, 326-335 

Oskarsson, A. & Tjalve, H. (1979c)Binding of 63Niby cellularcon_stituents in some tissues of 
mice after the administration of 63NiC12 and 63Ni(C0)4 • Acta phannacol. toxicol., 45, 
306-314 

Oskarsson, A., Andersson, Y. & Tjaive, H. (1979) Fate of nickel subsulfide during carcino­
genesis studied by autoradiography and X-ray powder diffraction. Cancer Res., 39, 
4175-4182 

Oskarsson, A., Reid, M.C. & Sunderman, F.W., Jr (1981) Effect of cobalt chloride, nickel 
chloride, and nickel subsulfide upon erythropoiesis in rats. Ann. clin Lab. Sci., 11, 
165-172 

Ostapczuk, P., Valenta, P., Stoeppler, M. & Niirnberg, H.W. (1983) Voltammetric determina­
tion of nickel and cobalt in body fluids and otherbiological materials. In: Brown, S.S. & 
Savory, J ., eds, Chemical Toxicology and Clinical Chemistry ofMetals, London, Academic 
Press, pp. 61-64 

Ottolenghi, A.D., Haseman, J.K., Payne, W.W., Falk, H.L. & MacFarland, H.N. (1974) Inha­
lation studies of nickel sulfide in pulmonary carcinogenesis of rats. J. natl Cancer Inst., 
54, 1165-1172 

Ou, B., Lu, Y., Huang, X. & Feng, G. (1980) The promoting action of nickel in the induction 
of nasopharyngeal carcinoma in rats (Chin.). In: Cancer Research Reports - WHO Col­
laborating Centre for Research on Cancer, Vol. 2, Guangzhou, Cancer Institute of Zhang­
shan Medical College, pp. 3-8 

Ou, B., Liu, Y. & Zheng, G. (1983) Tumor induction in next generation of dinitropipera­
zine-treated pregnant rats (Abstract). In: Cancer Research Reports- WHO Collaborat­

http:typhimuri.um


433 NICKEL AND NICKEL COMPOUNDS 

ing Centre for Research on Cancer, Vol. 4, Guangzhou, Cancer Institute of Zhongshan 
Medical College, pp. 44-45 · 

Patierno, S.R. & Costa, M. (1985) DNA-protein cross-links induced by nickel compounds in 
intact cultured mammalian cells. Chem.-biol. Interactions, 55, 75-91 

Patierno, S.R., Sugiyama, M., Basilion, J.P. & Costa, M. (1985) Preferential DNA-protein 
cross-linking by NiC12 in magnesium-insoluble regions of fractionated Chinese ham­
ster ovary cell chromatin. Cancer Res., 45, 5787-5794 

Paton, G.R. & Allison, A. C. (1972) Chromosome damage in human cell cultures induced by 
metal salts. Mutat. Res., 16, 332-336 

Payne, W.W. (1964) Carcinogenicity of nickel compounds in experimental animals (Abstract 
No. 197). Proc. Am. Assoc. Cancer Res., 5, 50 

Pedersen, E., H0getveit, AC. & Andersen, A. (1973) Cancer of respiratory organs among 
workers at a nickel refinery in Norway. Int. J Cancer, I2, 32-41 

Peltonen, L. (1979) Nickel sensitivity in the general population. Contact Dermatitis, 5, 27-32 
Peto, J., Cuckle, H., Doll, R., Hermon, C. & Morgan, L.G. (1984) Respiratory cancer mor­

tality of Welsh nickel refinery workers. In: Sunderman, F.W., Jr, ed., Mckel in the Hu­
man Environment (IARC Scientific Publications No. 53), Lyon, IARC, pp. 37-46 

Ffeiffer, W. & Willert, G. (1986) Thermisches Spritzen (Thermal Spraying) (BIA-Report 6), St 
Augustin, Berufsgenossenschaftliches Institut fiir Arbeitssicherheit 

Pharmacie Centrale (1988) Nickel Carbonate, Paris 
Pienta, R.J., Poiley, J.A. & Lebherz, W.B., III (1977) Morphological transformation of early 

passage golden Syrian hamster embryo cells derived from cryopreserved primary cul­
tures as a reliable in vitro bioassay for identifying diverse carcinogens. Int. J Cancer, 19, 
642-655 

Pihlar, B., Valenta, P. & Niirnberg, H.W. (1981) New high-performance analytical procedure 
for the voltammetric determination of nickel in routine analysis of waters, biological 
materials and food. Fresenius Z. anal. Chern., 307, 337-346 

Pi.kalek, P. & N ecasek, J. (1983) The mutagenic activity of nickel in Corynebacterium sp. Folia 
Microbiol., 28, 17-21 

Poirier, L.A., Theiss, J .C., Arnold, L.J. & Shim kin, M.B. (1984) Inhibition by magnesium and 
calcium acetates of lead subacetate- and nickel acetate-induced lung tumors in strain A 
mice. Cancer Res., 44, 1520-1522 

Pott, F., Ziem, U., Reiffer, F.-J., Huth, F., Ernst, H. & Mohr, U. (1987) Carcinogenicity stu­
dies on fibres, metal compounds and some other dusts in rats. Exp. Pathol., 32, 129-152 

Pott, F., Rippe, R.M., Roller, M., Csicsaky, M., Rosenbruch, M. & Ruth, F. (1989) Tumours 
in the abdominal cavity of rats after intraperitoneal injection of nickel compounds. In: 
Vernet, J.-P., ed., Proceedings ofthe International Conference on Heavy Metals in the Envi­
ronment, Geneva, 12-15 September 1989, Vol. 2, Geneva, World Health Organization, 
pp. 127-129 

Pott, F., Rippe, R.M., Roller, M., Csicsaky, M., Rosenbruch, M. & Ruth, F. (1990) Carcino­
genicity studies on nickel compounds and nickel alloys after intraperitoneal injection in 
rats. In: Nieboer, E. & Aitio, A., Advances in Environmental Sciences and Toxicology, 
Nickel and Human Health: Current Perspectives, New York, John Wiley & Sons (in press) 



434 IARC MONOGRAPHS VOLUME 49 

Punsar, S., Eriimetsa, 0., Karvonen, M.J., Ryhanen, A., Hilska, P. & Vornamo, H. (1975) 
Coronary heart disease and drinking water. A search in two Finnish male cohorts for 
epidemiologic evidence of a water factor. 1 chron. Dis., 28, 259-287 

Queensland Nickel Sales Pty Ltd (1989) On Mckel Oxide Sinter (90% M), London 

Raithel, H.J. (1987) Untersuchungen zur Belastungund Beanspruchungvon 837berujlich Nick­
el-exponierten Personen (Studies of Exposure and Effects in 837 Persons Occupationally 
Exposed to Nickel), St Augustin, Hauptverband der gewerblichen Berufsgenossens­
chaften 

Raithel, H.-J. & Schaller, K.H. (1981) Toxicity and carcinogenicity of nickel and its com­
pounds. A review of the current status (Ger.). Zbl. Bakteriol. Hyg. 1 Abt. Orig., B 173, 
63-91 

Raithel, H.-J., Schaller, K.H., Mohrmann, W., Mayer, P. & Henkels, U. (1982) Study of elim­
ination kinetics of nickel during injury in the glass and electroplating industry (Ger.). 
In: Fliedner, T.M., ed., Bericht ii.ber die 22. Jahrestagung der Deutschen Gesellschaft fUr 
Arbeitsmedizin (Report on the 22nd Anniversary of the German Society of Occupation­
al Medicine), Stuttgart, Gentner, pp. 223-228 

Raithel, HJ., Ebner, G., Schaller, K.H., Schellmann, P. & Valentin, H. (1987) Problems in 
establishing norm values for nickel and chromium concentrations in human pulmonary 
tissue. Am. 1 ind. Med., 12, 55-70 

Raithel, H.J., Schaller, K.H., Reith, A., Svenes, K.B. & Valentin, H. (1988) Investigations on 
the quantitative determination of nickel and chromium in human lung tissue. Indus­
trial medical, toxicological, and occupational medical expertise aspects. Int. Arch. oc­
cup. environ. Health, 60, 55-66 

Rasmuson, A. (1985) Mutagenic effects ofsome water-soluble metal compounds in a somatic 
eye-color test system in Drosophila melanogaster. Mutat. Res., 157, 157-162 

Redmond, C.K. (1984) Site-specific cancer mortality among workers involved in the produc­
tion of high nickel alloys. In: Sunderman, F.W., Jr, ed., Nickel in the Human Environment 
(IARC Scientific Publications No. 53), Lyon, IARC, pp. 73-86 

Reith, A. & Bn~gger, A. (1984) Carcinogenicity and mutagenicity of nickel and nickel com­
pounds. In: Sunderman, F.W., Jr, ed.,Nickel in the Human Environment (IARC Scientif­
ic Publications No. 53), Lyon, IARC, pp. 175-192 

Rezuke, W.N ., Knight, J .A. & Sunderman, F.W., J r (1987) References values for nickel con­
centrations in human tissues and bile. Am. 1 ind. Med., 11, 419-426 

Ridgway, L.P. & Karnofsky, D.A. (1952) The effects of metals on chick embryos: toxicity and 
production of abnormalities in development. Ann. NY Acad. Sci., 55, 203-215 

Riedel-de Haen (1986) Laboratory Chemicals, Hanover, pp. 72, 756-760 

Rigaut, J.P. (1983) Rapport Preparatoire sur les Criteres de Sante pour le Nickel (Preparatory 
Report on Health Criteria for Nickel) (Doc. CCE/LuxN/E/24/83), Luxembourg, 
Commission of the European Communities 

Rivedal, E. & Sanner, T. (1980) Synergistic effect on morphological transformation of ham­

ster embryo cells by nickel sulphate and benz[a]pyrene. Cancer Lett., 8, 203-208 


Rivedal, E. & Sanner, T. (1981) Metal salts as promoters of in vitro morphological transfor­

mation ofhamster embryo cells initiated bybenzo(a)pyrene. Cancer Res., 41,2950-2953 



435 NICKEL AND NICKEL COMPOUNDS 

Rivedal, E. & Sanner, 1: (1983) Evaluation of tumour promoters by the hamster embryo cell 
transformation assay. In: Bartsch, H. & Armstrong, B., eds, Host Factors in Human Car­
cinogenesis (IARC Scientific Publications No. 39), Lyon, IARC, pp. 251-258 

Rivedal, E., Hemstad, J. & Sanner, T. (1980) Synergistic effects of cigarette smoke extracts, 
benz(a)pyrene and nickel sulphate on morphological transformation of hamster em­
bryo cells. In: Holmstedt, B., Lauwerys, R., Mercier, M. & Roberfr_oid, M., eds, Mecha­
nisms of Toxicity and Hazard Evaluation, Amsterdam, Elsevier, pp. 259-263 

Roberts, R.S., Julian, J.A., Muir, D.C.F. & Shannon, H.S. (1984) Cancer mortality asso­
ciated with the high-temperature oxidation of nickel subsulphide. In: Sunderman, F.W., 
Jr, ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), Lyon, 
IARC, pp. 23-34 

Roberts, R.S., Julian, J.A, Sweezey, D., Muir, D.C.F., Shannon, H.S. & Mastromatteo, E. 
(1990a) A study of mortality in workers engaged in the mining, smelting, and refining of 
nickel. I. Methodology and mortality by major case groups. Toxicol. ind. Health (in press) 

Roberts, R.S., Julian, J.A., Muir, D.C.F. & Shannon, H.S. (1990b) A study of mortality in 
workers engaged in the mining, smelting and refining of nickel. II. Mortality from can­
cer of the respiratory tract and kidney. Toxicol. ind. Health (in press) 

Robison, S.H. & Costa, M. (1982) The induction of DNA strand breakage by nickel com­
pounds in cultured Chinese hamster ovary cells. Cancer Lett., 15, 35-40 

Robison, S.H., Cantoni, 0. & Costa, M. (1982) Strand breakage and decreased molecular 
weight of DNA induced by specific metal compounds. Carcinogenesis, 5, 657-662 

Robison, S.H., Cantoni, 0., Heck, J.D. & Costa, M. (1983) Soluble and insoluble nickel com­
pounds induce DNA repair synthesis in cultured mammalian cells. Cancer Lett., 17, 
273-279 

Robison, S.H., Cantoni, 0. & Costa, M. (1984) Analysis of metal-induced DNA lesions and 
DNA-repair replication in mammalian cells. Mutat. Res., 131, 173-181 

Rodriguez-Arnaiz, R. & Ramos, P.M. (1986) Mutagenicity of nickel sulphate in Drosophila 
melanogaster. Mutat. Res., 170, 115-117 

Rossman, T.G. & Molina, M. (1986) The genetic toxicology of metal compounds: II. En­
hancement of ultraviolet light-induced mutagenesis in Escherichia coli WP2. Environ. 
Mutagenesis, 8, 263-271 

Rossman, T.G., Molina, M. & Meyer, L.W. (1984) The genetic toxicology of metal com­
pounds: I. Induction of A. prophage in E. coli WPZs (A.). Environ. Mutagenesis, 6, 59-69 

Roush, G.C., Meigs, J.W., Kelly, J.A., Flannery, J.T. & Burdo, H. (1980) Sinonasal cancer 
and occupation: a case-control study. Am. 1 Epidemiol., 111, 183-193 

Rystedt, I. & Fischer, 1: (1983) Relationship between nickel and cobalt sensitization in hard 
metal workers. Contact Dermatitis, 9, 195-200 

Saknyn, A V. & Blokhin, V.A (1978) Development of malignant tumours in rats exposed to 
nickel containing aerosols (Russ.). Vopr. Onkol., 24, 44-48 

Saknyn, A.V. & Shabynina, N.K. (1970) Some statistical data on the carcinogenous hazards 
for workers engaged in the production of nickel from oxidized ores (Russ.). Gig. Tr. prof 
Zabol., 14, 10-13 



436 IARC MONOGRAPHS VOLUME 49 

Saknyn, A.V. & Shabynina, N.K. (1973) Epidemiology of malignant neoplasms in nickel 
smelters (Russ.). Gig. Tr. prof Zabol., 17, 25-29 

Saknyn, A.V., Elnichnykh, L.N., Vorontsova, A.S. & Frash, V.N. (1976) General toxic action 
of dusts generated in the manufacture of crude nickel (Russ.). Gig. Tr. prof Zabol., 12, 
29-32 

Salmon, L., Atkins, D.H.F., Fisher, E.M.R., Healy, C. & Law, D.V. (1978) Retrospective 
trend analysis on the content of UK air particulate material1957-1974. Sci. total Envi­
ron., 9, 161-200 

Sarkar, B. (1980) Nickel in blood and kidney. In: Brown, S.S. & Sunderman, F.W., Jr, eds, 
Mckel Toxicology, London, Academic Press, pp. 81-84 

Sarkar, B. (1984) Nickel metabolism. In: Sunderman, F.W., Jr, ed., Nickel in the Human Envi­
ronment (IARC Scientific Publications No. 53), Lyon, IARC, pp. 367-384 

Savory, J., Brown, S., Bertholf, R.L., Ross, R. & Wills, M.R. (1985) Serum and lymphocyte 
nickel and aluminium concentrations in patients with extracorporeal hemodialysis. In: 
Brown, S.S. & Sunderman, F.W., Jr, eds, Progress in Nickel Toxicology, Oxford, Black­
well Scientific Publications, pp. 137-140 

Sax, N.I. & Lewis, RJ., Sr (1987) Hawley's Condensed Chemical Dictionary, 11th ed., New 
York, Van Nostrand Reinhold, pp. 818-821 

Saxholm, J.J.K., Reith, A. & Br0gger, A. (1981) Oncogenic transformation and cell lysis in 
C3HilaT112 cells and increased sister chromatid exchange in human lymphocytes by 
nickel subsulfide. Cancer Res., 41, 4136-4139 

Schaller, K.H. & Zober, A. (1982) Renal elimination of toxicologically relevant metals in 
occupationally non-exposed individuals (Ger.). Arztl. Lab., 28, 209-214 

Schaller, K.H., Stoeppler, M. & Raithel, H.J. (1982) Analytical determination of nickel in 
biological matrices. A summary of present knowledge and experience (Ger.). 
Staub-Reinhalt. Luft, 42, 137-140 , 

Scheller, R., Strahlmann, B. & Schwedt, G. (1988) Chemical and technological aspects of 
food for a diet poor in nickel for endogenous nickel contact eczema (Ger.). Hautarzt, 
39, 491-497 

Scholz, R.C. & Holcomb, M.L. (1980) Feasibility Study for Reduction ofWorkers Exposures to 
Mckel and Chromium in Alloy Foundries (Report submitted toOSHA Docket H-110 by 
the Foundry Nickel Committee), Washington DC, US Occupational Safety and Health 
Administration 

Schramel, P., Lill, G. & Hasse, S. (1985) Mineral and trace elements in human urine (Ger.). 
1 clin. Chern. clin. Biochem., 23, 293-301 

Schroeder, H.A. & Mitchener, M. (1971) Toxic effects of trace elements on the reproduction 
of mice and rats. Arck environ. Health, 23, 102-106 

Seemann, J ., Wittig, P., Kollmeier, H. & Rothe, G. (1985) Analytical measurements of Cd, 
Pb, Zn, Cr and Ni in human tissues (Ger.). Lab. Med., 9, 294-299 

Sen, P. & Costa, M. (1985) Induction of chromosomal damage in Chinese hamster ovary cells 
by soluble and particulate nickel compounds: preferential fragmentation of the heter­
ochromatic long arm of the X-chromosome by carcinogenic crystalline NiS particles. 
Cancer Res., 45, 2320-2325 



437 NICKEL AND NICKEL COMPOUNDS 

Sen, P. & Costa, M. (1986a) Pathway of nickel uptake influences its interaction with heter­

ochromatic DNA. Toxicol. appl. Pharmacol., 84, 278-285 


Sen, P. & Costa, M. (1986b) Incidence and localization of sister chromatid exchanges induced 

by nickel and chromium compounds. Carcinogenesis, 7, 1527-1533 


Sen, P., Conway, K. & Costa, M. (1987) Comparison of the localization of chromosome darn­

age induced by calcium chromate and nickel compounds. Cancer Res., 47, 2142-2147 


Shannon, H.S., Julian, J.A. & Roberts, R.S. (1984a) A mortality study of 11,500 nickel work­

ers. 1 nat/ Cancer Inst., 73, 1251-1258 


Shannon, H.S., Julian, J.A., Muir, D.C.F. & Roberts, R.S. (1984b) A mortality study ofFal­

conbridge workers. In: Sunderman, F.W., Jr, ed., Nickel in the Human Environment 

(IARC Scientific Publications No. 53), Lyon, IARC, pp. 117-124 


Shibata, M., Izumi, K., Sano, N., Akagi, A. & Otsuka, H. (1989) Induction of soft tissue tu­

mours in F344 rats by subcutaneous, intramuscular, intra-articular, and retroperitoneal 

injection of nickel sulphide (Ni3S2). 1 Pathol., 157, 263-274 


Sibley, S.F. (1985) Nickel. In: Mineral Facts and Problems, 1985 ed. (Preprint from Bulletin 

675), Washington DC, Bureau of Mines, pp. 1-17 


Silverstein, M., Mirer, F., Kotelchuck, D., Silverstein, B. & Bennett, M. (1981) Mortality 

among workers in a die-casting and electroplating plant. Scand. 1 Work Environ. Health, 

7 (Suppl. 4), 156-165 


Sina, J.F., Bean, C.L., Dysart, G.R., Taylor, V.I. & Bradley, M.O. (1983) Evaluation of the 

alkaline elution/rat hepatocyte assay as a predictor of carcinogenic/mutagenic poten­

tial. Mutat. Res., 113, 357-391 


Sirover, M.A. & Loeb, L.A. (1976) Infidelity of DNA synthesis in vitro: screening for poten­

tial metal mutagens or carcinogens. Science, 194, 1434-1436 


Sirover, M.A. & Loeb, L.A. (1977) On the fidelity of DNA replication: effects of metal acti­

vators during synthesis with avian myeloblastosis virus DNA polymerase. 1 bioi. Chern., 

252, 3605-3610 


Skaug, V., Gylseth, B., Reiss, A.-L.P. & Norseth, T. (1985) Tumor induction ill rats after intra­

pleural injection of nickel subsulfide and nickel oxide. In: Brown, S.S. & Sunderman, 

F.W., Jr, Progress in Nickel Toxicology, Oxford, Blackwell Scientific Publications, pp. 

37-41 


Skreb, Y. & Fischer, A.B. (1984) Toxicity of nickel for mammalian cells in culture. Zbl. Bakt. 

Hyg. I Abt. Orig B, 178, 432-445 


Smart, G.A. & Sherlock, J.C. (1987) Nickel in foods and the diet. Food Addit. Contam., 4, 

61-71 


.. 
~ 

Srnialowicz, R.J., Rogers, R.R., Riddle, M.M. & Stott, G.A. (1984) Immunologic effects of 

nickel: I. Suppression of cellular and humoral immunity. Environ. Res., 33, 413-427 


Sm4ilowicz, R.J., Rogers, R.R., Riddle, M.M., Garner, R.J., Rowe, D.G. & Luebke, R.W. 

(1985) Immunologic effects of nickel: II. Suppression of natural killer cell activity. En­

viron. Res., 36, 56-66 


Smialowicz, R.J., Rogers, R.R., Rowe, D.G., Riddle, M.M. & Luebke, R.W. (1987) The ef­

fects of nickel on immune function in the rat. Toxicology, 44, 271-281 




438 IARC MONOGRAPHS VOLUME 49 

Smith-Sonneborn, J., Palizzi, R.A., McCann, E.A & Fisher, G.L. (1983) Bioassay of gena­
toxic effects of environmental particles in a feeding ciliate. Environ. Health Perspect., 
51, 205-210 

Solomons, N.W., Viteri, F., Shuler, T.R. & Nielsen, F.H. (1982) Bioavailability of nickel in 
man: effects of foods and chemically-defined dietary constituents on the absorption of 
inorganic nickel. 1 Nutr., 112, 39-50 

Sonnenfeld, G., Streips, U.N. & Costa, M. (1983) Differential effects ofamorphous and crys­
talline nickel sulfide on murine cx/f3 interferon production. Environ. Res., 32,474-479 

Sorahan, T. (1987) Mortality from lung cancer among a cohort of nickel cadmium battery 
workers: 1946-84. Br. 1 ind. Med., 44, 803-809 

Sorahan~T. & Waterhouse, J .A. H. (1983) Mortality study of nickel-cadmium battery workers 
by the method of regression models in life tables. Br. 1 ind. Med., 40, 293-300 

Sorahan, T. & Waterhouse, J.A.H. (1985) Cancer of prostate among nickel-cadmium battery 
workers (Letter). Lancet, i, 459 

Sorahan, T., Burges, D.C.L. & Waterhouse, J.A.H. (1987) A mortality study of nickel/chro­
mium platers. Br. 1 ind. Med., 44, 250-258 

Sosinksi, E. (1975) Morphological changes in rat brain and skeletal muscle in the region of 
nickel oxide implantation. Neuropathol. Pol., 13, 479-483 

Stedman, D.H., Thmmaro, D.A., Branch, D.K. & Pearson, R., J r (1979) Chemiluminescence 
detector for the measurement of nickel carbonyl in air. Anal. Chem., 51, 2340-2342 

Stettler, L.E., Donaldson, H.M. & Grant, G.C. (1982) Chemical composition of coal and 
other mineral slags. Am. ind. Hyg. Assoc. 1, 43, 235-238 

Stoeppler, M. (1980) Analysis of nickel in biological materials and natural waters. In: Nriagu, 
1.0., ed., Nickel in the Environment, New York, John Wiley & Sons, pp. 661-822 

Stoeppler, M. (1984a) Analytical chemistry of nickel. In: Sunderman, F.W., Jr, ed., Nickel in 
the Human Environment (IARC Scientific Publications No. 53), Lyon, IARC, pp. 
459-468 

Stoeppler, M. (1984b) Recent improvements for nickel analysis in biological materials. In: 
Trace Element Analytical Chemistry, Vol. 3, Berlin (West), Walter de Gruyter & Co., pp. 
539-557 

Stoner, G.D., Shimkin, M.B., Troxell, M.C., Thompson, T.L. & Terry, L.S. (1976) Test for 
carcinogenicity of metallic compounds by the pulmonary tumor response in strain A 
mice. Cancer Res., 36, 1744-1747 

Storeng, R. & Jonsen, J. (1980) Effect of nickel chloride and cadmium acetate on the devel­
opment of preimplantation mouse embryos in vitro. Toxicology, 17, 183-187 

Storeng, R. & Jonsen, J. (1981) Nickel toxicity in early embryogenesis in mice. Toxicology, 20, 
45-51 

Sumino, K., Hayakawa, K., Shibata, T. & Kitamura, S. (1975) Heavy metals in normal Japa­
nese tissues. Amount of 15 heavy metals in 30 subjects. Arch. environ. Health, 30, 
487-494 

Sunderman, F.W., Jr (1963) Studies of nickel carcinogenesis: alterations of ribonucleic acid 
following inhalation of nickel carbonyl. Am. 1 clin. Pathoi., 39, 549-561 



439 NICKEL AND NICKEL COMPOUNDS 

Sunderman, F.W., Jr (1967) Nickel carbonyl inhibition of cortisone induction of hepatic tryp­
tophan pyrrolase. Cancer Res., 27, 1595-1599 

Sunderman, F.W., Jr (1977) A review of the metabolism and toxicology of nickel. Ann. clin. 
Lab. Sci., 7, 377-398 

Sunderman, F.W., Jr (1981) Recent research on nickel carcinogenesis. Environ. Health Per­
speer., 40, 131-141 

Sunderman, F.W., Jr (1983a) Potential toxicity from nickel contamination of intravenous 
fluids. Ann. din. Lab. Sci., 3, 1-4 

Sunderman, F.W., Jr (1983b) Organ and species specificity in nickel subsulfide carcinogene­
sis. Basic Life Sci., 24, 107-127 

Sunderman, F.W., Jr (1984) Carcinogenicity of nickel compounds in animals. In: Sunderman, 
F.W., Jr, ed., Nickel in the Human Environment (IARC Scientific Publications No. 53), 
Lyon, IARC, pp. 127-142 

Sunderman, F.W., Jr (1986a) Nickel. In: Seiler, H.G., Sigel, H. & Sigel, A., eds, Handbook on 
Toxicity of Inorganic Compounds, New York, Marcel Dekker, pp. 453-468 

Sunderman, F.W., Jr (1986b) Nickel determination in body fluids, tissues, excreta and water. 
In: O'Neill, I.K., Schuller, P. & Fishbein, L., eds, Environmental Carcinogens: Selected 
Methods ofAnalysis, Vol. 8, Some Metals: As, Be, Cd, Cr, M, Pb, Se, Zn (IARC Scientific 
Publications No. 72), Lyon, IARC, pp. 319-334 

Sunderman, F.W., Jr (1988) Nickel. In: Clarkson, T.W., Fnberg, L., Nordberg, G.F. & Sager, 
P.R., eds, Biological Monitoring of Toxic Metals, New York, Plenum Press, pp. 265-282 

Sunderman, F.W., Jr (1989) Mechanisms of nickel carcinogenesis. Scand. 1 Work Environ. 
Health, 15, 1-12 

Sunderman, F.W. & Donnelly, A.J. (1965) Studies on nickel carcinogenesis: metastasizing 
pulmonary tumors induced by the inhalation of nickel carbonyl. Am. 1 clin. Pathol., 46, 
1027-1041 

Sunderman, F.W., Jr & Horak, E. (1981) Biochemical indices of nephrotoxicity exemplified 
by studies of nickel nephropathy. In: Brown, S.S. & Davies, D.S., eds, Organ-directed 
Toxicity: Chemical Indices and Mechanisms, Oxford, Pergamon Press, pp. 55-67 

Sunderman, F.W. & Kincaid, J.F. (1954) Nickel poisoning. II. Studies on patients suffering 
from acute exposure to vapors of nickel carbonyl. 1 Am. med. As-soc., 155, 889-895 

Sunderman, F.W., Jr & Maenza, R.M. (1976) Comparisons of carcinogenicities of nickel 
compounds in rats. Res. Commun. chem. Pathol. Pharmacol., 14, 319-330 

Sunderman, F.W., Jr & McCully, K.S. (1983) Carcinogenesis tests of nickel arsenides, nickel 
antimonide, and nickel telluride in rats. Cancer Invest., 1, 469-474 

Sunderman, F.W., Jr & Selin, C.E. (1968) The metabolism of nickel-63 carbonyl. Toxicol. 
appl. Pharmacol., 12, 207-218 

Sunderman, F.W. & Sunderman, F.W., Jr (1958) Nickel poisoning. VIII. Dithiocarb: a new 
therapeutic agent for persons exposed to nickel carbonyl. Am. 1 med. Sci., 236, 26-31 

Sunderman, F.W. & Sunderman, F.W., Jr (1961) Nickel poisoning. XI. Implication of nickel 
as a pulmonary carcinogen in tobacco smoke. Am. 1 clin. Pathol., 35, 203-209 



440 IARC MONOGRAPHS VOLUME 49 

Sunderman, F.W., Jr & Sunderman, F.W. (1963) Studies on pulmonary carcinogenesis: the 
subcellular partition of nickel and the binding of nickel by ribonucleic acids (Abstract 
No. 1592). Fed. Proc., 22, 427 

Sunderman, F.W., Kincaid, J.F., Donnelly, A.J. & West, B. (1957) Nickel poisoning. rv. ' 
Chronic exposure of rats to nickel carbonyl: a report after one year observation. Arch. 
environ. Health, 16, 480-485 

Sunderman, F.W., Donnelly, A.J., West, B. & Kincaid, J.F. (1959) Nickel poisoning. IX. Car­
cinogenesis in rats exposed to nickel carbonyl. Arch. environ. Health, 20, 36-41 

Sunderman, F.W.,Jr, Roszel, N.O. & Clark, R.J. (1968) Gas chromatography of nickel. Arch. 
environ. Health, 16, 836-843 

Sunderman, F.W., Jr, Kasprzak, K.S., Lau, T.J., Minghetti, P.P., Maenza, R.M., Becker, N., 
Onkelinx, C. & Goldblatt, P.J. (1976) Effects of manganese on carcinogenicity and me­
tabolism of nickel subsulfide. Cancer Res., 36, 1790-1800 

Sunderman, F.W., Jr, Shen, S., Mitchell, J., Allpass, P. & Damjanov, I. (1977) Fetal toxicity 
and transplacental transport of Ni(II) in rats (Abstract No. 176). Toxicol. appl. Pharma­
cal., 41, 205 I 

Sunderman, F.W., Jr, Shen, S.K., Mitchell, J.M., Allpass, P.R. & Damjanov, I. (1978a) Em­
bryotoxicity and fetal toxicity of nickel in rats. Toxicol. appl. Pharmacal., 43, 381-390 t 

Sunderman, F.W., Jr, Mitchell, J., Allpass, P. & Baselt, R. (1978b) Embryotoxicity and terato­
genicity of nickel carbonyl in rats (Abstract No. 295). Toxicol. appl. Pharmacal., 45, 345 

Sunderman, F.W., Jr, Maenza, R.M., Hopfer, S.M., Mitchell, J.M., Allpass, P.R. & Damja­
nov, I. (1979a) Induction of renal cancers in rats by intrarenal injection of nickel subsul­
fide.l environ. Pathol. Toxicol., 2, 1511-1527 

Sunderman, F.W., Jr, Allpass, P.R.,.Mitchell, J.M., Baselt, R.C. & Albert, D.M. (1979b) Eye 
malformations in rats: induction by prenatal exposure to nickel carbonyl. Science, 203, 
550-553 

Sunderman, F.W., Jr, Shen, S.K., Reid, M.C. & All pass, P.R. (1980) Teratogenicity and em­
bryotoxicity of nickel carbonyl in Syrian hamsters. Teratog. Carcinog. Mutagenesis, 1, 
223-233 

Sunderman, F.W., Jr, McCully, K.S. & Rinehimer, L.A. (1981) Negative test for transplacen­
tal carcinogenicity of nickel subsulfide in Fischer rats. Res. Commun. chem. Pathol. 
PharmacaL, 31, 545-554 

Sunderman, F.W., Jr, Reid, M.C., Bibeau, L.M. & Linden, J.V. (1983a) Nickel induction of 
microsomal heme oxygenase activity in rodents. Toxicol. appl. Pharmacal., 68, 87-95 

Sunderman, F.W., Jr, Reid, M.C., Shen, S.K. & Kevorkian, C. B. (1983b) Embryotoxicity and 
teratogenicity of nickel compounds. In: Clarkson, T.W., Nordberg, G.F. & Sager, P.R., _,i 
eds, Reproductive and Developmental Toxicity of Metals, New York, Plenum Press, pp. 
399-416 

Sunderman, F.W., Jr, Crisostomo, M.C., Reid, M.C., Hopfer, S.M. & Nomoto, S. (1984a) 
Rapid analysis of nickel in serum and whole blood by electrothermal atomic absorption 
spectrophotometry. Ann. c/in. Lab. Sci., 14, 232-241 



441 NICKEL AND NICKEL COMPOUNDS 

Sunderman, F.W., Jr, McCully, K.S. & Hopfer, S.M. (1984b) Association between erythrocy­
tosis and renal cancers in rats following intrarenal injection of nickel compounds. Car­
cinogenesis, 5, 1511-1517 

Sunderman, F.W., Jr, Marzouk, A., Crisostomo, M.C. & Weatherby, D.R. (1985a) Electro­
thermal atomic absorption spectrometry of nickel in tissue homogenates. Ann. clin. 
Lab. Sci., 15, 299-307 

Sunderman, F.W., Jr, Marzouk, A., Hopfer, S.M., Zaharia, 0. & Reid, M.C. (1985b) In­
creased lipid peroxidation in tissues of nickel chloride-treated rats. Ann. clin. Lab. Sci., 
15, 229-236 

Sunderman, F.W., Jr, Aitio, A., Morgan, L.G. & Norseth;T. (1986a) Biological monitoring of 
nickel. Toxicol. ind. Health, 2, 17-78 

Sunderman, F.W., Jr, Hopfer, S.M., Crisostomo, M.C. & Stoeppler, M. (1986b) Rapid analy­
sis of nickel in urine by electrothermal atomic absorption spectrophotometry. Ann. 
clin. Lab. Sci., 16, 219-230 

Sunderman, F.W., Jr, Hopfer, S.M., Knight, J.A., McCully, K.S., Cecutti, A.G., Thornhill, 
P.G., Conway, K., Miller, C., Patiemo, S.R. & Costa, M. (1987) Physicochemical char­
acteristics and biological effects of nickel oxides. Carcinogenesis, 8, 305-313 

Sunderman, F.W., Jr, Hopfer, S.M. & Crisostomo, M.C. (1988a) Nickel analysis by atomic 
absorption spectrometry. Methods Enzymol., 158, 382-391 

Sunderman, F.W., Jr, Dingle, B., Hopfer, S.M. & Swift, T. (1988b) Acute nickel toxicity in 
electroplating workers who accidently ingested a solution of nickel sulfate and nickel 
chloride. Am. 1 ind. Med., 14, 257-266 

Sunderman, F.W., Jr, Hopfer, S.M., Swift, T., Rezuke, W.N., Ziebka, L., Highman, P., Ed­
wards, B., Folcik, M. & Gossling, H.R. (1989a) Cobalt, chromium, and nickel concen­
trations in body fluids of patients with porous-coated knee or hip prostheses.l ortho­
paed. Res., 7, 307-315 

Sunderman, F.W., Jr, Hopfer, S.M., Sweeney, K.R., Marcus, A.H., Most, B.M. & Creason, J. 
(1989b) Nickel absorption and kinetics in human volunteers. Proc. Soc. exp. Biol. Med., 
191, 5-11 

Swierenga, S.H.H. & McLean, J.R. (1985) Further insights into mechanisms of nickel-in­
duced DNA damage: studies with cultured rat liver cells. In: Brown, S.S. & Sunder­
man, F.W., Jr, eds, Progess in Nickel Toxicology, Oxford, Blackwell Scientific Publica­
tions, pp. 101-104 

Swierenga, S.H.H., Marceau, N., Katsuma, Y., French, S.W., Mueller, R. & Lee, F. (1989) 
Altered cytokeratin expression and differentiation induction during neoplastic trans­
formation of cultured rat liver cells by nickel subsulfide. Cell Biol. Toxicol., 5, 271-286 

Szadkowski, D., Schultze, H., Schaller, K.-H. & Lehnert, G. (1969) On the ecological signifi­
cance of heavy metal contents of cigarettes (Ger.) Arch. Hyg., 153, 1-8 

Thkenaka, S., Hochrainer, D. & Oldiges, H. (1985) Alveolar proteinosis induced in rats by 
long-term inhalation of nickel oxide. In: Brown, S.S. & Sunderman, F.W., Jr, ed~, Prog­
ress in Mckel Toxicology, Oxford, Blackwell Scientific Publications, pp. 89-92 



442 IARC MONOGRAPHS VOLUME 49 

Thnaka, I., Rorie, A., Haratake, J., Kodama, Y. & 1Suchiya, K. (1988) Lung burden of green 
nickel oxide aerosol and histopathological findings in rats after continuous inhalation. 
Bioi. Trace Elem. Res., 16, 19-26 

Thndon, S.K., Mathur, A.K. & Gaur, J.S. (1977) Urinary excretion of chromium and nickel 
among electroplaters and pigment industry workers. Int. Arch. occup. environ. Health, 
40, 71-76 

Thtarskaya, A.A. (1965) Occupational cancer of the upper respiratory tract in the nickel-re­
fining industry (Russ.). Gig. Tr. prof Zabol., 9, 22-25 

Thtarskaya, AA. (1967) Cancer of the respiratory tract in people engaged in nickel industry 
(Russ.). Vopr: Onkol., 13, 58-60 

Tien, J.K. & Howson, T.E. (1981) Nickel and nickel alloys. In: Mark, H.F., Othmer, D.F., 
Overberger, C.G., Seaborg, G.T. & Grayson, M., eds, Kirk-Othmer Encyclopedia of 
Chemical Technology, 3rd ed., Vol. 15, New York, John Wiley & Sons, pp. 787-801 

Tissot, B.P. & Weltle, D. (1984) Petroleum Fonnation and Occu"ence, 2nd ed., Berlin (West), 
Springer 

Tola, S., Kilpio, J. & Vrrtamo, M. (1979) Urinary and plasma concentrations of nickel as indi­
cators of exposure to nickel in an electroplating shop. 1 occup. Med., 21, 184-188 

Torjussen, W. & Andersen, I. (1979) Nickel concentrations in nasal mucosa, plasma and urine 
in active and retired nickel workers. Ann. clin. Lab. Sci., 9, 289-298 

Torjussen, W., Haug, F.-M.S. & Andersen, I. (1978) Concentration and distribution of heavy 
metals in nasal mucosa of nickel-exposed workers and of controls, studied with atomic 
absorption spectrophotometric analysis and with Timm's sulphide silver method. Acta 
otolaryngol., 86, 449-463 

Tossavainen, A., Nurminen, M., Mutanen, P. & Tola, S. (1980) Application of mathematical 
modelling for assessing the biological half-times of chromium and nickel in field stu­
dies. Br. 1 ind. Med., 37, 285-291 

Tho, W.-W. & Fung, W.-P. (1981) Mutagenicity of metallic cations. Toxicol. Lett., 8, 195-200 

Turhan, U., Wollburg, C., Angerer, J. & Szadkowski, D. (1985) Nickel content of human 
lungs and its significance for occupational bronchial carcinoma (Ger.). Arbeitsmed. So­
zialmed. Priiventivmed., 20, 277-281 

Tveito, G., Hansteen, I.-L., Dalen, H. &Haugen, A. (1989) Immortalization of normal hu­
man kidney epithelial cells by nickel (II). Cancer Res., 49, 1829-1835 

Tweats, D.J., Green, M.H.L. & Muriel, W.J. (1981) A differential killing assay for mutagens 
and carcinogens based on an improved repair-deficient strain ofEscherichia coli. Carci­
nogenesis, 2, 189-194 

Tyosuojeluhallitus (National Finnish Board of Occupational Safety and Health) (1987) 
HTP-Azvot 1987 (TLV-Values 1987) (Safety Bull. 25), Helsinki, p. 21 

Tyroler, G.P. & Landolt, C.A., eds (1988)Extractive MetallurgyofMckel and Cobalt, Phoenix, 
AZ, Metallurgical Society 

Umeda, M. & Nishimura, M. (1979) Inducibility of chromosomal aberrations by metal com­
pounds in cultured mammalian cells. Mutat. Res., 67, 221-229 



443 NICKEL AND NICKEL COMPOUNDS 

US Environmental Protection Agency (1986) Health Assessment Document for Nickel and 
Nickel Compounds, Washington DC, Office of Environmental Health Assessment, pp. 
1-83 

US Occupational Safety and Health Administration (1987) Air contaminants. US Code Fed. 
Regul., Title 29, Part 1910.1000, p. 680 

Uziel, M., Owen, B. & Butler, A. (1986) Toxic response ofhamster embryo cells on exposure 
to mixtures of Ni2+ and benzo(a)pyrene. J appl. Toxicol., 6, 167-170 

Valentine, R. & Fisher, G.L. (1984) Pulmonary clearance of intratracheally administered 
63Ni3S2 in strain A/J mice. Environ. Res., 34, 328-334 

Veien, N.K. & Andersen, M.R. (1986) Nickel in Danish food. Acta dermato-venerol., 66, 
502-509 

Veien, N.K., Hattel, T., Justesen, 0. & N0rholm, A. (1985) Dietary treatment of nickel der­
matitis. Acta dermatovenerol., 65, 138-142 

Vogel, E. (1976) The relation between mutational pattern and concentration by chemical 
mutagens in Drosophila. In: Montesano, R., Bartsch, H. & Tomatis, L., eds, Screening 
Tests in Chemical Carcinogenesis (IARC Scientific Publications No. 12), Lyon, IARC, pp. 
117-137 

Vuopala, U., Huhti, E., Thkkunen, J. & Huikko, M. (1970) Nickel carbonyl poisoning. Report 
of 25 cases. Ann. clin. Res., 2, 214-222 

Waalkes, M.P., Rehm, S., Kasprzak, K.S. & Issaq, H.J. (1987) Inflammatory, proliferative and 
neoplastic lesions at the site of metallic identification ear tags in Wistar [Crl:(WI)BR] 
rats. Cancer Res., 47, 2445-2450 

Wahlberg, J.E. (1976) Immunoglobulin E, atopy, and nickel allergy. Cutis, 18, 715-716, 720 

Waksvik, H. & Boysen, M. (1982) Cytogenetic analyses of lymphocytes from workers in a 
nickel refinery. Mutat. Res., 103, 185-190 

Waksvik, H., Boysen, M. & Hogetveit, A. C. (1984) Increased incidence of chromosomal ab­
errations in peripheral lymphocytes of retired nickel workers. Carcinogenesis, 5, 
1525-1527 

Waltscheva, W., Slatewa, M. & Michailow, I. (1972) Testicular changes due to long-term ad­
ministration of nickel sulfate in rats (Ger.). Exp. Pathol., 6, 116-120 

Warner, J.S. (1984) Occupational exposure to airborne nickel in producing and using primary 
nickel products. In: Sunderman, F.W., Jr, ed., Mckel in the Human Environment (IARC 
Scientific Publications No. 53), Lyon, IARC, pp. 419-437 

Weast, R.C. (1986) CRC Handbook ofChemistry and Physics, 67th ed., Boca Raton, FL, CRC 
Press, pp. B-118-B-119 

Webb, M., Heath, J.C. & Hopkins, T. (1972) Intranuclear distribution of the inducing metal 
in the primary rhabdomyosarcomata induced in the rat by nickel, cobalt and cadmium. 
Br. 1 Cancer, 26, 274-278 

Webster, J.D., Parker, T.F., Alfrey, A.C., Smythe, W.R., Kubo, H., Neal, G. & Hull, A.R. 
(1980) Acute nickel intoxication by dialysis. Ann. intern. Med., 92, 631-633 

Wehner, A.P., Busch, R.H., Olson, R.J. & Craig, D.K. (1975) Chronic inhalation of bickel 
oxide and cigarette smoke by hamsters. Am. ind. Hyg. Assoc. J., 36, 801-810 



444 IARC MONOGRAPHS VOLUME 49 

Wehner, A.P., Stuart, B.O. & Sanders, C.L. (1979) Inhalation studies with Syrian golden 
hamsters. Prog. exp. Tumor Res., 24, 177-198 

Wehner, A.P., Dagle, G.E. & Milliman, E.M. (1981) Chronic inhalation exposure of ham­
sters to nickel-enriched fly ash. Environ. Res., 26, 195-216 

Wehner, A.P., Dagle, G.E. & Busch, R.H. (1984) Pathogenicity of inhaled nickel compounds 
in hamsters. In: Sunderman, F.W., Jr, ed., Nickel in the Human Environment (IARC 
Scientific Publications No. 53), Lyon, IARC, pp. 143-151 

Weinzierl, S.M. & Webb, M. (1972) Interaction of carcinogenic metals with tissue and body 
fluids. Br. 1 Cancer, 26, 279-291 

Weischer, C.H., Kordel, W. & Hochrainer, D. (1980a) Effects of NiC12 and NiO in Wistar 
rats after oral uptake and inhalation exposure respectively. Zbl. Bakt. Hyg. I Abt. Orig. 
B, 171, 336-351 

Weischer, C.H., Oldiges, H., Hochrainer, D. & Kordel, W. (1980b) Subchronic effects in­
duced by NiO-inhalation in Wistar rats. In: Holmstedt, B., Lauwerys, R., Mercier, M. 
& Roberfroid, M., eds, Mechanisms ofToxicity and Hazard Evaluation, Amsterdam, El­
sevier, pp. 555-558 

Whanger, P.D. (1973) Effects of dietary nickel on enzyme activities and mineral contents in 
rats. Toxicol. appl. Pharmacal., 25, 323-331 

Wills, M.R., Brown, C.S., Bertholf, R.L., Ross, R. & Savory, J. (1985) Serum and lympho­
cyte, aluminium and nickel in chronic renal failure. Clin. chim. Acta, 145, 193-196 

Wilson, W.W. & Khoobyarian, N. (1982) Potential identification of chemical carcinogens in a 
viral transformation system. Chern. -bioi. Interactions, 38, 253-259 

Windholz, M., ed. (1983) The Merck Index, lOth ed., Rahway, NJ, Merck & Co., pp. 932-933 
Witschi, H. (1972) A comparative study of in vivo RNA and protein synthesis in rat liver and 

lung. Cancer Res., 32, 1686-1694 
World Health Organization (1990) Nickel (Environmental Health Criteria Document), Ge­

neva (in press) 
Wu, Y., Luo, H. & Johnson, D.R. (1986) Effect of nickel sulfate on cellular proliferation and 

Epstein-Barr virus antigen expression in lymphoblastoid cell lines. Cancer Lett., 32, 
171-179 

Wulf, H.C. (1980) Sister chromatid exchanges in human lymphocytes exposed to nickel and 
lead. Dan. med. Bull., 27, 40-42 

Yamashiro, S., Gilman, J.P.W., Hulland, T.J. & Abandowitz, H.M. (1980) Nickel sulphide-in­
duced rhabdomyosarcomata in rats. Acta pathol. jpn., 30, 9-22 

Yarita, T. & Nettesheim, P. (1978) Carcinogenicity of nickel subsulfide for respi1"atory tract 
mucosa. Cancer Res., 38, 3140-3145 

Zatka, V.J. (1987) Chemical Speciation ofNickel Phases in Industrial Dusts, Mississauga, On­
tario, INCO Ltd 

Zatka, V.J. (1988) Report to the NiPERA Scientific Advisory Committee on Interlaboratory Test 
Programme on Nickel Phase Speciation in Bulk Dust Samples by Sequential Leaching 
(Phase 3- Fall1987), Toronto, Nickel Producers Environmental Research Association 

Zatka, V.J., Maskery, D. & Warner, J.S. (undated) Chemical Speciation ofNickel in Airborne 
Dusts, Toronto, Nickel Producers Environmental Research Association 



445 NICKEL AND NICKEL COMPOUNDS 

Zhang, Q. & Barrett, J.C. (1988) Dose-response studies of nickel-induced morphological 
transformation of Syrian hamster embryo fibroblasts. Toxicol. In Vitro, 2, 303-307 

Zhicheng, S. (1986) Acute nickel carbonyl poisoning: a report of 179 cases. Br. 1 ind. Med., 43, 
422-424 

Zober, A., Weltle, D., Schaller, K.-H. & Valentin, H. (1984) Study on the kinetics of chro­
mium and nickel in biological samples during weekly arc welding with raw materials 
containing nickel and chromium (Ger.). Schweissen Schneiden, 36, 461-464 

Zwennis, W.C.M. & Franssen, A.G. (1983) Exposure to insoluble nickel compounds in a 
plant for nickel catalysts. Relation between concentrations of nickel in urine and plas­
ma (Abstract). In: Proceedings ofthe Second International Conference on Clinical Chemis­
try and Clinical Toxicology of Metals, Montreal, p. 128 





0\ 
~ 
0\ 

NICKEL OCCUPATIONAL EXPOSURE 

END TEST TEST SYSTEM RESULTS DOSE REFERENCE 
POINT CODE NM M (LED OR HID) -

~ 
s Sill SCE, HUMAN LYMPHOCYTES IN VIVO - 0 0.1400 ~VIK ET AL., 19841 

~ s Sill SCE, HUMAN LYMPHOCYTES IN VIVO - 0 0.0680 ~VIK & BOYSEN, 1982~ 0s Sill SCE, HUMAN LYMPHOCYTES IN VIVO - 0 0.0280 ~VIK & BOYSEN, 1982
4 z 

s Sill SCE, HUMAN LYMPHOCYTES IN VIVO (+) 0 0 .-Q140 DENG ET AL. I 1983 0 
s Sill SCE, HUMAN LYMPHOCYTES IN VIVO - 0 0.0000 DECHENG ET AL., 1987i 0 
c Cill OffiOM li.BERR, HUMAN LYMPHOCYTES IN VIVO + 0 0.1400 ~VIK ET AL., 1984 

c Cill QffiOM li.BERR, HUMAN LYMPHOCYTES IN VIVO + 0 0.0680 ~VIK & BOYSEN, 1982; 

c Cill QffiOM li.BERR, HUMAN LYMPHOCYTES IN VIVO + 0 0.0280 ~VIK & BOYSEN, 1982


4 ~ c Cill CHROM li.BERR, HUMAN LYMPHOCYTES IN VIVO + 0 0.0140 DENG ET AL., 1983 en5 
c Cill CHROM li.BERR, HUMAN LYMPHOCYTES IN VIVO - 0 0.0000 DECHENG ET AL., 1987 a 

1NiO and Ni 
3
s (Nicl , Niso (crushing, roasting, smelting andjor electrolysis) 8 

2 2 4 ~ 
2 tr1NiO and Ni s (crushing, roasting, smelting)

3 2 ~ 
\03Nicl and Niso (electrolysis)

2 4 
4Ni and chromium (electroplating) 

5Ni(Co) (production of nickel carbonyl)
4 

Ji~ 



,,,!·,/,;,u,; 1a~.fh%ktrt1tW'ttm'$±Wu·ec···-·'='·c·e r··attt'H-o 't!'Wfc?'!bf''d ebt' #t'tm·tw····~....._... "W*'I'f¥* 1 t ...... .... ~--·a·····" ..........
d t I ................ 


NICKEL OCCUPATIONAL EXPOSURE 7440-02-0 24-JUL-90 


s c 
L L 
H H 


8 


6 

4 

Ul ~ 
I ­- tilz 
:::::J z2 tj
w :;<Ul 
D ND 

0
L'J 
D 
_J 

-2 

-4 

s c 
L L 
H H 

MAMMALS IN VITRO HUMANS IF /HI t-f'IMMALS IN VIVO 
IN VITRO 

0\ 

PROKARYOTES I LO\o/ER EUKAR. 

...... 
-.) 



00 

0\ 
1-' 

....... 

~ METALLIC NICKEL 

END 
POINT 

TEST 
CODE 

TEST SYSTEM RESULTS 
NM M 

DOSE 1 

(LED OR HID) 
REFERENCE 

~ 
0 z 
0 
0 

. ~T 
T 
c 

•Doses 

TCS 
TCL 
CHL 

are 

CELL TRANSFORMATION, SHE, CLONAL ASSAY 
CELL TRANSFORMATION, OTHER CELL LINES 
CHROM ABERR, HUMAN LYMPHOCYTES IN VITRO 

given as concentrations of the element, not 

+ 0 20.0000 COSTA ET AL., 1981b 
+ 0 200.0000 HANSEN & STERN, 1984 
- 0 0.0000 PATON & ALLISON, 1972 

the concentration of the compound. 
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~ 
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0\ 

~ 

NICKEL OXIDES 

~ 
END TEST TEST SYSTEM RESULTS DOSE 1 REFERENCE (J 

POINT CODE NM M (LED OR HID) s:: 
0 z 

D BSD B. SUBTILIS REC, DIFFERENT!l\L TOXICITY 2 - 0 1475.0000 KANEMATSU ET AL. I 1980 0 
D BSD B. SUBTILIS REC, DIFFERENTIAL TOXICITY J - 0 2950.0000 KANEMATSU ET AL. I 1980 0 
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY 1 + 0 16.0000 COSTA ET AL., 1981b 
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAYJ + 0 14:0000 COSTA ET AL., 1981b ~ 
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY 1 + 0 7.9000 SUNDERMAN ET AL. I 1987 ::X:: 
T TCL CELL TRANSFORMATION, OTHER CELL LINES 1 + 0 30.0000 HANSEN & STERN I 1983 C/) 

T TCL CELL TRANSFORMATION, OTHER CELL LINES 1 + 0 4.0000 HANSEN & STERN, 1983 < 
c CHL CHROM ABERR, HUMAN LYMPHOCYTES IN VITRO 1 - 0 0.0000 PATON & ALLISON, 1972 0 
T TIH CELL TRANSFORMATION, HUMAN CELLS IN VITR0 1 + 0 3.0000 BIEDERMANN & LANDOLPH, 1987 G 

s:: 
tTllOoses are given as concentrations of the element, not the concentration of the compound. 
~ 

2Nickel trioxide \0 
1 Nickel monoxide 

··~~ 
:~ 
'"{ 
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T T 
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5 L 
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Ul 
I ­

z 
::J 

w 
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l!J 
D 
_J 

2 

0 

-2 

-4 

8 
5 
0 

MAMMALS IN VITRO HUMANSPROKARYOTES I LO\IER EUKAR. 
IN VITRO 

~ 
"'tl 
tr1 z 
0-:>< 
N 

F /HI MAMMALS IN VIVO 

0'\ 
N 
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0\ 

~ 

NICKEL SULFIDES (AMORPH.) ~ 
(') 

~ 
0 

END TEST TEST SYSTEM RESULTS OOSE 1 REFERENCE z 
POINT CODE NM M (LED OR HID) 0 

0 

D 
D 

DIA 
RIA 

STRAND BREAKS/X-LINKS, ANIMAL CELLS IN VITRO 
OTHER DNA REPAIR, ANIMAL CELLS IN VITRO 

-
-

0 
0 

6.5000 
6.5000 

COSTA ET AL., 1982 
ROBISON ET AL., 1983 

~ ::c 
G GCO MUTATION, CHO CELLS IN VITRO (+) 0 1. 0000 COSTA ET AL., 1980 en 
T 
T 

TCS 
TCS 

CELL TRANSFORMATION, 
CELL TRANSFORMATION, 

SHE, 
SHE, 

CLONAL ASSAY 
CLONAL ASSAY 

-
-

0 
0 

3:2500 
6.5000 

COSTA ET AL., 1979 
COSTA ' MOLLENHAUER, 1980a d 

T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY - 0 6.5000 COSTA ET AL., 1982 ~ 
tr1 

lOoses are given as concentrations of the element, not the concentration of the compound. ~ 
\0 

'... ,.. 
~ 

l ,}~ .\ .;II: .i' :,., ~1 
.. ~......... 
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NICKEL SULFIDES (CRYST. ) 

END TEST TEST SYSTEM RESULTS DOSE 1 REFERENCE -POINT CODE NM M (LED OR HID) $; 
() 

c 
D 
D 
D 
D 

PSC 
DIA 
DIA 
DIA 
DIA 

PARAMECIUM SPECIES, CHROM ABERR 
STRAND BREAKS/X-LINKS, ANIMAL CELLS 
STRAND BREAKS/X-LINKS, ANIMAL CELLS 
STRAND BREAKS/X-LINKS, ANIMAL CELLS 
STRAND BREAKS/X-LINKS, ANIMAL CELLS 

IN VITRO 
IN VITRO 
IN VITRO 
IN VITRO 

+ 
(+) 
+ 
+ 
+ 

0 
0 
0 
0 
0 

0.3000 
114.0000 

6.5000 
0;6500 
6.5000 

SMITH-SONNEBORN ET 1\L. , 
SINA ET AL., 1983 
COSTA ET AL., 1982 
ROBISON & COSTA, 1982 
PATIERNO & COSTA, 1985 

19 8 3 s:: 
0 z 
0 
0 

D DIA STRAND BREAKS/X-LINKS, ANIMAL CELLS IN VITRO + 0 7.3000 ROBINSON ET AL., 1982 ~ D 
G 

RIA 
G9H 

OTHER DNA REPAIR, 
MUTATION, CHL V79 

ANIMAL 
CELLS, 

CELLS 
HPRT 

IN VITRO + 
+ 

0 
0 

0.6500 
4.9000 

ROBISON ET AL., 1983 
CHRISTIE ET AL., 1990 ::c 

Cl:l 
s 
c 
c 
c 
c 
T 

SIC 
CIC 
CIM 
CIT 
CIT 
TCS 

SCE, CHINESE HAMSTER CELLS IN VITRO 
CHROM ABERR, CHINESE HAMSTER CELLS IN VITRO 
CHROM ABERR, MOUSE CELLS IN VITRO 
CHROM ABERR, TRANSFORMED CELLS IN VITRO 
CHROM ABERR, TRANSFORMED CELLS IN VITRO 
CELL TRANSFORMATION, SHE, CLONAL ASSAY 

+ 
+ 
+ 
+ 
+ 
+ 

0 
0 
0 
0 
0 
0 

0.6500 
3.2000 
1.6000 

38.0000 
24.0000 
6.5000 

SEN & COSTA, 1986 
SEN & COSTA, 1985 
SEN ET AL., 1987 
UMEDA & NISHIMURA, 
NISHIMURA & UMEDA, 
COSTA ET AL., 1982 

1979 
1979 

6 
5
s:: 
tr1 

T 
c 

TCS 
CVA 

CELL TRANSFORMATION, SHE, CLONAL ASSAY 
CHROM ABERR, OTHER ANIMAL CELLS IN VIVO 

+ 
+ 

0 
0 

3.2500 
250.0000 

COSTA & MOLLENHAUER, 1980c 
CHRISTIE ET AL., 1988 

~ 
\C) 

1 Doses are given as concentrations of the element, not the contration of the compound. 

.f 
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~ 

NICKEL SUBSULFIDES 

~ 

END TEST TEST SYSTEM RESULTS OOSE 1 REFERENCE ~ POINT CODE NM M (LED OR HID) (') 

~ 
c 
D 
D 
G 

PSC 
RIA 
URP 
GCO 

PARAMECIUM SPECIES, CHROM ABERR 
OTHER DNA REPAIR, ANIMAL CELLS IN VITRO 
UDS, RAT PRIMARY HEPATOCYTES 
MUTATION, CHO CELLS IN VITRO 

+ 
+ 
-

{+) 

0 
0 
0 
0 

0.4000 
7.3000 

20.0000 
1.-1000 

SMITH-SONNEBORN ET .AL. , 1983 
ROBISON ET .AL., 1983 
SWIERENGA & MCLEAN, 1985 
COSTA ET .AL., 1980 

0 
z 
0 
0 

G GIA MUTATION, OTHER ANIMAL CELLS IN VITRO + 0 3.7000 SWIERENGA & MCLEAN, 1985 ~ T 
T 
T 
T 
T 
T 

TCM 
TCS 
TCS 
TCS 
TCS 
TCL 

CELL TRANSFORMATION, 
CELL TRANSFORMATION, 
CELL TRANSFORMATION, 
CELL TRANSFORMATION, 
CELL TRANSFORMATION, 
CELL TRANSFORMATION, 

C3H10T1/2 CELLS 
SHE, CLONAL ASSAY 
SHE, CLONAL ASSAY 
SHE, CLONAL ASSAY 
SHE, CLONAL ASSAY 
OTHER CELL LINES 

+ 
+ 
+ 
+ 
+ 
+ 

0 
0 
0 
0 
0 
0 

0.0007 
0.7300 
0.0730 
0.7300 
3.7000 
3.7000 

SAXHOLM ET .AL. , 1981 
DIPAOLO & CASTO, 1979 
COSTA ET AL., 1979 
COSTA & MOLLENHAUER, 1980a 
COSTA & MOLLENHAUER, 1980c 
HANSEN & STERN, 1983 

:I: 
C/l 

<: 
0 

5 
T TCL CELL TRANSFORMATION, OTHER CELL LINES + 0 1.8000 SWIERENGA ET .AL., 1989 ~ 
G GIH MUTATION 1 HUMAN CELLS IN VITRO - 0 0.6000 BIEDERMANN & LANDOLPH, 1987 tr1 
s 
T 

SHL 
TIH 

SCE, HUMAN LYMPHOCYTES IN VITRO 
CELL TRANSFORMATION, HUMAN CELLS IN VITRO 

+ 
+ 

0 
0 

0.7300 
0.6000 

SAXHOLM ET .AL., 1981 
BIEDERMANN & LANDOLPH, 1987 

~ 
'-0 

lOOses are given as concentrations of the element, not the concentration of the compound. 

~ 
:-~ 
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NICKEL CHLORIDE ~ 

END TEST TEST SYSTEM RESULTS DOSE l REFERENCE 
POINT CODE NM M (LED OR HID) 

D ERD E. COLI REC, DIFFERENTIAL TOXICITY 567.0000 DE FLORA ET AL. , 1984a 
D ERD E. COLI REC, DIFFERENTIAL TOXICITY + 0 90.0000 'lWEATS ET AL. , 1981 
D ERD E. COLI REC, DIFFERENTIAL TOXICITY 0 0.0100 DUBINS & LAVELLE, 1986 
D BSD B. SUBTILIS REC, DIFFERENTIAL TOXICITY 0 1475;0000 KANEMATSU ET AL., 1980 -D BSD B. SUBTILIS REC, DIFFERENTIAL TOXICITY 0 147.5000 NISHIOKA, 1975 
G SAO S. TYPHIMURIUM TAlCO, REVERSE MUTATION 0 587.0000 TSO & FUNG, 1981 ~G SAO S. TYPHIMURIUM TAlCO, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 
G 

G 

SAO 
SA2 

S. TYPHIMURIUM TA100, 
S. TYPHIMURIUM TA102, 

REVERSE 
REVERSE 

MUTATION 
MUTATION 0 

0.0000 
590.0000 

DE FLORA ET AL., 
BIGGART & COSTA, 

1984a 
1986 

a: 
0 

G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 z 
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 0 118.0000 BIGGART & COSTA, 1986 0 
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 0.0000 DE FLORA ET AL., 1984a 0 
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 
G SA7 S. TYPHIMURIUM TAl 53 7, REVERSE MUTATION 0.0000 DE FLORA ET AL., 1984a ~ 
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 :I: 
G SAS S. TYPHIMURIUM TA1538, REVERSE MUTATION 0 118.0000 BIGGART & COSTA, 1986 C/) 

G 
G 

SA8 
SA9 

S. TYPHIMURIUM TA1538, REVERSE MUTATION 
S. TYPHIMURIUM TA98, REVERSE MUTATION 0 

0.0000 
0.0000 

DE FLORA ET AL., 1984a 
ARLAUSKAS ET AL., 1985 a 

G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 0.0000 DE FLORA ET AL., 1984a 
G SAS S • TYPHIMURIUM (OTHER) , REVERSE MUTATION 0 590.0000 TSO & FUNG, 1981 ~ G 
G 
G 

SAS 

SAS 
EC2 

S • TYPHIMURIUM (OTHER) , REVERSE 
S. TYPHIMURIUM (OTHER) , REVERSE 
E. COLI WP2 , REVERSE MUTATION 

MUTATION 
MUTATION 

0 

0 

118.0000 
0.0000 
4.5000 

BIGGART & COSTA, 1986 
DE FLORA ET AL., 1984a 
GREEN ET AL., 1976 

tT1 
..j:>. 
1.0 

R SCG S. CEREVISIAE, GENE CONVERSION + 0 176.0000 FUKUNAGA ET AL., 1982 
G SCR S. CEREVISIAE, REVERSE MUTATION + 0 1535.0000 EGILSSON ET AL., 1979 
G DMM D. MELANOGASTER, SOMATIC MlJl'ATjRECOMB 0 12.0000 RASMUSON, 1985 
G DMX D. MELANOGASTER, SEX-LINKED RECESSIVES 0 248.0000 VOGEL, 1976 
D DIA STRAND BREAKS/X-LINKS, ANIMAL CELLS IN VITRO + 0 0.4500 ROBISON & COSTA, 1982 
D DIA STRAND BREAKS/X-LINKS, ANIMAL CELLS IN VITRO + 0 150.0000 PATIERNO & COSTA, 1985 
D DIA STRAND BREAKS/X-LINKS, ANIMAL CELLS IN VITRO + 0 5.9000 ROBISON ET AL., 1982 
D DIA STRAND BREAKS/X-LINKS, ANIMAL CELLS IN VITRO + 0 59.0000 ROBISON ET AL., 1984 
D RIA OTHER DNA REPAIR, ANIMAL CELLS IN VITRO + 0 5.9000 ROBISON ET AL., 1983 
G GCO Mlrl'ATION, CHO CELLS IN VITRO (+) 0 0.0000 HSIE ET AL., 1979 
G G9H MUTATION, CHL V79 CELLS, HPRT (+) 0 23.0000 MIYAKI ET AL., 1979 
G G9l! MUTATION, CHL V79 CELLS, HPRT + 0 29.5000 HARTWIG & BEYERSMANN, 1989 

;,~ 




NICKEL CHLORIDE 

END TEST TEST SYSTEM RESULTS OOSE 1 REFERENCE 
POINT CODE NM M (LED OR HID) 

G GST MUTATION, L5178Y CELLS, TK LOCUS + 0 10.0000 AMACHER & PAILLET, 1980 
G GIA MUTATION 1 OTHER ANIMAL CELLS IN VITRO + 0 2.4000 BIGGART & MURPHY, 1988 
G GIA MUTATION 1 OTHER ANIMAL CELLS IN VITRO + 0 45.0000 SWIERENGA & MCLEAN, 1985 
s SIC SCE, CHINESE HAMSTER CELLS IN VITRO + 0 8.-0000 OHNO ET AL., 1982 
s 
s 
c 

SIC 
SIC 
CIC 

SCE, CHINESE HAMSTER CELLS IN VITRO 
SCE, CHINESE HAMSTER CELLS IN VITRO 
CHROM ABERR, CHINESE HAMSTER CELLS IN VITRO 

+ 
+ 
+ 

0 
0 
0 

0.6000 
17.7000 

0.6000 

SEN & COSTA, 1986 
HARTWIG & BEYERSMANN, 
SEN & COSTA, 1985 

1989 
~ 
""C 
tr1 
z 

c CIC CHROM ABERR, CHINESE HAMSTER CELLS IN VITRO + 0 6.0000 SEN ET AL. I 1987 0 
c CIT CHROM ABERR 1 TRANSFORMED CELLS IN VITRO (+) 0 38.0000 UMEDA & NISHIMURA, 1979 ~ c 
T 

CIT 
TCS 

CHROM ABERR 1 TRANSFORMED CELLS IN VITRO 
CELL TRANSFORMATION, SHE, CLONAL ASSAY 

+ 
+ 

0 
0 

35.0000 
2.2500 

NISHIMURA & UMEDA, 1979 
ZHANG & BARRETT, 1988 

N 

D DIH STRAND BREAKS/X-LINKS, HUMAN CELLS IN VITRO ? 0 3.0000 MCLEAN ET AL. I 1982 
s SHL SCE, HUMAN LYMPHOCYTES IN VITRO + 0 0.6000 NEWMAN ET AL., 1982 
H HMM HOST-MEDIATED ASSAY 1 MICROBIAL CELLS - 0 23.0000 BUSELMAIER ET AL., 1972 
M MVM MICRONUCLEUS TEST, MICE IN VIVO - 0 11.000 DEKNUDT & LEONARD, 1982 
c CBA CHROM ABERR, ANIMAL BONE MARROW IN VIVO + 0 2.3000 CHORVATOVICOVA, 1983 
c CBA CHROM ABERR, ANIMAL BONE MARROW IN VIVO + 0 2.7000 IDHARTY I 1987 
c Dut OOMINANT LETHAL TEST, MICE - 0 46.0000 DEKNUDT & LEONARD, 1982 

lOoses are given as concentrations of the element, not the concentration of the compound. 

0\ 

~ 
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---
NICKEL SULFATE 

END TEST TEST SYSTEM RESULTS DOSE I REFERENCE 
POINT CODE NM M (LED OR HID) 

G BPF BACTERIOPHAGE , FORWJIJU> MUTATION 0 114.0000 CORBETT ET AL., 1970 
G SAO S. TYPHIMURIUM TA100, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 
G SA5 S. TYPHIMURIUM TA1535, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 0 0:0000 ARLAUSKAS ET AL., 1985 
G SA8 S. TYPHIMURIUM TA1538, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 
G SA9 s. TYPHIMURIUM TA98 I REVERSE M11l'ATION 0 0.0000 ARLAUSKAS ET AL., 1985 
G EC2 E. COLI WP2, REVERSE MUTATION 0 0.0000 ARLAUSKAS ET AL., 1985 
G DMX D. MELANOGASTER, SEX-LINKED RECESSIVES + 0 45.0000 RODRIGUEZ-ARNAIZ & RAMOS, 1986 
A DMN D. MEI..l\NOGASTER, ANEUPLOIDY (+) 0 90.0000 RODRIGUEZ-ARNAIZ & RAMOS, 1986 
G GIA MUTATION, OTHER ANIMAL CELLS IN VITRO 0 1.0000 RIVEDAL & SANNER, 1980 
G 

s 
s 

GIA 
SIC 
SIC 

MUTATION, OTHER ANIMAL CELLS IN VITRO 
SCE, CHINESE HAMSTER CELLS IN VITRO 
SCE, CHINESE HAMSTER CELLS IN VITRO 

(+) 

+ 
+ 

0 
0 
0 

6.0000 
0.1700 
8.0000 

CHRISTIE ET AL., 1990 
DENG & QU, 1981 
OHNO ET AL., 1982 

?; 
'"0 

s 
s 
s 

SIM 
SIS 
SIA 

SCE, 
SCE, 
SCE, 

MOUSE CELLS IN VITRO 
SYRIAN HAMSTER CELLS IN VITRO 
OTHER ANIMAL CELLS IN VITRO 

+ 
+ 

(+) 

0 
0 
0 

6.0000 
0.2000 
6.0000 

ANDERSEN, 1983 
LARRAMENDY ET AL., 
ANDERSEN, 1983 

1981 
tT1 z 
0-c CIS CHROM ABERR, SYRIAN HAMSTER CELLS IN VITRO + 0 1.0000 LARRAMENDY ET AL. I 1981 >< 

T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY + 0 4.5000 RIVEDAL & SANNER, 1980 N 
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY + 0 9.0000 PIENTA ET AL., 1977 
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY + 0 1.0000 DIPAOLO & CASTO I 1979 
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY + 0 1.9000 ZHANG & BARRETT, 1988 
T TEV CELL TRANSFORMATION, OTHER VIRAL SYSTEMS + 0 4.0000 WILSON & KHOOBYARIAN, 1982 
D DIH STRAND BREAKS/X-LINKS, HUMAN CELLS IN VITRO 0 56.0000 FORNACE, 1982 
s SHL SCE, HUMAN LYMPHOCYTES IN VITRO + 0 1.4000 WULF I 1980 
s SHL SCE, HUMAN LYMPHOCYTES IN VITRO + 0 0.6000 LARRAMENDY ET AL. I 1981 
s SHL SCE, HUMAN LYMPHOCYTES IN VITRO + 0 0.1000 DENG & QUI 1981 
s SHL SCE, HUMAN LYMPHOCYTES IN VITRO + 0 0.6000 ANDERSEN, 1983 
c CHL CHROM ABERR, HUMAN LYMPHOCYTES IN VITRO + 0 1.0000 LARRAMENDY ET AL. I 19 81 
T TIH CELL TRANSFORMATION, HUMAN CELLS IN VITRO + 0 4.0000 LECHNER ET AL. I 1984 
T TIH CELL TRANSFORMATION, HUMAN CELLS IN VITRO + 0 0.6000 BIEDERMANN & LANDOLPH, 1987 
c CBA CHROM AB.ERR, ANIMAL BONE MARROW IN VIVO 0 1.3000 MATHUR ET AL. I 1978 
c CCC CHROM ABERR, SPERMATOCYTES 0 1.3000 MATHUR ET AL. I 1978 
I ICR INHIBIT CELL COMMUNICATION, ANIMAL CELLS + 0 60.0000 MIKI ET AL., 1987 

0'1 
VJ1 Doses are given as concentrations of the element, not the concentration of the compound. f-.' 
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NICKEL NITRATE 

END TEST TEST SYSTEM RESULTS OOSE 1 REFERENCE 
POINT CODE NM M (LED OR HID) 

D 
G 

G 

G 

ERD 
SAO 
SA5 
SA7 

E. COLI REC 1 DIFFERENTIAL TOXICITY 
S. TYPHIMURIUM TA100 1 REVERSE MUTATION 
S. TYPHIMURIUM TA1535 1 REVERSE MUTATION 
S. TYPHIMURIUM TA1537 1 REVERSE MUTATION 

-
-
-
-

-
-
-
-

605.0000 
0.0000 
0.0000 
0;0000 

DE 
DE 
DE 
DE 

FLORA ET AL. 1 

FLORA ET AL. 1 

FLORA ET AL. 1 

FLORA ET AL. 1 

1984a 
1984a 
1984a 
l984a 

~ 
""'d 
t'I1 z 

G SA8 S. TYPHIMURIUM TA1538 1 REVERSE MUTATION - - 0.0000 DE FLORA ET AL. 1 1984a tj-G SA9 S • TYPHIMURIUM TA9 8 1 REVERSE MUTATION - - 0.0000 DE FLORA ET AL. 1 1984a ~ 
G 
G 

SAS 
DMM 

S. TYPHIMURIUM (OTHER) 1 REVERSE MUTATION 
D. MEI...l\NOGASTER 1 SOMATIC MUTATjRECOMB 

-
-

-
0 

0.0000 
8.2500 

DE FLORA ET AL. 1 

RASMUSON, 1985 
1984a N 

G DMX D. MEI...l\NOGASTER, SEX-LINKED RECESSIVES - 0 8.2500 RASMUSON, 1985 
G DMX D. MEI...l\NOGASTER 1 SEX-LINKED RECESSIVES - 0 407.0000 VOGEL, 1976 
M MVM MICRONUCLEUS TEST 1 MICE IN VIVO - 0 18.0000 DEKNUDT & LEONARD, 1982 
c DLM DOMINANT LETHAL TEST I MICE - 0 37.0000 DEKNUDT & LEONARD, 1982 
c DLM DOMINANT LETHAL TEST, MICE - 0 18.0000 JAQUET & MAYENCE, 1982 

1 Doses are given as concentrations of the element, not the concentration of the compound. 
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NICKEL ACETATE 

END TEST TEST SYSTEM RESULTS DOSE 1 REFERENCE 
POINT CODE NM M (LED OR HID) 

D PRB PROPHAGE, INDUCT/50S/STRAND BREAKS/X-LINKS (+) 0 9.4000 ROSSMAN ET AL., 1984 ~ D 
G 

ERD 
SAO 

E. COLI REC, DIFFERENTIAL TOXICITY 
S. TYPHIMURIUM TAlOO, REVERSE MUTATION 

-
-

-
-

417.0000 
0.0000 

DE 
DE 

FLORA ET AL., 
FLORA ET AL., 

1984a 
1984a 

'"'d m 
G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION - - 0;0000 DE FLORA ET AL. , 1984a z 
G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION - - 0.0000 DE FLORA ET AL., l984a tJ-G 
G 

SA8 
SA9 

S. TYPHIMURIUM TA1538, REVERSE MUTATION 
S. TYPHIMURIUM TA98, REVERSE MUTATION 

-
-

-
-

0.0000 
0.0000 

DE 
DE 

FLORA 
FLORA 

ET AL., 
ET AL., 

1984a 
1984a 

:><! 
N 

G SAS S . TYPHIMURIUM (OTHER) , REVERSE MUTATION - - 0.0000 DE FLORA ET AL., 1984a 
c CIT ClffiOM ABERR, TRANSFORMED CELLS IN VITRO + 0 38.0000 UMEDA & NISHIMURA, 1979 
c CIT CHROM ABERR, TRANSFORMED CELLS IN VITRO + 0 35.0000 NISHIMURA & UMEDA, 1979 
T TCL CELL TRANSFORMATION, OTHER CELL LINES + 0 33.0000 HANSEN & STERN, 1983 
T TIH CELL TRANSFORMATION, HUMAN CELLS IN VITRO + 0 0.6000 BIEDERMANN & LANDOLPH, 1987 

1 Doses are given as concentrations of the element, not the concentration of the compound. 
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NICKEL (OTHER COMPOUNDS) 

1
END TEST TEST SYSTEM RESULTS OOSE REFERENCE 

POINT CODE NM M (LED OR HID) 

2 
G SAO S. TYPHIMURIUM TAlOO, REVERSE MUTATION 50.0000 HAWORTH ET AL., 1983 

2 ~ G SAS S. TYPHIMURIUM TA1535, REVERSE MUTATION 50.0000 HAWORTH ET AL., 1983
2 "'"d 

G SA7 S. TYPHIMURIUM TA1537, REVERSE MUTATION 50.0000 HAWORTH ET AL., 1983 tT1 
G SA9 S. TYPHIMURIUM TA98, REVERSE MUTATION 167:0000 HAWORTH ET AL., 19832 z 
c CIT CHROM ABERR, TRANSFORMED CELLS IN VITRO + 0 12.0000 NISHIMURA & UMEDA, 1979 3 -t:l 4
T TCS CELL TRANSFORMATION, SHE, CLONAL ASSAY + 0 2.6000 COSTA & MOLLENHAUER, 1980c ~ 5
D OVA STRAND. BREAKS/X-LINKS, ANIMALS IN VIVO + 0 5.0000 CICCARELLI & WETTERHAHN~ 1982 N 
D OVA STRAND BREAKS/X-LINKS, ANIMALS IN VIVO + 0 7.5000 CICCARELLI ET AL., 1981 

;Doses are given as concentrations 

3Nickelocene 

4Nickel potassium cyanide 

5
Nickel subselenide (crystalline) 
Nickel carbonate 

of the element, not the concentration of the compound. 
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Report on Carcinogens (RoC), 9th Edition 

Review Summary 




NTP Report On Carcinogens 1998 Background Document For Nickel Compounds 

Report on Carcinogens (RoC), 9th Edition 

Review Summary 


Nickel Compounds 

NOMINATION 

Review for possible listing as a known to be human carcinogen based on recent IARC 

reclassification ofNickel and Nickel Compounds as a known human carcinogen (IARC Vol. 49, 

1990). 


DISCUSSION 

Nickel and Certain Nickel Compounds, which have many industrial and commercial applications 

(including use in stainless steels, nickel alloys, catalysts, batteries, pigments, ceramics, etc.), is 

currently listed in the RoC as reasonably anticipated to be a human carcinogen. Studies of 

workers exposed to various nickel compounds show the risks for death from lung cancer and 

nasal cancer are elevated. Although the precise nickel compound responsible for the carcinogenic 

effects in humans is not always clear, studies indicate that nickel compounds encountered in the 

nickel refining industries which included sulfates, which are soluble, and combinations of sulfides 

and oxides, which are insoluble, are carcinogenic to humans. Both soluble and insoluble nickel 

compounds are multi-species animal carcinogens by multiple routes of exposure and cause 

tumors both at the site of application and at distant sites. The combined results of 

epidemiological studies, carcinogenesis studies in rodents, and mechanistic data support the 

concept that nickel compounds act by the generation of nickel ions at critical sites in target cells 

of carcinogenesis and allow consideration and evaluation of these compounds as a single group. 

The recommendations from the three NTP reviews of this nomination are as follows: 


Review Committee 	 Recommendation Vote 

NIEHS (RGl) list as known to be human carcinogen 7 yes/0 no 

NTP EC Working Group (RG2) list as known to be human carcinogen 4 yes/3 no/1 a* 

NTP Board RoC Subcommittee list as known to be human carcinogen 12 yes/0 no 
*a-abstentions 

Public Comments Received: 

A total of 17 public comments were received: 


• 	 15 against upgrading to a known to be human carcinogen 

• 	 1 recommending listing only insoluble Nickel Compounds as known human 
carcmogens 

• 	 1 providing comments on the content of the background document prepared for the 
review of this nomination 
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