
NICKEL AND NieKEL eOMPOUNDS

Nickel and nickel compounds were considered by previous !AC 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 inc1uded in the pres-
ent monograph and have been taken into consideration in the evaluation.

1. ehemical 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-con tain-
ing substances, but it is indicative of the range of nickel 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 1. 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
Dame

Chem. Abstr. SYDoDyms and trade Dames
Seiv. Reg.
Numbera

Formula Oxda-
tion
stateb

Metallc nickel and nickel alloys

Nickel 7440-02-0 c.I. 77775; NI; Ni 233; Ni 270; Nickel 270; Ni
(8049-31-8; Nickel element; NP 2
17375-04-1;
39303-46-3;
53527-81-4;
112084-17-0)

o

-- 257 -
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Table i (contd)

Chemical Chem. Abstr. Synonym and trade names Formula Ox-name Seiv. Reg.
dationNumber4
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 + ) sul-
fide; nickel sulfde (NiS)

1314-0-1 Milerite (NiS) NiS +2
(61026-96-8)

Nickel sub- 12035-72-2 Nickel seuisulfide; nickel subsulfide Ni3S2 NSsulfide (NiiSi); nickel sulfde (NiJSi) tnnickel
disulfide

12035-71-1 Heazlewooite (Ni3~); Khizlevudite

Pentll1dite 53809-86-2 Pentlandite (FegNigS16) FegNigS16 NS
12174-14-0 Pentlandite (Feo.4-.~io.4-.6)gS8 NS

Nickel salts

Nickel 3333-7-3 Carbonic acid, nickel (2 + ) salt (1:1); nick- NiCÛ: +2carbonate el carbonate (1:1); nickel (II) carbonate;
nickel (2+) carbonate; nickel carbonate
(NiC03); nickel (2 + ) carbonate (NiC03);
nickel monocrbonate; nickelous carbon-
ate

Baic nickel 12607-70-4 Carbonic acid, nickel salt, basic; nickel NiCÛ:.2Ni(OHk +2carbonates (63091-15-6) carbonate hydroxide (Ni3(C03XOH)4);
nickel, (carbonato(2-)) tetrhydroxy-

12122-15-5 Nickel bis(carbonato(2- ))hexahydroxyn- 2NiC03.3Ni(OHk +2
ta-ô nickel hydroxycarbonate

Nickel acetate 373-02-4 Acetic acid, nickel (2 + ) salt; nickel (II) Ni(OCOCH3k +2
(17593-69-0) acetate; nickel (2+ ) acetate; nickel di-

acetate; nickelous acetate

Nickel acetate 6018-89-9 Acetic acid, nickel ( + 2) salt, tetrahydrate Ni(OCOCH3k.4H2O +2tetrahydrate

Nickel ammo- 15699-18-0 Ammonium nickel sulfate Ni(NlLk(S04k +2nium sulfates ((NH4hNi(S04)i); nickel ammonium sul-
fate (Ni(NH4)i(S04h); sulfuric acid, am-
monium nickel (2+) salt (2:2:1)

Nickel ammo- 25749-08-0 Ammonium nickel sulfate Ni2(NlLk(S04Y. +2nium sulfate ((NH4nNii(S04h); sulfuric acid, ammo-
hexahydrate nium nickel (2 + ) salt (3:2:2)
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Table 1 (contd)

Chemical Chem. Abstr. Synonyms and trade names Formula Ox-
name Serv. Reg. dation

Numbera stateb

7785-20-8 Ammonium nickel (2+) sulfate hexahy- Ni(NI-MS04~' +2
(51287-85-5, drate; ammonium nickel sulfate 6H2O
55526-16-4) ((NH4)iNi(S04)i); diammonium nickel

disulfate hexahydrate; diammonium nickel
(2+) disulfate hexahydrate; diammonium
nickel (II) disulfate hexahydrate; nickel
ammonium sulfate (Ni(NH4h(S04h)
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 +2
chromate chromate (NiCr04); nickel chromium

oxide (NiCr04)

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

nickel dichloride (NiCli); nickelous chlo-
ride

Nickel 7791-20-0 Nickel chloride (NiCI2) hexahydrate NiCI2.6H2O +2
chloride
hexahydrate

Nickel nitrate 13478-00-7 Nickel (2+) bis(nitrate)hexahydrate; nick- Ni(N03)2.6H20 +2
hexahydrate el dinitrate hexahydrate; nickel (II) nitrate

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

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

hydrate

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

(1:1); nickel sulfate (NiS04); sulfuråc
acid, nickel (2 + ) salt (1:1)

Nickel sulfate 10101-97-0 Sulfuråc acid, nickel (2 + ) salt (1: 1), hexa- NiS04.6H2O +2
hexahydrate hydrate

Nickel sulfate 10101-98-1 Sulfuric acid, nickel (2+) salt (1:1), hep- NiS04.7H2O +2
heptahydrate tahydrate

Other nickel compounds

Nickel 13463-39-3 Nickel carbonyl (Ni(CO)4)' (T-4)-; nickel Ni(CO)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 i (contd)

Chemical na me Chem. Abstr. Synonyms and trade names Formula Oxda-
Serv. Reg. tion
Numbera 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 Breithauptit€ (SbNi) NiSb NS
Nickel 27016-75-7 Nickel arsnide (NiAs) NiA NSarsnides (12068-59-6

24440-79- 7)

1303-13-5 Nickeline; nickeline (NiAs); nicolite NiA NS
(23292-74-2)
12256-33-6 Nickel arsenide (Ni11Asa); nickel arsnide NiiiAse NS

tetragonal
12044-65-4 Maucherite (Ni11Asa); Placodine; Temis- NiiiAse NS

kamite
12255-80-0 Nickel arsenide (NisAs2); nickel arsnide Nis~ NS

hexagonal
Nickel 1314-05-2 Nickel monoselenide; nickel selenide NiSe NS

selenide
(Ni Se )

12201-85-3 Maekinenite; Makinenite (NiSe) NiSe NS
Nickel 12137-13-2 Nickel selenide (Ni3Se2) Ni3Se2 NS

subselenide

Nickel 12255-10-6 Nickel arsenide sulfide (NiAsS) NiA NSsulfarsnide

12255-11-7 Gersdorfte (NiAsS) NiAS NS
Nickel 12142-88-0 Nickel monotelluride; nickel telluride NiTe NS

telluride
(Ni Te) 

24270-51-7 Imgreite (Ni Te) NiTe NS
Nickel titanate 12035-39-1 Nickel titanate(IV); nickel titanate (Ni- NiT03 +2

Ti03); nickel titanium oxide (NiTi03);

nickel titanium trioxide

Chrome iron 71631-15-7 CI 77504; CI Pigment Black 30;
(Ni,Fe XCrFe ~04 NS

nickel black DCMA-13-50-9; nickel iron chromite
spine! black spinel
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Table 1 (contd)

Chemical name Chem. Abstr. Synonym and trade names
Seiv. Reg.
Number'

Formula Oxda-
tion
stateb

Nickel ferrte 68187-10-0 CI Pigment Brown 34; DCMA-13-35-7 NiFei04 NS
brown spinel

Nickelocne 1271-28-9 Bis(1l5-2,4-cclopentadien-1-yl)nickel; 1T -(CsHskNi + 2
(51269-44-4) di-1T -cclopentadienylnickel; dicycIopen-

tadienylnickel; nickel, bis(T)5-2,4-cclo-

pentadien-1-yl)-; nickel, di-1T -cclopenta-
dienyl-

tZeplace CAS Registiy nuinbers are given in parenthes.

lIS, not speifed; mixed formai oxidation states of nickel and/or complex cordination in the sol id form

CCemical Abstracts Seivee Registiy lists hundreds of thes compounds; some tyical examples are given.

dJn commercial usge, 'black nickel oxide' usually refers to the low-temperature ciystallne form of nickel
monoxide, but nickel trioxide (Ni203), an unstable oxide of nickel, may also be called 'black nickel oxide'.

1.2 Chemical and physical properties or the pure substance

Known physical properties of sorne 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 gI at 20 0 C) and nickel sulfate (293 g/l at 20 0 C), while nickel mon~sul-
fide (3.6 mgl at 180 C) and nickel carbonate (93 mg/l at 25 0 C) are classed as insolu-
ble (Weast, 1986). Compounds with solubilties towards the middle of this range are
not easily classified in this way. Different forms of nominally the same nickel com-
pound can have very different solubilties in a given solvent, and particle size, hydra-
tion and crystallinity can markedly affect the rate of dissolution. 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 anhydráte.



Table 2. Physical properties of nickel and nickel compoundsa

Chemical name Atomic/ Melting- Boilng- Typical physical Solubilty
molecular point point description
weight (OC) (OC)

Metalic nickel and nickel alloys

Nickel 58.69 1455 2730 Lustrous white, hard fer- Soluble in dilute nitric acid; slightly sol-
romagnetic metaib or grey uble in hydrochloric and sulfuric acids;

Z
powder insoluble in cold or hot water -

(ìFerronickel alloy Grey solidc Combined properties of metallc iron ~- - -
tT

and nickel, ammonia and alkali hydrox- L-
ides

~Nickel oxides and hydroxides 0
ZNickel hydroxde 9270 230 Green crytals or amor- Nearly insluble (0.13 g/it in cold water; --
nphous solid soluble in acid, ammonium hydroxide ~
tTNickel monoxide 74.69 1984 - Grey, black or greenC Insoluble in water (0.0011 g/l at 20°C); L-

powder soluble in acid, ammonium hydroxided (ì0Nickel sulfides ~
'"

Nickel diulfide 1281 Decm- Black crytalsc or powder Insluble in watef' 0-
c:po at Z40d 0
czNickel sulfde

Amorphous 90.75 797 - Black crtals or powder Nearly insoluble (0.0036 g/, ß-form)d in~-form 90.75 - - -
water at 18°C; soluble in aqua regia, ni-ß-form 90.75 - - Dark-green crytalsC tre acid, potasium hydrosulfide; slight-
ly soluble in acids

Nïckel subsulfde 24.19 790 - Lutrous pale-yellowih Insluble In cold water; soluble In nItric
( ~-form) or bronze metallc cry- acid

tais ~w



Table 2 (contd) ~

Chemical name Atomic/ Melting- Boilng- Typical physical Solubilty
molecular point point description
weight (OC) (OC)

Nickel salts

Nickel acetate 176.78 Decom- 16.6 Dull-green crystals Soluble in water (166 g/l at 2O°C)d; in-

pos soluble in ethanol ~
Nickel acetate tetra- 248.84 Decom- 16 DUii-green crystals Soluble in water (160 g/l at 2O°C)d; solu- ~

hydrate poses ble in dilute ethanol (j
Nickel ammonium sulfates a=0

Hexahydrate 394.94 - - - Soluble in water (104 g/l at 2O°C)d Z0
Anhydrous 286.88 Decom- - Green crystalse Soluble in water (300 g/l at 2O°C)d; less

0
poese soluble in ammonium sulfate solution; ~insoluble in ethanoie ~

Nickel carbonate 118.70 Decom- Light-green crystals Nearly insoluble (0.093 g/l) in water at
en- ~

poes 25°C; insoluble in hot water, soluble in 0
acids

B
Nickel hydroxycarbonate 587.67 Decom- - Light-green crytals or Insoluble in cold water; decomposes in a=

poses brown powdere or wet hot water; soluble in acids tr
green paste

~i.
Nickel chlorides

Anhydrous 129.60 1001 Sublimes Yellow deliquescent Soluble in water at 20°C (642 g/l) and at
at 973 scales 100°C (876 g/l); soluble in ethanol, am-

monium hydroxide; insoluble in nitric
acid

Hexahydrate 237.70 - - Green deliquescent cry- Soluble in water (2540 g/l at 2O°C)d;

taIs very soluble in ethanol

Nickel chromate 174.71 - - Black crytals Insoluble in water



Table 2 (contd)

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

Nickel nitrate hexa- 290.79 56.7 Decom- Green deliquescent Soluble in water (2385 g/I at O°C), am-hydrate poses at crystals monium hydroxide and ethanol
Z136.7 -
()Nickel sulfates ~
trAnhydrous 154.75 Decom- Pale-green to yellow Soluble in water (293 g/I at 20°C); insol- ~-

~poses at crystals uble in ethanol and diethyl etherd,e
848 Û

Hexahydrate 262.84 53.3 - Blue or emerald-green Soluble in water (625 g/l at O°C); solu- Z-crytalse ble in ethanoid ()
~Heptahydrate 280.85 99 - Green crystals Soluble in water (756 g/I at 20°C); solu- tr
r-ble in ethanoid nOther nickel compounds 0
~Nickel antimonide 180.44 1158 Decom- Ught-copper to mauve Insoluble in waterd ""0poses at crystalsC e140 Z

Nickel arenides 133.61 968 Grey crystalsC Insoluble in hot or cold water, soluble
Û-
enNiA in aqua regia

Ni"Ase 124.96 100 - Platinum-grey crystals Insoluble in waterd
Ni~2 443.39 993 - Grey crystalsC Insoluble in wateJ"

Nickel carbonyl 170.73 -25 43 Colourless to yellow Nearly insoluble (0.18 g/I) in water at
liquid 9.8°C; soluble in aqua regia, ethanol,

diethyl ether, benzene, nitric acid; insol-
uble in dilute acids or dilute alkaIi

~
VI



Table 2 (contd)

SolubiltyChemical name Atomicl
molecular
weight

Melting-
point
(OC)

Boilng-
point
(OC)

Typical physical
description

Nickelocne

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 a t
600-900d

Decom-
poses at
1000

Dark-green crystalse

White or grey crystals

Green crystalsC

Grey crystalsC

Yellow crystalsC

Soluble in most organic solvents; insolu-
ble in water; decompos in acetone,
ethanol, diethyl ether

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

Insoluble in waterd

Insoluble in water; soluble in nitric acid,
aqua regia, bromine waterd

Insoluble in waterd

'Prom Weast (1986), unless otheiwse specified; -, depending on composition

bprom Windholz (1983)

'From Sunderman (1984)

dprom Grandjean (1986)

eprom Sax & Lewis (1987)

~

~

~
~ozo
o

~
:c
en
~o
B
s:
tI
.i1.
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1.3 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 al/oys

Ferronickel 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

(ERAET-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).

Metallc nickel undergoes surface oxidation in air; oxidation of finely 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 of Raney 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 Haën, 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 axides and hydroxides

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

Nickel monoxides are available commercially in different forffs 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) con tains about 22% oxy-
gen and small amounts of copper (0.75%), iron (0.3%), sulfur (0.00%) 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).



~
00

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

Alloy Ni Cu Cr Co Fe Mo W Ta Nb Al Ti Mn Si C Zr
-

Nickel-chromium ~
Cast alloy 625 63.0 - 21.6 - 20 8.7 - - 3.9 0.2 0.2 0.06 0.20 0.20 - n
Hastelloy alloy X 47.0 - 22.0 1.5 18.5 9.0 0.6 - - - - 0.50 0.50 0.10 - ~0
Inconel alloy 617 54.0 - 220 125 - 9.0 - - - 1.0 - - - 0.07 - Z

Nickel-chromium-cobalt 00
Haynes Alloy 1002 16.0 - 22.0 Bal 1.5 - 7.0 3.8 - 0.3 0.2 0.70 0.40 0.60 0.30

~Haynes Alloy No. 188 220 - 22.0 39.0 3.0 - 14.0 - - - - 1.25 0.40 0.10 -
Max Max :i

U'
Nickel-iron-chromium

âHaynes Alloy 556 20.0 - 22.0 20.0 29.0 3.0 25 0.9 0.1 0.3 - 1.50 0.40 0.10 -
Incoloy Alloy 800b 325 - 21.0 - 46.0 - - - - 0.4 0.4 0.80 0.50 0.05 - t

~ Nickel-copper ~
tT

Monel alloy 40b 66.5 31.5 - - 1.3 - - - 1.0 0.25 0.15 ..- - - - \0
Monel alloy K-500b 65.0 29.5 - - 1.0 - - - - 28 0.5 0.6 0.15 0.15

aprom Nickel Development Institute (1987a); Bal, balance 

bprom Tien & Howson (1981)
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Table 4. 1)ical composition of nickel-containing steels (weight %)a

Grade Cr Ni Mn Mo C Si S P Fe

AISI-201 16-18 3.5-5.5 5.5-7.5 0.15 1.0 0.03 0.06 Balance
AISI-302 17-19 8.0-10.0 2.0 0.15 1.0 0.03 0.045 Balance
AISI-304 18-20 8.0-10.5 2.0 0.08 1.0 0.03 0.045 Balance
AISI-316 16-18 10-14 2.0 2-3 0.08 1.0 0.03 0.045 Balance

aprom Nickel Development Institute (198Th); AISI, American Iron and Steel Institute

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

(c) Nickel sulfdes

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 milerite), 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 (milerite)
form as ß-nickel sulfide and the high-temperature hexagonal form as ~-nickel sul-
fide. Different nomenclatures have been used by other au 

th ors (Abbracchio et al.,
1981; Grandjean, 1986). The term ß-nickel sulfide is used to denote the rhombohe-
dral milerite form throughout this monograph.

Nickel subsulfide exists in two forms: Q!-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 ß-nickel subsulfide, the
high-temperature form (Sunderman & Maenza, 1976).

An examination of the surface of crystallne and amorphous nickel sulfide par-
ticles revealed that crystallne 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 crystallne nickel sulfide showed
that the outermost surface of the two compounds differed with respect to the NilS
ratio and the sulfur oxidation state (Abbracchio et al., 1981).

Nickel sulfides are intermediates in nickel smelting and refining which can be
isolated as crude mattes for further processing but are notsignificant 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% (Mallnck-
rodt, Inc., 1987).

Nickel ammonium sulfate hexahydrate is available as analytical reagent-grade
crystals at a purity of 99.0% 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 ¡n
industrial quantities as an aqueous solution (ERAMET-SLN, 1985).

Nickel nitrate is available as the hexahydrate at :: 99% purity and as crystals
and flakes (1.1: 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

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).

~) Memllk nkkd and nkkd allo~

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 inthe nickel producing industry (Boldt & Queneau,
1967; Evans et al., 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 S. World mine production or 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 77.1 85.8 69.9
Botswana 17.8 18.2 18.6 19.6 20.0
Bral 14.5 15.6 23.6 20.3 23.1
Bunna 0.02 0.02 0.02 0.02 0.02
Canada 88.7 128.1 174.2 170.0 181.0
China 12.0 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 32.4 32.7
Dominican Republie 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
Gennan Democratie Republie 25 2.2 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
Moroc 0.13
Noiwy 0.39 0.36 0.33 0.44 0.40
Philppines 19.7 13.9 13.6 28.2 13.6
Poland 2.1 2.1 2.1 2.0 2.0
South Afrea 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

Ilrom 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
Brazl 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
Czechoslovakia 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
Gennan Democratie Republie 3.0 3.0 3.0 3.0 3.0
Gennany, Federal Republic of 1.2 1.2 1.0 0.7
Gree 4.5 12.9 15.8 16.0 12.0
Indonesia 5.0 4.9 4.8 4.8 5.0
Japan 90.6 82.2 89.3 92.7 88.8
Norwy 25.8 28.6 35.6 37.5 38.2
Philppines 11.2 6.1 3.5 17.0 2.1
Pol and 2.1 2.1 2.1 2.1 2.1
South Afca 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

Total 585.9 646.6 713.3 741.2 736.2

tlrom 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 th an
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.
Silcate-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 wi th 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 travellng 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. ln modern pro-
cesses, both operations - roasting and smelting - are combined in a single opera-
tion called 'flash smelting'. Thé furnace matte is upgraded by oxidizing and slagging
most of the remaining iron in converters. If the converter matte or 'Bessemtr 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 oresa
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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 cru de nickel oxide.

When the copper content is low, this cru de oxide is directly saleable ('Sinter 75'). ln
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. ln the first case, the crude particulate metallc nickel is re-
fined by the atmospheric pressure nickel-carbonyl process (Mond carbonyl pro-
cess) which allows a c1ear-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. ln
the second case, the molten cru de 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-
allyextracted as filter cakes containing significant amounts of nickel, warranting
recycling upstream in the process. Nickel is then produced in the form of electrolyt-
ic cathodes or small 'rounds'. This electrorefining process, which was used in Kris-
tiansand, Norway, and Port Colborne, Ontario, is no longer practised there.

The Bessemer nickel (copper) matte can also be refined without roasting,
either by a combination of hydrometallurgy and electrolysis ('electrowinning') or by
hydrometallurgy alone. There are three tyes 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 (Hi) from nickel chlo-
ride solutions obtained by leaching matte with chloride solution in the presence of
chlorine gas. ln 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.

Silcate-oxide ores ('garnierites' /'laterites') are processed either by pyrometal-
lurgy or by hydrometallurgy (Fig. 2). Pyrometallurgy consists of drying, calcining in
rotary kilns, then reduction/smelting in electric furnaces. The crude ferronickel
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Fig. 2. Extraction and retining or nickel and its compounds rrom silicate-oxide
(laterite) oresa
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obtained (containing 20-40% Ni) is partially refined by thermic processes (in ladIes)
before being cast into ingots or granulated in water. With pyrometallurgy, nickel
matte can be produced from silcate-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 silcate-oxide ores, preferentially poor in silca and mag-
nesia, is practised by ammoniacal leaching or by sulfuric acid leaching. Ammonia-
cal leaching is used for ore that is selectively reduced in rotary kilns by a mixure 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 distilation. 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 adjust 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). ln west-
ern Europe, it was estimated that 15% of nickel consumption was in nonferrous
nickel alloys (Eurométaux, 1986).
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Table 7. Stainless-steeia production (in thousands
of tonnes) in selected regionsb

Region 1987 1988

Austria 54 67
Belgium 182 254
Finland 189 20
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 445
USA 1840 1995
Japan 2722 3161
Other countries 787 798

Total 9208 10 439

astainless steels with and without nickel
h£RAMET-SLN (1989a)

(b) Nickel oxides and hydroxides

Nickel oxide sin ter (a coarse, somewhat impure form of nickel monoxide) is
manufactured by roasting a semipure nickel subsulfide at or above 100°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 nickeloxide, a finely divided, relatively pure form of nickel monoxide, is
produced by firing a mixture of nickel powder and water in air at 100°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 byone company each in Argentina, Brazil, Canada, Japan, Mexico, the
UK and the USA (Chemical Information Services Ltd, 1988).
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Nickel hydroxie 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 metallc 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 iu the Federal Republic of Germany and the
UK (Chemical Information Services Ltd, 1988).

(c) Nickel sulfdes

Purified nickel sulfie 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-
diatesin the processing of sulfidic and silcate-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 metallc nickel (Sax & Lewis, 1987). This salt is currently produced by
six companies in the USA, three each in Argentina, Brazil, Italy, J apan 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)2.4H20) is.ob-
tained as a precipitate when sodium carbonate is added to a solution of a 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 J apan, 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 (ERAET-SLN, 1989b).

Nickel ammonium sulfate is prepared by reacting nickel sulfate with ammo-
nium sulfate and crystallzing 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 chlonde (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 of fuming 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 100° Cor in
a closed-Ioop reactor that recovers the solid product in sulfuric acid (Antonsen,
1981).

Nickel sulfate hexa- and heptahydrates are currently produced by ni ne 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 Democratie 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, J apan, Taiwan, the UK, the USA and the USSR
(ERAET-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 ln 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 distilation. 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
J apan 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
12 AD or earlier (Considine, 1974; Tien & Howsen, 1981). ln fact, the principal
use of nickel has always been in its metallc 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 of nickel are În the production of stainless 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 122000 tonnes over the
period 1982-86 (Chamberlain, 1988). Table 8 shows the US consumption pattern by
end-use for 1983. ln 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). ln 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, su ch as catalysts and batteries
(Eurométaux, 1986).
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Table 8. US consumption pattern of nickel in 1983 (%)a

Use Consumption (%)

Transportation
Aircraft
Motor vehicles and equipment
Ship and boat building and repairs

Chemicals
Petroleum
Fabricated metaI products
ElectricaI
Household appliances
Machinery
Construction
Other

10.3
10.2
4.3

15.6
8.2
8.8

10.7
7.9
7.2
9.7
7.1

tlrom 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 (Eurométaux,
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 ( -c 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 indus trial piping and valves, ma-
rine components, condenser tubes, heat exchangers, architectural trim, thermocou-
pIes, 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 specifie properties for acid-resis-
tant equipment, heating elements for furnaces, low-expansion alloys, cryogenie
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uses, storage of liquefied gases, high magnetic-permeabilty 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 nickeloxide is used to make nickel catalysts and in the ceramics industry.
In specialty ceramics, itis added to frit compositions used for porcelain enamellng
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, 19S1).

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 of nickel hydroxie 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 of sulfur are present in the distilates. The major use of nickel mono-
sulfide is as an intermediate in the hydrometallurgical processing of silicate-oxide
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 (Anton sen, 1981).

Nickel carbonate is used in the manufacture of nickel catalysts, in the prepara-
tion of coloured glass, in the manufacture of nickel pigments, inthe 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 of nickel 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
nickeLcatalysts, 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
(Anton sen, 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 of nickel selenides or potassium nicke-
locyanate.

2.3 Occurrence

(a) Natural occurrence

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 (Grandjean, 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 con tain 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 nickel/iron
oxide and as nickel magnesium silicate (garnierite) (Grandjean, 1986; Mastromat-
teo,1986). Laterite deposits have been mined in many regions of the world, inc1ud-
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

Nicclite
Zaatite
Bunsenite

Morenosite

Milerite
Vaesite
Polydomite

Heazlewooite
Pentlandite
Pyrhotite, nickeliferous

Garnierite

NiSb

NiA
NiC032Ni(OH)2.4H20

NiO

NiS04.7H20

NiS

NiS2

Ni3S4

Ni3S2

(Ni,Fe )aSe

(Fe,Ni)i_xSb

(Ni, Mg) Si03.nH20

llrom Grandjean (1986)

bprom Wamer (1984); Grandjean (1986)

Nickel and sulfur combine in a wide range of stoichiometric ratios. Nickel
monosulfide (milerite), nickel subsulfide (heazlewoodite), nickel disulfide (vaesite)
and Ni3S4 (polydymite) are found in mineraI form in nature (Considine, 1974). Sul-

fide nickel ores contain a mixure of metal sulfides, principally pentlandite, chalco-
pyrite (CuFeS2) and nickeliferous pyrrhotite in varying proportions. The major
nickel mineraI 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 (Grandjean, 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 milion 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 exposule to
nickel a

Battery makers, storage

Catalyst workers

Cemented carbide makers
Ceramic makers

Chemists

Disinfectant makers

Dyers

Electroplaters

Enamellers

Gas-mask makers

Ink makers

Jewellers

Magnet makers

Metallzers
Mond procss 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

QAdapted from National Institute for Occpation 

al Safety and
Health (197Th)

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 et al., 1984a; Warner, 1984; Grandjean, 1986; Sunderman et al.,
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 ofbiological sam pIes (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 et al.,
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.g!m3) Urine (J.g!l) Serum (J.g!l) Reference

(year, when available) workers (mean ::SD)

Mean ::SD Range Mean ::SD Range

Mines, Ontaro (Canada) (1976) 20 6-40 Rigaut (1983)

Mines, Oregon (USA) (1981) 30 Rigaut (1983) ..
Mines, New Caledonia 20 6-40 Rigaut (1983)

~(1982)

Smelter, producing ferronickel 5-76a 2-274b f
"' 10 (86% of samples) Wamer (1984) ~

and matte, New Caledonia "' 20 (98% of samples)
0
Z

Laterite minin§ and smelting, Wamer (1984) 00
Oregon (USA)

~
Ore handling 3 52 5-145

Dryng 4 17 9-21

Calcining 4 90 37-146
en

â
Skull drillng 8 16 4-43

Ferrosilcon manufacturing 15 32 4-214
~Mixng 17 6 4-7

Refining 10 11 4-34
tT

~
Handling of finished products 6 5 4-9

Maintenance 9 39 7-168

Miscellaneous 3 193 8-420

Refinery, Clydach (Wales, UK) Morgan &

Kiln Rouge (1984)

Before shut-downc 310 10-500 24::24 8. 9::5. 9

(26 samples) (67 samples) (37 samples)

On retum to workC 14:i7 3.0:i2.0

(20 samples) (20 samples)
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Table i i (contd)

Industry and activity (country) No. of Air (J.g!m3) Urine (J.g!l) Serum (J.g!l) Reference

(year, when available J workers (mean :iSD)

Mean :iSD Range Mean :iSD Range

Refinery, Krstiansand (Norway) Torjussen &
-
~Roasting-smelting 97 34:i35 5.2:127 Andersen (1979)

Electrolysis 144 73:185 8. 1:16.0 ~
Other procsses 77 22:i 18 4.3:i22 az

Electrolytic refinery (USA) 15 489 20-220 222 8.6-813 Bernacki et al. a
124 (J.g! g 6.1-287 (1978a)

0

~creatinine)

Electrolytic refinery (FRG) 50 14.8 (J.g!g 2.5-63 Raithel (1987) ::
CI

creatinine)
â

ElectrolytIC refinery 60 86- 1265 26 125-450 Rigaut (1983)

5(Czechoslovakia)

Hydrometallurgical refinery Warner (1984)
~
tT

(Canada) .¡1.
Acid leaching of matte 99 5- 1630

Purification of nickel electrolyte:
Tube filterman 12 144 13-316

121 129 11-316

Filter pressman 16 20 61-535
il! 152 31-246

Filter-press area 11 242 64508
11f 221 52-466



Table 11 (contd)

Industry and activity (country) No. of Air (/Jg!m3) Urine (/Jg!l) Serum (/Jg/I) Reference(year, when available) workers
(mean ::SD)

Mean ::SD Range Mean ::SD Range

H ydrometallurgical refinery

(Canada) (contd)
Purification of nickel electrolyteli

Z-Cementation of copper on 39 168 48-644 (jnickel in Pachuca tanks 39- 38 1-133 ~
trRemoval of iron slimes with 56 20 27-653 t"a tube filter 5(/ 85 3-433
~Oxdizing cobalt with chlorine 47 183 30-672 0471 66 1-267
Z-General operations in a tank 96a 336 40 1100 (jhouse using insoluble anodes 45b 185 80- ~
t"Tankhouse using nickel matte
(janodes:
0General area iia 48 14-223 ~
""11 a, 29 5-210 0Tankman 15b 48 18-88 c:

1SbJ 30 12-71 Z
UAnode scrapman iib 179 43-422 CIiibJ 52 1-236

aArea air sampling

bpersonal air sampling
cSpecimens obtained before and after six months' closure of refinery operations
dShort exposures to high levels of insoluble nickel compounds
eChronic exposures to soluble nickel sulfate

!soluble nickel
N
001.





Table 12 (contd)

Industry and activity (country) No. of Air (¡.glm3) Urine (¡.gli) Reference
workers -

Mean Range Mean Range

Six jobbing foundries procssing alloys
Scholz & Hol-containing 0-60% nickel, averaging
comb (1980)

Z10-15% nickel: -Melting 15 21 .i 5-62 (j
~Casting 7 14 .i 4-35
t"Cleaning room:

~
Cutting and gouging 11 233 7-90
Welding 14 94 20-560 '0

ZHand grnding 24 94 .i 5-44 -
(jSwing grnding 3 19 13-30
~Jobbing foundry procssing cabon, alloy

Warner (1984) t"and stainless steel containing 0-10% nickel:
(jMelting and cating 16 13 NDK- 70 0
~Cleaning room:
"iAir arc gouging 7 310 40-710 0
CWelding 34 67 10-170
ZThree low alloy (0-2% nickel) iron and steel

Warner (1984) 0
CIfoundries

Melting and cating 16 13 4-32
Cleaning room (gnding, air arc 18 54 7- 156

gouging, welding)

Steel foundry (Finland) (steel cutters) 4 518 145-1100 39 18-77 Aitio et al. (1985)
Production of soluble nickel salts (Wales, 66 500 10-20 00

(68) 65Ji 10- 20Ji Morgan &UKY 60 450 .i 10- 12 070 (60) 49h .i 10- 210h Rouge (1979)

N\0'"



Table 12 (contd)

Indu8try and activity (country) No. of Air (~g/rn3) Urine (~g/l) Reference
workers -

Mean Range Mean Range

Production of nickel salts frorn nickel or Wamer (1984)
nickel öxide:

Nickel sulfate 12 117! 9-590
Nickel chloride 10 196"i 2O-485i
Nickel acetate/nitrate 6 15st 38-525

acompanies reporting expures
Ziamples taken outside protective hoo
'Exc1udes one suspiciously high measurernent (146 ~g Ni/rn3)
d£xcludes one suspiciously high measurernent (500 ~g Nilrn3)
e"he rnedian nickel concentration in workroorn air wa 300 ~g/rn3; values that exceeded 500 ~g/rn3 were found at 2 of 8 rneasuring

stations
JMainly frorn personal sampling
BNot detected

liorrected to 1.6 g/l creatinine

Î£c1udes one suspiciously high value (2780 ~g Ni/m3)

t¿N

-
~
~ozo
o

~
:i
en

â
E
~
tT
+:1.



Table 13. Occupational exposure in industries using nickel in special applications

Industry and activity (country) No. of Air (J.g!m3) Urine (J.g!l) Serum (J.g!l) Referenceworkers -
Mean Range Mean :f SD Range Mean Range

Ni/Cd-battery production with 36 378a,b 2O-1910a,b Warner (1984)nickel and nickel hydroxide;
Z-assembly and welding of plates
()

Ni/Cd-battery production 51 4.0c 1.9-10.9 Raithel (1987) ~~(FG)

~Ni/Cd or Ni/Zn-battery 6 11.7:f7.5 3.4-25 Bernacki et al.production (USA)
10.2 7.2-23 (J.g!g creatinine) (1978a) 0

ZNi/H2-battery production 7 322:f40.4 28-103 -
()

Ni/Cd-battery production 12-33 24-27 (J.g!g creatinine) Adamsson et ~
al. (1980) ~

()Ni-catalyst production 73 -: 200-5870 64 (J.g!g 9-300 8 2-41 Zwennis & 0
(Netherlands) creatinine) Franssen a=~

(1983) 0
Ni-catalyst production from 7 150a 10-6ooa Warner (1984) C

Znickel sulfate (USA) 5 370d 190-530d 0
enNi-catalyst use; coal gasifica- 9 4.2 0.4-7.9 Bernacki et al.tion workers (USA) 3.2 0.1-5.8 (J.g!g creatinine) (1978a)

Electroplating
Warner (1984)

Sulfate bath, 45°C
Area 1 sample 16 -:6 -:5--:8
Area 2 samples 3 ..4 ..2-..7
Personal samples 6 -: 11 -:7--: 16

~w



Table 13 (contd)
~.¡

Industry and activity (country) No. of Air (J.g!m3) Urine (J.g!I) Serum (J.g!I) Reference
workers

Mean Range Mean :l SD Range Mean Range

Electroplating (contd)

Sulfate bath, 70°C
Area samples 6 c:3 c:2-c:3 -

Sulfamate bath, 45-55°C ~
Area 1 sample 9 c:4 c:4
Area 2 samples 6 c:4 c:4 ~0

Electroplating (Finland) 90 20- 170 53.5 12-109 6.1 1.2-14.1 Tossavanen Z
et al. (1980) 00

Electroplating (Finland) - 30- 160 - 25- 120 - 3-14 Tola et al.
~(1979) :I

Electroplating (USA) 9.3a 0.5-21.2 48 5-262 Bemacki et al. CI

(1980) â
Electroplating (USA) 21 30.4 3.6-85 Bemacki et al. E

(21.0 24-2 J.g!g creatinine) (1978a) ~
Electroplating(India) 12 122 11..26 Tandon et al. m

.¡
(1977) 1.

Electroplating (FG) 10 (soluble anode) Gross (1987)

110 (insoluble anode)

7 (insoluble anode and wet- 1.7-3.6
ting agent)

Exsed persons in the hollow 9 3-3800 11.9 3.6-421 e 1.6 0.75-3.25e Raithel (1987)

glass industry (FO) (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-
pIes)



Table 13 (contd)

Industry and activity (country) No. of Air (¡.g!m3) Urine (¡.g!l) Serum (¡.g!l) Referenceworkers -
Mean Range Mean:f sn Range Mean Range

Grinder, polisher 18-3800 7.4 29-24.3 0.9 0.75-205
(40 samples) (140 sam- ZpIes) -Mixed mechanical work 300-410 17.5 4.9-53.9 1.65 0.75-4.10

~'and flame spraying
(394 samples) (108 samples) ~Plasma spraying (FG) 6 20 3.4-125 Gross (1987)

~Spark eroding (FG) 6 ~ 10 0.7-21 Gross (1987) . 0
Flame spraying (USA) 5 2.4 ~ 1-6.5 17.2 1.4-26 Bemacki et aI. Z-

(j(16.0 1.4-54 ¡.g!g creatinine) (1978a)
~Plasma cutting (FG) 17 ~ 100 1.1-6.5 Gross (1987) ~

Painting (j0Spray painting in a construc- 13 3.2 ~ 0.5-9.2 4.4 ~ 0.5-17.2 Grandjean et a:tion shipyard (USA)
al. (1980) ""0Painting in repair shipyard 18

5.9 ~ 0.5-13 Grandjean et c:(USA)
aI. (1980) ~Manufacturing paints (USA) 10

15.3:f11. 1 6-39 Tandon et al. en
(1977)Buffing, polishing, grnding

Buffers and polishers (air- 7 26 ~ 1-129 4.1 0.5-9.5 Bernacki et al.craft engine factory) (USA)
(24 0.5-4.7 ¡.g!g creatinine) (1978a)Grinders (abrasive wheel 9 1.6 ~ 1-9.5 5.4 21-8.8 Betnacki et al.grnding of aircraft par) (3.5 1.7-6.1 J.g1g creatinine) (1978a)(USA)

~
VI



~0'

Table 13 (contd)

Industry and activity (country) No. of
workers

Air (¡.glm3) Urine (¡.gll) Serum (¡.gli) Reference

Mean Range Mean :f SD Range Mean Range

3.6

Gross (1987) -
Heidermanns

~et al. (1983)
a:0

Bemacki et al. Z
(1978a) 00

1.1-13.5 Grandjean ~
:i

et al. (1980) en

oe 0.5-7.4 Grandjean âet al. (1980)
B1.5-6.8 Grandjean

et al. (1980) a:
0.5-3.8 Grandjean tr,i

et al. (1980) \0

Polisher, grinder (FRG) 15
Polisher, grinder (stainless 46
steel) (PRO)

Miscellaneous expsure
Bench mechanics (assemb- 8
ling, fittings and finishing
aircraft parts made of Ni-
aUoys) (USA)
Riggers/carpnters (construc- 16

tion shipyard) (USA)
Riggers/carpnters (repair 11

shipyard) (USA)
Shipfitters/pipefitters (con- 6
struction shipyard (USA)
Shipfitters/pipefitters (repair 15
shipyard) (USA)

'Personal air sampling
~xcludes three suspiciously high values (5320; 18 300; 53 300 ¡.g!m3)
'Median
d Area air monitoring
e68th percentie range.

f9th percentile range

140

350c 10-10 OOW 28
0.7-9.9

(12) 3-7/

52 oe 1-252 122
(7.2

1. 4-41
0.7-20 ¡.glg creatinine)

3.7 1.1-13.5 3.3

4.9 3.7-7.1 4.1

9.1
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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 totalairborne nickel
was about 25 iig/m3 and that of respirable nickel, c( 5 iig/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 sam pIes 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) th an 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 mineraIs and solid solutions
of nickel in iron oxides. Nickel-bearing dusts from converters contain mainly nickel
subsulfide (Warner, 1984). Arsenic, silca, 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 th an 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. Exo-
sure estimates were made first for total airborne nickel, based either on historical
measurepents (after 1950) or on extrapolation of recent measurements. ln aH cases,
further estimates were made of nickel species (metallc, 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 te the widespread. use of personal samplers" high..volume samplers were
used ta take area samples however, ln many instances, iieither personal gravimetric
nor high-volume samples \Vere available, and konimeter readings were the only
available means of assessing the level of airborne dust. No measurement of the ac-
tuaI 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 sarnpler 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 un der 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) metallc 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 specifie 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, froID 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 of nickel 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.

(ii) Production of stainless steel and nickel alloys

While some stainless steels contain up to 25-30% nickel, nearly half of that pro-
duced cantains only 8-10% nickeL. Nickel oxide sinter is used as raw material for
stainless and alloy steelmaking in sorne 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 ifi Table 12. Occupational exposure in alloy steel making should
generally be lower th an those observed for comparable operations with stainless
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steel. The normal range of nickel iu alloy steels is 0.3-5% but the nickel content can
be as high as 18% for certain bigh-strength steels. The production of 'high nickel'
alloys consumes about 80% of the nickel used for nonferrous applîcations. 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

ln foundries, shapes are cast from a wide variety of nickel-containing materi-
aIs. 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 of nickel-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. ln 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 opera tes at high pressures, requiring a steel pressure vesseL. Nickel!
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 Table 13. Workers in such
plants are also exposed to cadmium.

(vi) Production and use of nickel catalysts
Metallc 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). Occupation al exposure occurs typically in the production of
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catalysts from metallc 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 et al.,
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, nick~l is
taken out of the solution and deposited on the substrate, which acts as the cathode.
Either soluble anodes, made from metallc nickel feed, or insoluble anodes, in which
the nickel is introduced as the hydroxycarbonate, are used. The baths con tain a
mixure of nickel sulfate and/or chloride or, less often, sulfamate. ln 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 (metallc 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 aL., 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 met al 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 fòr details).

(ix) Thermal spraying of nickel
Thermal spraying of nickel is usually performed by flame spraying or plasma

spraying (Gross, 1987). Forflame spraying, nickel in wire forrn is fed to a gun
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Table i 4. Total fume and nickel concentrations found in
the breathing zone of weldersa

Procssb Total fumeC(mglm3) Ni (J.g!m3)

MMNSS
MIG/SS

TIG/SS

4-10

2-5

2-6

10-100

30-500

10-
OCompiled from Table 4 of monograph on welding
~MA, manual metal arc; SS, stainless steel; MIG, metal inert gas; TIG,
tungsten inert gas
C50-90% range

fuelled bya 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 mis. 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 partic1es 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
16700°C. Powder is melted in the stream and released from the gun at a velocity of
approximately 10 mis (Burgess, 1981; Pfeiffer & Wilert, 1986).

Workers who construct or repair nickel-armoured moulds in hollow-glass and
ceramics factories use flame spraying with metallc powder (70-98% Ni) and are
exposed to nickel dusts (as metallc and oxidic nickel) and fumes. After the moulds
have been poli shed 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 of paints
Some pigments for paints (e.g., nickel flake) and colouis 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 (Tandon et al., 1977; Mathur & Tandon,
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 buffng 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 impedec-
tions. Grinding is done with wheels made of selected abrasives in bonding structur-
al matrices. The commonly used abrasives are aluminium oxide and silcon 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 rem ove workpiece sudace
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; König et al.,
1985). Grinding, polishing and buffing cause exposures to metallic nickel and to
nickel-containing alloys and steels (see Table 13).

(xii) Miscellaneous exosure 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. ln 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 metallc 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
mglm3), 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 froID 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 Emision rate
(iOS kg/year)

Natural
Wind-blown dusts
Volcanoes
Vegetation
Forest fîres

Meteoric dusts
Sea spray
Total

Anthropogenicb
Residual and fuel oil combustion
Nickel mining and refîning

Waste incineration
Steel production
Industrial applications
Gasoline and diesel fuel combustion
Coal combustion
Total

llrom Bennett (1984)

~missions during the mid-1970s

4.8
2.5
0.8
0.2
0.2
0.00
8.5

27
7.2
5.1
1.2
1.0

0.9
0.7

43.1

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
non urban areas and 17 ng/m3 (in summer) and 25 ng/m3 (in winter) in urban areas
(National Research Council, 1975). Salmon et al. (1978) reported nickel concentra-
fions in 1957-74 at a semirural site in England to range from 10 to 50 nglm3 (mean,
19 nglm3). Nickel concentrations at seven sites in the UK ranged, with one excep-
tion, from c: 2 to 4.8 ng/kg r c: 2.5 to 5.9 ng/m31 (Cawse, 1978). Annual averages iD
four Belgian cities were 9-60 ng/m3 during 1972-77 (Kretzschmar et al., 1980).
Diffuse sources (traffic, home heating, distant sources) generally predominated.
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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).

Loal airborne concentrations of nickel are high around locations where nickel
.Is mined (e.g., 580 nglm3 in Ontario, Canada) (McNeely et al., 1972). The average
atmospheric nickel concentration near a nickel refinery in West Virginia (USA) was
120 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 0.4 l1g/day

(range, 0.2-1.0 l1g/day) for urban dwellers and 0.2 l1g/day (range, 0.1-0.4 l1g/day) for
rural dwellers (Bennett, 1984).

(d) Tohacco smoke

Cigarette smoking can cause a daily absorption of nickel of 1 l1g/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 l.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 l1g/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 c: 0.1 ppm (Alexander et al., 1983). Pipe
tobacco, cigars and snuff have been reported to contain nickel at levels of the same
magnitude (2-3 l1g/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 disposaI, 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 mobilze nickel froID soil
and to increase nickel concentrations in groundwater.

The nickel content of groundwater is normally below 20 l1g/1 (US Environmen-
tal Protection Agency, 1986), and the levels appear to be simIlar in raw, treated and
distributed municipal water. ln US drinking-water, 97% of aIl samples (n = 2503)
contained ~20 l1g11, whIle about 90% had ~10 l1g/1 (National Research Council,
1975). Unusually high levels were found in groundwater polluted with soluble nickel
compounds from a nickel-plating facilty (up to 2500 l1g/l) and in water from 12
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wells (median, 180 l1g/l) (Grandjean, 1984). The median level in Canadian ground-
water was .: 2 l1g/1, but high levels were reported in Ontario (Méranger et aL., 1981).
In municipal tap-water near large open-pit nickel mines, the average nickel concen-
tration was about 200 l1g/1, while that in a control area had an average level of about
1 l1g/1 (McNeely et al., 1972).

Nickel concentrations in drinking-water in European countries were reported
to range in general from 2-13 l1g/1 (mean, 6 l1g/l) (Amavis et al., 1976). Other studies
have suggested low background levels in drinking-water, e.g., in Finland an average
of about 1 l1g/1 (Punsar et al., 1975) and in Italy mostly below 10 l1g1L. In the German
Democratic Republic, drinking-water from groundwater showed an average level of
10 l1g/1 nickel, slightly below the amount present in surface water (Grandjean, 1984).
In the Federal Republic of Germany, the mean concentration of nickel in drink-
ing-water was 9 l1g/l, with a maximal value of 34 l1g/1 (Scheller et al., 1988).

The nickel concentration in seawater ranges from 0.1 to 0.5 iig/l, whereas the
average level in surface waters is 15-20 l1g/L. Freshly fallen arctÏc snow was reported
to contain 0.02 l1g/kg, a level that represents 5-10% of those in annual condensed
layers (Mart, 1983).

Nickel concentrations of 100 iig/l have been found in wine; average levels of
about 30 l1g/1 were measured in beer and levels of a few micrograms per litre in
mineraI water (Grandjean, 1984). ln the Federal Republic of Germany, however, the.
mean concentration of nickel in mineraI waters was 10 iig/l, with a maxmal value of
31 l1g/1 (Scheller et al., 1988).

(f Soil

The nickel content of soil may vary widely, depending on mineraI composition:
a normal range of nickel in cultivated soils is 5-500 l1g/g, with a typical level of 50

l1g/g (National Research Council, 1975). ln an extensive survey of soils in England
and Wales, nickel concentrations were generally 4-80 iig/g (median, 26 l1g/g; max-
mum, 228 l1g/g) (Archer, 1980). Farm soils from different parts of the world con-
tained 3-1000 iig/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 l1g/g, whereas crude oils (especially those
from Angola, Colombia and California) contained up to 100 l1g/g (Tissot & Welt1e,
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 et al., 1988; Grandjean et al., 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-
pIes was cC 05 mg/g. 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 thaIi 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 millng. ln addition, fats can contain nickel, probably owing to the use of nickel

catalysts in commercial hydrogenation. Margarine normally contains less than 0.2
mg!kg, but levels up to 6 mg!kg have been found (Grandjean, 1984).

Table 16. Nickel content (mg/kg) in foods in the average
Danish dieta

Foo No. of Range Mean
samples

Milk products

Fun milk 63 BDLb-O.13 0.02
Yogurt 3 0.004-0.03 0.01
Cre am 3 0.01-0.04 0.03
Cheese 25 0.02-0.34 0.10

Meat, fish, egg
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
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-O.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
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Table 16 (contd)

Foo 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 0.02-2.99 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-O.03 0.01
Pears 10 0.07-0.42 0.14
Flums 10 0.03-0.20 0.12
Currants 13 0.01-0.2 0.06
Strawberres 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 frits 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 ànd bread
Wheat fIour 32 0.03-0.3 0.13
Rye fIour 15 0.03-0.3 0.1
Oatmeal 18 0.80-.7 1.76
Rice 16 0.08-0.45 0.21

Other
Butter 4 0.03-0.2 0.1
Margarine 13 0.2-2.5 0.34
Sugar 22 0.01-0.09 0.05

tlrom Grandjean et al. (1989)
~DL, below detection Iimit (not specified)

Stainless-steel kitchen utensils have been shown to release nickel into acid so-
lutions, especially during boiling (Christensen & Möller, 1978). The amount of nick-
el liberated 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 mu ch as
1 mglday (Grandjean et al., 1989).
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A study of hospital dietsIn the USA showed that the general diet contained 160
iig/ day, and special diets varied by less th 

an 40% from this level (Myron et aL., 1978).
A recent study (Nielsen & Flyvholm, 1984) suggested a daily intake of 150 iig in the
average Danish diet. Knutti and Zimmerli (1985) found dietary intakes in Switzer-
land of 73 :: 9 iig in a restaurant, 83:: 9 iig in a hospital, 141 + 33 iig in a vegetarian
restaurant and 142:: 20 iig in a miltary canteen. The mean nickel intake in the UK
in 1981-84 was 140-150 iig/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 iig/

kg bw). ln 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 (Scemann et al., 1985; Sunderman, 1986b; Rai-
thel, 1987; Raithel et al., 1987; Rezuke et al., 1987; Kollmeier et al., 1988; Raithel et al.,
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) iig/g dry weight. Workers employed in
the roasting and smelting department had an average nickel concentration of 333

(7-1344) iig/g, and those who had worked in the electrolysis department had an aver-
age nickel concentration of34 (1-216) iig/g dryweight. Lung tissue from 16 persons
who were not connected with the refinery contained an average level of 0.76
(0.39-1.70) iig/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 hum an body fluids and faeces are given in Table 18 (see
also Sunderman, 1986b; Sunderman et aL., 1986a).

(i) latrogenic exosures

Potential iatrogenic sources of exposure to nickel are dialysis treatment, leach-
ing of nickel from nickel-containing alloysused as prostheses and implants and con-
taminated intravenouS medications (for review, see Grandjean, 1984; Sunderman et
al., 1986a).
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Table 17. Concentrations of nickel in human autopsy tissues

Tissue No. of Nickel concentration Reference
subjects

nglg wet weight nglg dry weight

Mean:lSD Range Mean:lSD Range

Lung 4 16 :l 8 8-24 86 :l 56 33-1% Rezuke et al.
(1987)

8 119 :l 50 48-221
9

132 :l 99 50-290
41 7 :l 10 -c 1-70
9 18 :l 12 7-4 173 :l 94 71-371

15
180 :l 105 43-361 Seemann et al.

(1985)70 137 :l 187 754 :l 1010 Kollmeier et
al. (1988)

30 2040" 8-120" 101-195a 42-6" Raithel et al.
(1988)

16 760 :l 390 3901700 Andersen &
Svenes (1989)

Kidney 8 11 :l 4 7-15 Rezuke et al.
(1987)

6 125 :l- 54 50-120
36 14 :l 27 -c 1-165

10 9:l6 3-25 62 :l 43 19-171
18

34 :l 22 -c5-84 Seemann et al.
(1985)

Liver 4 9:l3 5-13 32 :l 12 21-4 Rezuke et al.
(1987)

8 8:l2 6-11
10 10 :l 7 8-21 50 :l 31 11-102
23 18 :l 21 -c5-86 Seemann et al.

(1985)
Hear 4 6:l2 4- 23 :l 6 16-30 Rezuke et al.

(1987)
8 7:l2 4-9
9 8:l5 1-14 54 :l 40 10-110

Spleen 22
23 :l 20 -c5-85 Seemann et al.

(1985)
10 7:l5 1-15 37 :l 31 9-95 Rezuke et al.

(1987)
"Range of median values and 68th percentile of range on the basis of 60 lung specimens from 30
autopsies
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Table 18. Nickel concentrations iD specimens from healthy, uDexposed
adultsO

Speimen Mean :l SD Range Units

Whole bloo 0.34 :l 0.28 ~ 0.05-1.05 j.g/l
Serum 0.28 :l 0.24 ~ 0.05-1.08 j.g/l
Urine (spot collection) 2.0 :l 1.5 0.5-6.1 j.g/l

2.0 :l 1.5 0.4-.0 j.g/g creatinine
2.8 :l 1.9 0.5-8.8 j.g/ib

Urine (24h collection) 2.2 :l 1.2 0.7-5.2 j.g/l
2.6 :l 1.4 0.5-6.4 j.g/day

Faec (3-day collection) 14.2:l 2.7 10.8-18.7 j.g/g (dry weight)
258 :l 126 80-540 j.g/day

tlrom Sunderman et al. (1986a)
bfactored to specific gravit y = 1.024

Hypernickelaemia 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 al., 1985; Savory et al. ,
1985; Wills et al., 1985). ln one severe incident, water from a nickel-plated stain-
less-steel water-heater contaminated the dialysate to approximately 250 J.g/l, result-
ing in plasma nickellevels of 300 J.g/I and acute nickel toxicity (Webster et al.,
1980). Even during normal operation, the average intravenous uptake of nickel may
be 100 J.g 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 (Grandjean,
1984). Corrosion of these prostheses and implants can result in accumulation of
alloy-specific metàls 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. ln three lots that con,.
tained 50 g/l albumin, the average nickel concentration was 33 J.g/I (range, 11-17
J.g/l); in nine lots that contained 250 g/l albumin, the average nickel concentration
was 83 J.g/l (range, 26-222 J.g/l) (Leach & Sunderman, 1985). Meglumine diatri-
zoate('Renografin-76'), an-X-raycontrast medium, tends to be contaminated with
nickeL. Seven lots of this preparation (containing 760 g/l diatrizoate) contained
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Table 19. Nkkel concentrations in dialysisl1uids and in serum specimens
trom patients with cbroniè renal. disease (CRD)Q

Regin and patients
No. of Ni Cone. in Serum Ni concentration (J:g/l)
subjeets dialysis fluid

(J:g/l) Pre-dialysis Post -dialysis

USA
Healthy con troIs 30 0.3 :f 0.2
Non-dialysed CRD patients 7 0.6 :f 0.3
CRD patients on haemodialysis

Hospital A 40 0.82 6.2:l 1.8 7.2:i 2.2
Hospital B 9 0.40-0.42 3.9 :l 2.0 5.2:i 2.5
Hospital C 10 0.68 3.0:l 1.3 3.7:i 1.3

USA
Healthy con troIs 50 0.4:l 0.2
CRD patients on haemodialysis 28 3.7:l 1.5

UK and Hong Kong
Healthy controls 71 1.0 ( .c 0.6-3.0)
Non-dialysed CRD patients 31 1.6 ( .c 0.6-3.6)
CRD patients on haemodialysis

Hospital A 25 2-3 8.6 (0.6-16.6) 8.8 (3.0-21.4)
Hospital B 16 2.9 (1.8-4.0) 3.4 (2.2-5.4)

CRD patients on peritoneal dialysis 13 2-3 8.6 (5.4-11.4)

tlrom Sundennan et al. (1986a)

nickel at 144 :i 44 Ilg/l. Serum nickel concentrations in Il patients who received
intra-arterial injections of 'Renografin-76' (164 :i 10 ml peT patient (giving 19.1 :l
4.0 Ilg Ni per patient)) for coronary arteriography increased from a pre-injection
level of 1.33 1lg/1 (range, 0.11-5.53 Ilg/l) to 2.95 1lg/1 (range, 1.5-7.19 Ilg/I) 15 min
post-injection. Serum levels remained significantly elevated for 4 h and returned to
baselIne levels only 24 h post-injection (Leach & Sunderman, 1987).

V) Regulatory status and guidelines
Occupational exposure limits for nickel in various forms are given in.Table 20.
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Table 20. Occupational exposure limits for airborne nickel in various formsa

Country or region Year Nickel species Concentration Interpretationb
(mglm3)

Belgium 1987 Nickel metal and insoluble 0.1 TWA
nickel compounds (as Ni)
Nickel cabonyl (as Ni) 0.35 TWA

Brazl 1987 Nickel carbonyl (as Ni) 0.28 TWA

Chile 1987 Soluble nickel compounds 0.08 TWA
(as Ni)

China 1987 Nickel cabonyl (as Ni) 0.001 TWA

Denmark 1988 Nickel metal 0.5 TWA
Nickel carbonyl 0.007 TWA
Soluble nickel compounds 0.1 TWA
(as Ni)
Insoluble nickel compounds 1 TWA
(as Ni)

Finland 1987 Nickel metal 1 TWA
Nickel carbonyl 0.007 TWA
Soluble nickel compounds 0.1 TWA
(as Ni)

France 1986 Nickel sulfide (as Ni) 1 TWA
German Democratie 1987 Nickel compounds (as Ni) 0.25 TWA

Republic Nickel carbonyl (as Ni) 0.01 TWA
Nickel compounds (as Ni) 0.5 STEL
Nickel carbonyl (as Ni) 0.03 STEL

Hungary 1987 Nickel compounds (as Ni) 0.005 T\VNSTEL
Nickel carbonyl (as Ni) 0.007 TWNSTEL

India 1987 Nickel carbonyl (as Ni) 0.35 TWA

Indonesia 1987 Nickel metal and insoluble 1 TWA
nickel compounds (as Ni)
Nickel carbonyl (as Ni) 0.007 TWA

Italy 1987 Nickel carbon yI (as Ni) 0.007 TWA

J apan 1987 Nickel 1 TWA
Nickel carbonyl (as Ni) 0.007 TWA

Mexico 1987 Nickel metal and insoluble 1 TWA
nickel compounds (as Ni)
Soluble nickel compounds 0.1 TWA
(as Ni)

Nickel carbon yi (as Ni) 0.35 TWA
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Table 20 (contd)

USSR

Year Nickel species Concentration Interpretationb
(mglm3)

1987 Nickel metal and insoluble 0.5 MAC
nickel compounds (as Ni)
Nickel cabonyl (as Ni) 0.005 MAC
Nickel monoxide, oxide, sul- 0.5 MAC
fide

Country or region

tlrom Arbeidsinspetie, 1986; Institut National de Recherche et de Sécurité, 1986; National Institute
for Occpational Safety and Health (NOSH), 1988; Arbetarkyddsstyrelsens, 1987; Cok, 1987;
Health and Safety Exective, 1987; Työsuojeluhalltu, 1987; US Occpation al Safety and Health Ad-
ministration (OS HA), 1987; Amerin Conference of Governmental Industrial Hygienists (ACGIH),
1988; Arbejdstilsynet, 1988

lrA, time-weighted averae; STEL, short-term expure 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. Amethod has been developed for classifying
nickel in airborne dust samples into four species - 'water-soluble', 'sulfidic', 'me-
tallc' and 'oxidic' - on the basis of a sequential leaching procedure (Blakeley &
Zatka, 1985; Zatka, 1987, 1988; Zatka et aL., 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 byelectro-
thermal atomic absorption spectrometry (EAAS) or inductively coupled argon
plasma emission spectrometry (ICP) (National Institute for Occupational Safety
and Health, 1984; Kettrup et al., 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 of com-
plex mixures, 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 surveilance has been evaluated in several reviews (Aitio, 1984; Norseth,



Table 21. Methods for the analysis of nickel

Sample matri Sample preparation Assay procdureQ Sensitivi ty / deteetion Reference
limit

Air Colleet on cellulos ester membrane fllter; AA - National Institute fordigest with nitrie acid and perehlorie acid
Occupational Safety and
Health (1981)

Colleet on cellulos acetate membrane AA
1 ,.g absolu te; Hauptverband der gewerb-fllter; digest with nitrie acid and hydro-
10 ,.g/m3 (sample lichen Berufsgenossen- Z-ehlorie acid
volume, 0.1 m3) schaften (1981) (j

~Colleeton cellulose ester membrane fiter; ICP
1.5 ,.g/sample National Institute for ' trdigest with nitric acid and perehlorie acid

Occupation al Safety and l'
Health (1984) ~Colleet on cellulos ester membrane fiter; AA 20 ng/m3 (sample Kettrup et al. (1985) Udigest with nitrie acid

volume, 1.5 m3) Z-Water Chelate; extract with ammonium pyroli- AA McNeely et al. (1972) (j0.04 ,.g/l ~dine dithiocmate: methyl isobutyl ke- tr
l'tone
(jFilter; irradiate with ultraviolet DPASV (dimethylglyox- 1 ng/l Pihlar et al. (1981) 0

ime-sensitized) s:~Chelate; extract with ammonium pyroli- EAA 0.2 ¡.g/l Sunderman (1986b) 0dine dithiocbamate: methyl isobutyl ke-
c:
Ztone
UFoo Digest with acid

Evans et al. (1978) enAA -
Wet digest with nitric acid, hydrogen per- DPASV (dimethylglyox- 1 ng/l digestion solu- Pihlar et al. (1981)oxide and sulfuric aeid ime-sensitized) tion
Dry ash DPASV (dimethylglyox- 5 ng/sample Meyer & Neeb (1985)

ime-sensitized)
Dry ash, chelate with sodium(ditrifluor- Chelate-GC 100 ng/sample Meyer & Neeb (1985)ethyl)dithiocbamate

Bloo Wet digest with nitric acid, hydrogen per- DPASV (dimethylglyox- 1 ng/l digestion solu- Pihlar et al. (1981)
VJoxide and sulfuric acid ime-sensitized) Hon i-
VI



w..
Table 21 (contd)

0'

Sample matri Sample preparation Assay procdure 
a Sensitivity/detection Reference

limit

Serum/whole Digest with nitric acid; heat EAA (Zeeman) 0.05 j.gll serum Sunderman et al. (1984a)
blòo 0.1 j.gll whole bloo

Body fluids/ Digest with nitrie acid, perehloric acid and EAA 0.2 j.gll boy fluids Sunderman (1986b)
tissues sulfuric acid; chelate; extraet with ammo- 0.4 j.g!g tissues

-
nium pyrolidine dithiocarbamate: methyl ~isobutyl ketone

Tissues Homogenize; digest with nitric acid, EAA (Zeeman) 0.01 j.gl g dry wt Sunderman et al. (1985a)
s:0

perchloric acid and sulfurie acid Z
Digest with nitric acid and sulfurie acid EAA (Zeeman) 0.8 j.glg wet wt Raithel et al. (1987) 00

Serum/urine Digest with nitrie acid, perchloric acid and EAA - Brown et al. (1981)
~

sul furie acid; chelate; extract with ammo-
nium pyrolidine dithiocarbamate: methyl

:t
V)

isobutyl ketone
6

Urine Chelate; extract with ammonium pyroli- BAA 0.5 j.gll Schaller & Zober (1982)
Edine dithiocarbamate: methyl isobutyl ke-

tone s:

Digest with nitric acid, perehloric acid and
tr

DPASV 1 j.g/l Schramel et al. (1985) .t
sulfuric acid

\0

Chelate; extract with hexamethylene am- AA 0.2 j.gll Angerer & Schaller (1985)
monium: hexamethylene dithiocarbamate:
diisopropylketone

Dilute with nitrie acid EAA (Zeeman) 0.5 j.gll Sunderman et al. (1986b)

Dilute directly with nitric acid EAA 1.2 j.gll Kiiunen et al. (1987)

aAA, flameless atomic absorption spectrometry; ICp, inductively coupled argon plasma speetrometry; DPAS~ differential pulse anodie
stripping voltammetry; EAA, eleetrothermal atomic absorption spectrometry; GC, gas chromatogrphy
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1984; Sunderman et al., 1986a). Choice of specimen, sampling strategies, specimen
collection, transport, storage and contamination control are of fundamental impor-
tance for an adequate monitoring programme (Sunderman et al., 1986a). As dis-
cussed in recent reviews (Stoeppler, 1980; Schaller et al., 1982; Stoeppler, 1984a,b;
Sunderman et al., 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 J.g/1 for urine,
0.1 J.g/I for whole blood, 0.05 J.g/l for serum or plasma, and 10 ng/g (dry wet) for
tissues, foods and faeces (Andersen et al., 1986; Sunderman et al., 1986a,b; Kiilußen
et al., 1987; Angerer & Heinrich- Ramm, 1988). An EAAS procedure for the deter-.
mination of nickel in serum and urine, which was developed on the basis of collabo-
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 et al., 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 et al., 1986a,b, 1988a). Sam pIe 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 de 

tec-tion limit of 1 ng/l for determination of nickel in biological media (Flora & Nieboer,
1980; Pihlar et al., 1981; Ostapczuk et aL., 1983). However, DPASV techniques are
generally more cumbersome and time consuming th an EAAS procedures. Isotope
dilution mass spectrometry provides the requisite sensitivity, specificity and preci-
sion for determination of nickel (Fassett et al., 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 et al., 1968; Stedman et al., 1979).
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3. Biological Data Relevant to the Evaluation
of Carcinogenic Risk to Humans

3.1 Carcinogenicity studies in animaIs 1

Experimental studies on animaIs exposed to nickel and various nickel com-
pounds were reviewed previously in the lARC Monographs (!ARC,. 1976, 1987). Re-
cen~ reviews on the biological and carcinogenic properties of nickel have been com-
piled by Fairhurst and Illng (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) Metal/ic nickel and nickel al/oys

(i) lnhalation

Mouse: A group of 20 female C57BL mice, two months of age, was exposed by
inhalation to 15 mglm3 metallc nickel powder ( ;: 99% pure; particle diameter, .c4
J.m)Jor 6 h per day on four or five days per week for 21 months. AlI mi ce 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-
tallc nickel powder (;: 99% pure nickel; partic1e diameter, ~4 J.m) 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-
tnid alveolar lesions and bronchial proliferations that were considered by the au-
thor as benign neoplasms. No specific control was inc1uded in the study (Hueper,
1958).

'The Working Group wa aware of studies in progress of the carcinogenicity of nickel, nickel acetate
tetrahydrate, nickel alloys, nickel-aluminium alloys, nickelchloride hexahydrate, nickel oxide, nickel
sulfide and nickel sulfate hexa- and heptahydrate in experimental animaIs by intraperitoneal, subc-
taneous, inhalation and intratraheal administration (IARC, 1988b).
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ln a further experiment with Bethesda black rats, exposure to metallc nickel
powder (99.95% nickel; particle diameter, 1-3 lJm) was combined with 2035 ppm
(50-90 mg/m3) sulfur dioxide as a mucosal irritant; powdered chalk was added to
prevent clumping. Exosure 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/m3 metallc 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 animaIs survived to 12months and all animaIs had died
by 21 months. Almost all animaIs developed adenomatoid alveolar les 

ions and ter-
minal bronchiolar proliferations. No such lesion was observed in ni 

ne controls.One treated guinea-pig had an anaplastic intra-alveolar carcinOina, and another
had an apparent adenocarcinoma metastasis in an adrenal node, although the pri-
maiy tumour was not identified (Hueper, 1958).

(H) Intratracheal instillation
Rat: Two groups of female Wistar rats (number unspecified), 11 weeks of age,

received either ten weekly intratracheal instilations of 0.9 mg metallc nickel pow-
der (purity unspecified) or 20 weekly injections of 0.3 mg metallc 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 con troIs 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 al., 1987).

Hamster. ln a study reported in an abstract, groups of 100 Syrian golden ham-
sters received either a single intratracheal instilation of 10, 20 or 40 mg of metallc
nickel powder (particle diameter, 3-8 lJm) or of one of two nickel alloy powders (par-
ticle diameter, 0.5-2.5 lJm; 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 instilations of 20 mg of one of the substances every six months
(total dose, 80 mg). In the groups receiving single instilations of alloy II, the inci-
dence of malignant intrathoracic tumours was reported as 1, 8 and 12%, respective-
ly, suggesting a dose-response relationship. ln the group receiving multiple instilla-
tions ofalloy II, 10% of the animaIs 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
tumourwas observed in animaIs treated with alloy i or in control animaIs (Ivankovic
et aL., 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 instilations of 0.8
mgmètallc nickel powder(99.9% nickel; mass median diameter, 3.1 iim) in 0.15 ml
saline at two-week intervals (total dose, 9.6 mg). Additional groups were tre~ted
similarly with 12 intratracheal instilations of 3 mg pentlandite (containing 34.3%
nickel; total dose, 36 mg), 3 or 9 mg 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 con troIs or in the groups
treated with stainless-steels (Muhle et al., 1990). (The Working Group noted that no
lung tumour was observed in the positive control group.)

(iii) lntrapleural administration

Rat: A group of 25 female Osborne-Mendel rats, six months of age, received
injections of a 12.5% suspension of metallc nickel powder in 0.05 ml lanolin 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 of the 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 metallc 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 con troIs (Furst et al.,
1973). (The Working Group noted the limited reporting of the experiment.

(iv) Subcutaneous administration

Rat: Groups of five male and fIve female Wistar rats, four to six weeks of age,
received four subcutaneous implants of pellets (approximately 2 x 2 mm) of metallic
nickel or nickel-gallum alloy (60% nickel) used for dental prostheses and were ob-
served for 27 months. Loal sarcomas were noted in 5/10 rats that received the me-
tallc nickel and in 9/10 rats that received the nickel-gallum alloy. No localtumour
occurred in ten groups of rats that received similar implants of other dental materi-
aIs (Mitchell et al., 1960).
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(v) lntramuscular administration

Rat: A group of ten female hooded rats, two to three months of age, received a
single intramuscular injection of 28.3 mg pure metallc nickel powder in 0.4 ml fowl
serum into the right thigh. AlI animaIs 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 metallc nickel powder in 0.2 ml trioc-
tanoin. Fibrosarcomas occurred in 38 treated animaIs but in no 

ne of a group of 25
male and 25 female con 

troIs given trioctanoin alone (Furst & Sc 
hl au der, 1971).

Two groups of ten male Fischer 344 rats, three months of age, received a single
intramuscular injection of metallc nickel powder (3.6 or 14.4 mg/rat) in 0.5 ml peni-
cilln G procaine. Surviving rats were kiled 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 con troIs (Sunderman & Maenza, 1976). (The Working
Group noted the small number of animaIs used.)

Groups of 20 WAG rats (sex and age unspecified) received a single intramus-
cular injection of 20 mg metallc 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 of 20 or 16 male Fischer 344 rats, two to three months of age, received a
single intramuscular injection of 14 mg metallc nickel powder (99.5% pure) or 14
mg (as nickel) of a ferronickel alloy (NiFe1.6) in 0.3-0.5 ml penicilin 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 con 

troIs
given penicilin G or in 40 con troIs 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 metallc nickel in paraffin oil. One group also
received intramuscular injections of interferon at 5 X 1() 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. Metallc nickel depressed natu-
raI killer cell activity. Prospective analysis of individual natural kiler cell responses
indicated that a persistent depression was restricted to rats that subsequently de-
veloped a tumour (Judde et al., 1987).

Hamster. Furst and Schlauder (1971) compared the tumour response in Syrian
hamsters with that of Fischer 344 rats (see above) to metallc nickel powder.
Groups of 25 male and 25 female hamsters, three to four weeks old, received five



322 lARe MONOGRAHS VOLUME 49

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) lntraperitoneal 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 of 5 mg me-
tallc nickel powder in 0.3 ml corn oïl twice a month for eight months. A control
group received injections of corn oil only. ln the treated group, 30-50% of rats were
reported to have developed intraperitoneal tumours (Furst & Cassetta, 1973).

A group of 50 female Wistar rats, 12 weeks of age, received ten weekly intraper-
itoneal injections of 7.5 mg metallc nickel powder (purity unspecifiedJ (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-
troIs, abdominal tumours were found in 0-6% of animaIs (Pott et aL., 1987).

Groups of female Wistar rats, 18 weeks of age, received single or repeated in-
traperitoneal injections of metallc nickel powder (100% nickel) or of one of three
nickel alloys in 1 ml saline once or twice a week. AlI animaIs 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 metallc 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) lntravenous administration
Mouse: A group of 25 male C57BL mice, sixweeks old, received two intravenous

injections of 0.05 ml of a 0.005% suspension of metallc nickel powder in 2.5% gela-
tin into the tail vein. Nineteen animaIs 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 groupof 25 Wistar rats (sex unspecified), 24 weeks of age, received in-
travenous injections of 0.5 ml/kg bwmetallc 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 regionalong the injection route (probably from seepage at the
time of treatmentJ. 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 Schedu le Mesotheliomas Sarcomas at Lol tumours
(mg, as Ni) at two years two year at 30 monthsb

Metallc nickel 6 Single injection 3 0 4/34
12 2 X 6 mg 3 2 5/34
25 25 X 1 mg 16 9 25/35

Anoy (50% Ni) 50 Single injection 1 7 8/35
150 3 X 50 mg 2 8 13/35

Anoy (29% Noe 50 Single injection 0 0 2/33
100 2 X 50 mg 0 1 1/36

Anoy (66% Ni)d 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

"From Pott et al. (1989, 199)
~esults not given separately for mesotheliomas and sarcomas
Cßfore millng: 32% Ni, 21% Cr, 0.8% Mn, 55% Fe
d&fore miling: 74% Ni, 16% Cr, 7% Fe

(vii) lntrarenal 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 observation (Jasmin & Riopelle, 1976).

Groups of male Fischer 344 rats, approximately two months of age, received an
intrarenal injection of 7 mg metallc nickel powder or of a ferronickel alloy (NiFe1.6;
7mg Ni per rat) in 0.1 or 0.2 ml saline solution into each pole ofthe right kidney. The
study was terminated after two years; the median survival time was 100 weeks 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) lmplantation of ear-tags
Rat: ln 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 104 weeks 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 al., 1987).

(x) Other routes of administration

Rat: In groups of 20 WAG rats (sex and age unspecified) suhperiosteal injection
of 20 mg metallc nickel powder resulted in local tumours in 11/20 rats; intramedul-
lary injection of 20 mg metallc nickel resulted in local tumours in 9/20 rats (Berry
et al., 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 instilations of 1 or 5 mg 20-methylcholan-
threne (MC) alone or with 10 mg metallc 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, 0/7; metallc Ni alone, 0/7. 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 animaIs used and the short duration of observation.)

(b) Nickel oxides and hydroxides

The compounds considered un der 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) l nhalation
Rat: Groups of six or eight male Wistar rats, two months of age, were exposed

by inhalation to 0.6 or8.0 mg/m3 nickel monoxide (green) particles (median aerody-
namic diameter, 1.2 Jlm) 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-
tous 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 of one rat (group
unspecified). None of the five control rats developed these lesions, although both
control and exposed animaIs exhibited some- squamous metaplasia (Horie et al.,
1985). (The Working Group noted thesmall number of animaIs 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.g/m3 nickel as nickel monoxide aerosol (particle size, ~ 0.3
J.m) continuously for 18 months, followed by an observation period of one year un-
der normal atmospheric conditions. At 24 months, 80% of animaIs 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 animaIs was too short for carcinogenicity to be evaluated
fully, and that nickel oxide aerosols were generated by atoffization 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 me an aerosol concentration of 53.2 mg/m3 nickel monox-
ide (me an particle diameter, 0.3 J.m) 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 animaIs 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 animaIs but did not affect their lifespan. Mean life-
span was 19.6:l 1.6 months for animaIs exposed to smoke and nickel monoxide, 16.1
:l 1.1 for sham-exposed nickel oxide-treated animaIs and 19.6:l 1.4 and 15.3 :l 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) l ntratracheal instillation
Rat: Groups of female Wistar rats (numbers unspecified), 11 weeks of age,

received ten weekly intratracheal instilations 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 con troIs (Pott et al., 1987).

Hamster. ln an experiment designed to study the effects of particulates on the
carcinogenesis of N-nitrosodiethylamine, groups of 25 male and 25 female hamsters
(strain unspecified), five weeks old, received intratracheal instilations of 0.2 ml of a
suspension of 2 g nickel monoxide (parti cie size, 0.5-1.0 J.m) in 100 ml 0.5% wlv
gelatin/saline once a week for 30 weeks. A group of 50 controls received injections
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of carbon 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 animaIs that were necropsied and four in controls. A high incidence
ofrespiratory-tract tumours was observed in animaIs treated withN-nitrosodiethyl-
amine alone (Farrell & Davis, 1974). (The Working Group noted the poor survival
of treated and control animaIs.)

(iii) lntrapleural 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 crocidolite, 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 con troIs developed
local sarcomas (Skaug et al., 1985),

(iv) lntramuscular administration
Afouse: Two groups of 50 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 penicilln G procaine into each thigh muscle and were observed for up to 476
days. Loal 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 of 20 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 rnonoxide (dose un-
specified) iD aqueous penicilin G procaine. Local sarcomas developed in 15/20 (19
tumours at 40 sites) and 2/20 rats, respectively. Concurrent vehicle con troIs were
not used. Seventeen of 20 animaIs 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 iim) 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 animaIs developed local sarcomas (mostly rhabdomyosarcomas) with a me-
dian tumour latency of 49 weeks and a median survival time of 58 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 of 20 male Wistar rats, weighing 20-220 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, crystallne industrial nickel hydroxide and a freshly pre-

pared colloidal nickel hydroxide - in 0.1 ml distiled water. A positive control

group was treated with 120 iimol (7.1 mg) nickel as nickel subsulfide (see also p. 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 u1cerating, tumour-like growths developed
between five and six months after treatment in the crystallne-treated group, but
these regressed and were not included in tabulations. Local tumours occurred in
5/19 rats (four rhabdomyosarcomas, one fibrosarcoma) given the dried gel, 3/20 (aIl
rhabdomyosarcomas) given the crystallne com pound, 0/13 given the colloidal prep-
aration, 16/20 positive con troIs and 0/20 negative controls (Kasprzak et aL., 1983).
(See also pp. 360-361.)

ln the study by Berry et al. (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.

ln the study by Judde et al. (1987) described on p. 321, no tumour was induced
by 20 mg nickel trioxide in ten rats.

(v) lntraperitoneal 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
animaIs developed abdominal tumours (sarcomas, mesotheliomas or carcinomas)
with an average tumour latency of 31 months. Concurrent controls were not re-
ported but, in other groups of saline controls, the incidence of abdominal tumours
ranged from 0 to 6% (Pott et al., 1987).

ln a study described earlIer (p. 322), single injections of 25 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 aL.,
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1989, 1990). (The Working Group noted that the results at 30 months were available
as an extended abstract only.)

(vi) lntrarenal administratio11

Rat: A group of 12 male Fischer 344 rats, two months of age, received an injec-
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) l ntracerebral 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 sulfdes

The experiments described below refer primarily to a-nickel subsulfide and to
other crystallne forms of nickel sulfide, except where specifically stated that an
amorphous form was tested.

(i) lnhalation

Rat: A group of 122 male and 104 female Fischer 344 rats (age unspecified) was
exposed by inhalation to 0.97 mg/m3 nickel subsulfide (particle diameter, -= 1.5 )lm)
for 6 h per day on five days per week for 78 weeks. The remaining rats were observed
for another 30weeks, bywhich time survival was less th an 5%. Survival of a 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
animaIs 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 les ions was also noted among nickel subsulfide:'treated rats (Ottolenghi et
al., 1974).

(ii) l ntratracheal instillation
Mouse: Groups of 20 male B6C3F1 mi ce, eight weeks of age, received intratra-

cheal instilations of 0.024,0.056,0.156,0.412 or 1.1 mg/kg bw nickel subsulfide (par-
ticle size, -= 2 Jlm) in saline once a week for four weeks and were observed for up to
27 months, at which time about 50% of the animaIs. had died. Lung tumours
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occurred in all groups; no significant difference from con troIs and no dose-response
relationship was observed. No damage to the respiratory tract that was attributable
to treatment was seen (Fisher et al., 1986). (The Working Group noted the low doses
used. )

Rat: Groups of 47,45 and 40 female Wistar rats, Il weeks of age, received in-
tratracheal instilations 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 animaIs were stil 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-
nom as and five mixed tumours occurred in the lungs of treated animaIs. No lung
tumour occurred in 40 controls given 20 intratracheal injections of 0.3 ml saline
(Pott et al., 1987).

Hamster. In the study reported on p. 320 (Muhle et al., 1990), no lung tumour
was seen in 62 animaIs given 12 doses of 0.1 mg æ-nickel subsulfide by intratracheal

instilation. (The Working Group noted the low total dose given.)

(iii) lntrapleural 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 animaIs but in none of 32 saline-in jected con troIs (Skaug et aL., 1985)

(iv) Topical administration

Hamster. Groups of male golden Syrian hamsters of the LVG/LAK strain, two
to three months of age, were painted on the mucosa of the buccal pouches with 1 or 2
mg æ-nickel subsulfide in 0.1 ml glycerol three times a week for 18 weeks (six to
seven animaIs; total doses, 54 and 108 mg nickel subsulfide) or with 5 or 10 mg three
times a week for 36 weeks (13-15 animaIs; total doses, 540 and 1080 mg nickel subsul-
fi de ), and were observed for more th an 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) lntramuscular 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
oîl:streptocilin (3:1). Two mice from each group were kiled two months after injec-
tion for whole-body autoradiography; no tumour was seen at this stage. The re-
maining animaIs 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 and re-
gional lymph nodes ocurred 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
C57B16 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 penicilin G procaine solution into one
thigh muscle. Loal sarcomas developed in six DBA/2 (p -c 0.01) and in five C57B16
(p .c 0.05) mice, with median latent periods of 13 and 14 months, respectively. None
of nine control mice of each strain injected with penicilln 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 con troIs 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 llm), by implantation of an intact 11-mm disc (500 mg), by implan-
tation of 3-5-mm di sc fragments or by implantation of 10 mg powder in a 0.45-llff
porosity milipore diffusion cham ber. Local tumours (mostly rhabdomysarcomas)
developed in 71-95% of rats, which demonstrated diffusion of soluble nickel from
the chambers. The me an tumour latency for the last group was 305 days, almost
twice that for the other three groups. Among 19 controls given 38 implants of empty
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 th an 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 of nickel subsulfide discs (250 mg)
or 8 xl-mm discs of ferric oxide (control) in opposite sides of the gluteal
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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 of age, received injections of 10 mg nickel
subsulfide in penicilin 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
furtner 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 of ten male Fischer 344 rats, three months of age, received intramuscu-
lar injections of amorphous nickel sulfide and (Y-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 Jlg Ni per rat. A further group received injections of nickel ferro-

sulfide matte (85 and 340 Jlg atom of nickel per rat). Sarcomas at the injection site
developed in 8/10 and 9/9 of the low- and high-dose nickel subsulfide-treated groups
and in 1/10 and 8/10 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 penicilin G procaine suspension alone or in two control
groups treated with metallc 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 penicilln 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 les ions 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 of 0.6, 1.2, 2.5 or 5 mg nickel subsulfide. Local sar-
comas were recorded in 7130, 23130, 28/30 and 29/30 of the animaIs, respectively
fp cC 0.01), indicating a dose-related increase in incidence. No such tumour devel-
oped in 60 untreated controls (Sunderman et aL., 1976). ln an extension of this study,
a total of 383 animaIs received injections of 0.63-20 mg a-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 undifferentiatedsarcomas, 72 fibrosarcomas, nine liposarcomas,
two neurofibrosarcomas and one a haemangiosarcoma. Metastasis was seen in 137
of the 336 tumour-bearing animaIs (Sunderman, 1981).

ln 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
(see p. 321), five nickel sulfides were among the compounds tested. Three of these
(a-nickel subsulfide, crystallne ß-nickel sulfide and nickel ferrosulfide matte) in-
duced local sarcomas in 100% of animaIs (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) animaIs and amorphous nickel sulfide in 12%

(3/25). Median latent periods were 30 weeks for nickel subsulfide, 40 weeks for crys-
tallne 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).

ln 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 animaIs 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 fp c( 0.01, trend test).
No tumour occurred among 14 controls injected with saline alone (Sunderman,
1983a ).
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Rahhit: 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 ex-nickel subsulfide (50 mg/rab bit) in 0.1-0.5 ml
penicilln G procaine suspension. AIl animaIs died between 16 and 72 months. No
local tumour was found on autopsy (Sunderman, 1983a). (The Working Group
noted the short observation period.)

(vi) lntraperitoneal administration
Rat: Of a group of 37 Fischer rats (sex and age unspecified) that received a

single intraperitoneal injection of nickel subsulfide (dose unspecifiedJ, 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.J

A group of 50 female Wistar rats, 12 weeks of age, received a single intraperito-
neal injection of 25 mg nickel subsulfide. Abdominal tumours (sarcomas, mes othe-
liomas and carcinomas) occurred in 27/42 animaIs, with an average latent period of
eight months (Pott et al., 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. Loal tumours
were observed at 30 months in 20/36 animaIs 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 et al., 1989, 1990). (The Working Group noted that the
results at 30 months were available as an extended abstract onlY.J

(vii) lntrarenal 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
11/24 animaIs compared with 0/16 in animaIs 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; aIl 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 crystallne 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 of 5 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 of 0.6, 1.2,
2.5, 5 or 10 mg nickel subsulfide; no tumour was seen with 0.6, 1.2 or 2.5 mg, but
responsesof 5/18 and 18/24 were obtained with 5 mg and 10 mg, showing a dose-re-
sponse effect. AIl tumours were malignant, but the authors could not establish
whether the tumours were of epithelial 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); crystallne ß-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 0/15 rats treated with amorphous nickel sul-
fide. No local tumour developed in vehicle con troIs (Sunderman et al., 1984b).

(vii) lntratesticular administration

Rat: A group of 19 male Fischer 344 rats, eight weeks of age, received an injec-
tion of 10 mg a-nickel subsulfide in 0.3 ml saline into the centre of the right testis
and were observed for 20 months, at which time aIl the animaIs had died. A control
group of 18 rats received an injection of 0.3 ml saline only, and a further two groups
of four rats each received injections of either 10 mg metallc iron powder in saline or
2 mg zinc (Ill 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) lntraocular 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 lLI saline into the vitreous
cavity of the right eye un der anaesthetic. Eleven male con troIs were similarly in-
jected with saline alone. The experiment was terminated at 40-42 weeks after



NICKEL AND NICKEL COMPOUNDS 335

treatment, when Il control and one surviving treated rats were kiled. 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 Il melanomas, four retinoblastomas, three gliomas, one phakocarci-
nom a (lens capsular tumour) and three unclassified malignant tumours. No tu-
mour developed in either the con troIs or in the uninjected, 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 visibilty of developing
tumours within the chamber permits theirvery early recognition (Albert et al., 1980;
Sunderman, 1983b).

Salamander. A group of eight lentectomized J apanese 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 con troIs injected with 2-3 lLI 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 of 20 mg ~-nickel subsulfide in 0.2 ml procaine
penicilin G suspension on day 6 of gestation, allowing for graduaI dissolution of the
nickel subsulfide throughout the remainder of the pregnancy. A group of controls
received an injection of vehic1e 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 et al., 1981). (The Working Group
noted that only one dose was used, which was not toxic to the fetuses.)

(xi) lmplantation 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) lntramuscular, subcutaneous or intra-articular injection or injection
into retro peritoneal fat

Rat: ln 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 of ten 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 (alI 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); and re-
troperitoneal fat, 9/20 (five malignant fibrous histiocytomas, three rhabdomyosar-
comas, one fibrosarcoma or unc1assified). Controls did not develop tumours (Shi-
bata et al., 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 benzol a )pyrene in penicilin G

procaine suspension, or vehicle alone. AlI 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 of 5 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 et al., 1973).

(d) Nickel salts

(i) lntramuscular 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 ofthe 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).

ln 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. AnimaIs
were observed for 18 months. Six tumours developed in the nickel carbonate group;
single tumours developed in the nickel acetate and nickel sulfategroups. No tu-
mour developed in any of the other groups or in 35 con troIs (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 penicilin G pro-
caine and injected intramuscularly (dose unspecified) into groups of 20 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 lLI of a 0.2 M solution of nickel sulfate (4.4 lLmol (0.26 mg)/injection
of nickel; total dose, 66 lLmol (4 mg)lrat nickel) every other day during one month.
Further groups of 20 male rats received injections of nickel subsulfide (total dose, 40
lLmol (7.1 mg nickel); positive control) or sodium sulfate (15 injections of 20 lLI 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 aL., 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
mg/rat nickeL. Ten rats survived two years (Sunderman, 1984).

(ii) lntraperitoneal administration
Mouse: ln a screening assay for lung adenomas in strain A mice, groups of ten

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 mg/kg bw) three times a week for 24 weeks and were observed for 30 weeks,
at which time aIl survivors were autopsied. Further groups of mice received a single
intraperitoneal injection of 20 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 et al., 1976).

ln 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 (maxmal 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. AnimaIs were autopsied 30 weeks after the first injection.
Of the nickel-treated group, 24/30 animaIs survived to 30 weeks and had an average
of 1.50 lung adenomas/animal, whereas 25/30 controls had an average of 0.32lung
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 1 mg 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 et al., 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 úfO.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
papiloma, one early carcinoma) in the group treated with dinitropiperazine plus
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Table 23. Thmour responses of rats to intraperitoneal injection of soluble
nickel saUsa

Compound Schedu leTotal dose
(mg, as Ni)

Incidence of abdominal
tumours

Nickel chloride.6H20
Nickel sulfate.7H20
Nickel acetate.4H20

50

50

25

50

25

50

50 X 1 mg

50 X 1 mg

25 X 1 mg

50 X 1 mg

25 X 1 mg

50 X 1 mg

3 X 1 ml

50 X 1 ml

Nickel cabonate
Nickel hydroxide.2H20
Saline

4/32 (p .. 0.05)

6/30 (p .. 0.05)

3/35
5/31 (p .. 0.05 for trend)

1/35
3/33

1/33
0/34

tlrom Pott et al. (1989, 199)

insertion of nickel sulfate in gelatin. No tumour occurred in the other groups. The
au th ors conc1uded 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 animaIs used and the
poor survivaL.)

As reported in an abstract, in an extension of the study by Ou et al. (1980), five
of 22 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 aL., 1983). (The Working Group noted the small number of
animaIs used and the poor survivaL.)

As reported in an abstract, a group of 13 female rats (strain and age unspeci-
fied) received ci single subcutaneous injection of 9 mg dinitrosopiperazine 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 mon th. 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. ln 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/l N-nitrosoethylhydroxyethylamine (NEHEA) in the drinking-water for two
weeks. Thereafter, rats received drinking-water alone or drinking-water containing
600 mg/l 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 c: 0.05) than that in con troIs given NEHEA
alone (2/15) or nickel chloride alone (0/15) (Kurokawa et al., 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-
yI-N' -nitro-N-nitrosoguanidine, in the pancreas of Syrian golden hamsters follow-
ing initiation with N-nitrosobis(2-oxypropyi)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 et al., 1984; Kuroka-
wa et al., 1985).

(e) Othe, nickel compounds

(i) lnhalation

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/m3 nickel carbonyL. AlI treated ani-
maIs 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 et al., 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 animaIs. Similar exposure to nickel carbonyl followed by intraperito-
ne al injection of sodium diethyl dithiocarbamate, an antidote, resulted in survval
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 &
DonnelIy, 1965).

A group offive non-inbred rats (sex and age unspecified) was exposed byinha-
lation to 70 mg/m3 nickel refinery dust (containing 11.3% metallc nickel, 58.3%
nickel sulfide (identity unspecified), 1.7% nickel monoxide and 0.2% water-soluble
nickel (composition of sample unclear D for 5 h per day onfive 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
animaIs 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 mglm3 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 animaIs from each group were autopsied at four-month inter-
vals up to 16 months, and aIl 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 of nickel (Wehner et
al., 1981, 1984).

(ii) l ntratracheal instillation
Rat: A group of 26 white non-inbred rats (sex and age unspecified) received a

single intratracheal instilation of 20-40 mg aerosol dust (64.7% nickel monoxide
(black), 0.13% nickel sulfide, 0.18% metallc 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 con troIs were untreated or received the ve-
hicle alone.)

(iii) l ntramuscular 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 penicilin G procaine. Of the 36 mice that survived more th an 90 days, 20
developed a total of 23 local sarcomas, with an average latent period of 46 weeks. No
tumour occurred among 48 control mi ce 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 penicilin 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 distiled water; 20/28 of the
rats that survived more th an 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 21/50, 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.m. Rats that died within two months of the
injection were excluded from the experiment; remaining animaIs were observed for
two years. Median survival ranged from 32 weeks (positive con troIs ) 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 vehic1e 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 vehic1e control group (p .. 0.001); 67% of
aIl the sarcomas were rhabdomyosarcomas, 11% fibrosarcomas, 15% osteosarco-
mas and 5% undifferentiated sarcomas. Metastases occurred in 57% of tu-
mour-bearing rats (Sunderman & McCully, 1983).

In a continuation of these tests, nickel selenide, nickel subselenide and nickel
monoxide (positive control; see p. 327) were tested using the same experimental
techniques. Nickel selenide and nickel subselenide induced significànt increases in
the incidence oflocal 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-
troIs. Approximately 50% of the tumours were rhabdomyosarcomas (Sunderman,
1984).

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) lntraperitoneal adininistration

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% metallc nickel, 58.3% nickel sulfide, 1.7% nickel monox-
ide and 0.2% water-soluble nickel; the second contained 2.9% metallc 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 Il months in animaIs 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 vehic1e.)

(v) lhtravenous 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 animaIs 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-in jected controls. The difference in total tumour incidence was
significant (p ~ 0.05) (Lau et al., 1972).

(vi) lntrarenal administration

Groups of male fischer rats (initial number unspecified), approximately eight
weeks old, received intrarenal injections of 7 mg nickel as one of several nickel com-
pounds in 0.1 or 0.2 ml saline solution or in glycerol:distiled 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 (3/15 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; 0/15
and 0/17), nickel antimonide (0/20) or nickel titanate (0/19). No local tumour devel-
oped in vehicle controls (Sunderman et al., 1984b).

The experiments described in section 3.1 are summarized in Table 24.
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Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Metallc nickel powder Intramuscular Rat (50) 38/50 locl tumours vs 0 in controls Furst &
Schlauder (1971)

Metallc nickel powder Intramuscular Rat (20) 3.6 mg, 0/10 local tumours Sundennan &
14.4 mg, 2/9 local tumours Maenza (1976)

ZControls, 0/20 local tumours -
Metallc nickel powder Intramuscular Rat (20) 17/20 locl tumours vs 0/56 in con- Berr et al. (1984) ("

~
troIs tr

r-
Metallc nickel powder Intramuscular Rat (20) 13/20 local tumours vs 0/44 in con- Sundennan (1984)

~troIs

Metallc nickel powder Intramuscular Rat (40) 14/30 local tumours vs 0/60 in con- Judde et al. (1987)
U
ZtroIs -
("

Metallc nickel powder Intramuscular Hamster (50) 2/50 local tumours vs 0/50 in con- Furst & Schlauder ~
troIs (1971)

tr
r-

Metallc nickel powder Intraperitoneal Rat 30-50% locl tumours vs none in Furst & Cassetta ("
con troIs (1973) 0

~Metallc nickel powder Intraperitoneal Rat (50) 46/48 abdominal tumours Pott et al. (1987) 'i0
Metallc nickel powder Intraperitoneal Rat 6 mg, 4/34 local tumours Pott et al. (1990) c:

2 X 6 mg, 5/34 local tumours Z
U25 X 1 mg, 25/35 local tumours CI

Metallc nickel powder Intravenous Mouse (25) No tumour Hueper (1955)

Metallc nickel powder Intravenous Rat (25) 7/25 locl tumours Hueper (1955)

Metallc nickel powder Intrarenal Rat (20) No local tumour Jasmin & Riopelle
(1976)

Metallc nickel powder Intrarenal Rat No local tumour Sundennan et al.

(1984b)
Metallc nickel powder Subperiosteal Rat (20) 11/20 locl tumours Berr et al. (1984) vi
Metallc nickel powder Intrafemoral Rat (20) 9/20 local tumours Berr et al. (1984) +:

VI
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Table 24 (contd) ~
Compound Route Species Tumour incidence (no. of animaIs Reference

(No. at start) with tu mours/effective number)

Nickel alloy: 26.8%, Ni, 16.2% Cr, ln tra tracheal Hamster (100 10 mg, no locl tumour Ivankovic et al.
39.2% Fe, 0.04% Co per group) 20 mg, no locl tumour (1987)

40 mg, no locl tumour

4 X 20 mg, no local tumour

Nickel alloy: 66.5%, Ni, 128% Cr, Intratracheal Hamster (100 10 mg, 1% locl tumours Ivankovic et al. -
6.5% Fe, 0.2% Co per group) 20 mg, 8% locl tumours (1987)

~40 mg, 12% local tumours
4 X 20 mg, 10% locl tumours a:

Nickel-gallum alloy (60% Ni) Subcutaneous Rat (10) 9/10 locl tumours Mitchell et al. 0
Z

(1960) 0
Nickel-iron alloy (NiFe,.s) Intramuscular Rat (16) 0/16 locl tumours Sunderran (1984) 0

~Nickel-iron alloy (NiFe,.s) Intrarenal Rat 1/14 renal cancers vs 0/46 con troIs Sunderran et al.
(1984b) ::

Nickel alloy (50% Ni) Intraperitoneal Rat 50 mg, 8/35 locl tumours Pott et al. (1989, en

3 X 50 mg, 13/35 locl tumours 199) â
Nickel alloy (29% Ni) Intraperitoneal Rat 50 mg, 2/33 locl tumours Pott et al. (1989, 8

2 X 50 mg, 1/36 locl tumours 1990) a:
Nickel alloy (66% Ni) Intraperitoneal Rat 50 mg, 12/35 local tumours Pott et al. (1989,

tI
~

3 X 50 mg, 22/33 locl tumours 199) \0

Pentlandite Intratracheal Hamster (60) 1/60 local tumour Muhle et al. (199)

Nickel oxides and hydroxides

Nickel monoxide (green) Inhalation Rat (6, 8) 8 mg/m3, 1/8 lung tumour Horie et al. (1985)
0.6 mglm3, 0/6 lung tumour

Nickel monoxide Inhalation Rat (40, 20) 0.06 mg/m3, no tumour Glaser et al. (1986)
0.2 mg/m3, no tumour

Nickel monoxide Inhalation Hamster (51) 1/51 osteosarcoma Wehner et al. (1975,
1979)



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel monoxide Intrapleural Rat (32) 31/32 local tumours vs 0/32 in con- Skaug et al. (1985)
troIs

Nickel monoxide Intratracheal Rat lOX5 mg, 10/37 lung tumours Pott et al. (1987)
10 X 15 mg, 12/38 lung tumours
controls, 0/40 Z~

Nickel monoxide Intratracheal Hamster (50) 1/49 lung tumours vs 4/50 in con- Farrell & Davis ("
~troIs (1974) tr

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) 0
Nickel monoxide Intramuscular Rat (20) 2/20 local tumours Gilman (1966) Z~

("
Nickel monoxide Intramuscular Rat (20) No local tumour Sosinski (1975) ~
Nickel monoxide Intramuscular Rat (15) 14/15 local tumours Sunderman &

tr
~

McCully (1983) ("
Nickel monoxide Intramuscular Rat (20) 0/20 local tumour Berr et al. (1984) 0

~
Nickel monoxide Su bperiosteal Rat (20) 0/20 local tumour Berr et al. (1984) "'0
Nickel monoxide Intraperitoneal Rat (50) 46/47 local tumours Pott et al. (1987) e
Nickel monoxide Intraperitoneal Rat 25 mg, 12/34 local tumours Pott et al. (1989,

Z
0

100 mg, 15/36 local tumours 1990) r:
Nickel monoxide (green) Intrarenal Rat (12) 0/12 local tumour Sunderman et al.

(1984b)
Nickel hydroxide Intramuscular Rat 15/20 locl tumours Gilman (1966)

Nickel hydroxide Intramuscular Rat (3 x 20) Dried gel: 5/19 local tumours Kasprzak et al.
Crystallne: 3/20 local tumours (1983)
Colloidal: 0/13 local tumour

Nickel trioxide Intramuscular Rat (10) 0/10 local tumour Judde et al. (1987)

Nickel trioxi.de Intracerebral Rat (20) 3/20 locl tumours Sosinski (1975)
V..¡-.
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Table 24 (contd) w.i
00

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tu mours/effective number)

Nickel sulfides

Nickel disulfide Intramuscular Rat 12/14 local tumours Sunderman (1984)

Nickel disulfide Intrarenal Rat 2/10 local tumours Sunderman et al.
(1984b)

Nickel sulfide (amorphous) Intramuscular Rat (10 per 5.6 mg, no local tumour Sunderman & -
group) 224 mg, no local tumour Maenza (1976)

~ß-Nickel sulfide Intramuscular Rat 14/14 local tumours Sunderman (1984)

Nickel sulfide (amorphous) Intramuscular Rat 3/25 local tumours Sunderman (1984) s:0
Nickel sulfide Intrarenal Rat (18) 0/18 local tumour Jasmin & Riopelle Z

(1976) 0
0

ß-Nickel sulfide Intrarenal Rat 8/14 local tumours Sunderman et al.

~(1984b)
Nickel sulfide (amorphous) Intrarenal Rat 0/15 locl tumour Sunderman et al. ~

(1984b)
c:

âNickel subsulfide Inhalation Rat (226) 14/208 malignant lung tumours; Ottolenghi et al.
15/208 benign lung tumours (1974) 8

Nickel subsulfide Intratracheal Mouse (100) No increase in lung tumours Fisher et al. (1986) s:
Nickel subsulfide Intratracheal Rat 0.94 mg: 7/47 lung tumours Pott et al. (1987)

tr
.i

1.88 mg: 13/45 lung tumours \0

3.75 mg: 12/40 lung tumours

a-Nickel subsulfide ln tra tracheal Hamster (62) 0/62 lung tumour Muhle et al. (199)

Nickel subsulfide Intrapleural Rat (32) 28/32 local tumours Skaug et al. (1985)

Nickel subsulfide Subc taneous Mouse (20) 5 mg, 4/8 locl tumours Oskarson et al.
10 mg, 7/8 local tumours (1979)

Nickel subsulfide Subctaneous Rat (40 per 3.3 mg, 37/39 local tumours Mason (1972)
group) 10 mg, 37/40 local tumours

Nickel subsulfide Subctaneous Rat (20) 18/19 local tumours Shibata et al. (1989)



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effeetive number)

Nickel subsulfide Intramuseular Mouse (45, Swiss, 27/45 local tumours Gilman (1962)
18) C3H, 9/18 local tumours

Nickel subsulfide Intramuseular Mice (20) 5 mg, 4/8 local tumours Oskarsson et al.
10 mg, 4/8 local tumours (1979) Z-

Nickel subsulfide Intramuscular Mouse (10, C57B16, 5/10 local tumours Sunderman (1983b) ("
t:10) DBN2, 6/10 local tumours tT

Nickel subsulfide Intramuseular Rat (32) 25/28 local tumours Gilman (1962) ~

~Nickel subsulfide Intramuseular Rat (20) 10 mg powder, 19/20 local tumours Gilman & Herehen
500 mg fragments, 5/7 local tumours (1963) U
500 mg dises, 14/17 local tumours Z-
10 mg diffusion ehamber, 14/17 Io- n
cal tumours t:

tT
controls, 1/19 local tumour ~

Nickel subsulfide (dise) Intramuseular Rat (groups 4/10 locl tumours with removal of Herehen & Gilman ("0
of 15) dise after 64 days (1964) ~7/10 local tumours with removal of ~

dise after 128 days 0
10/10 local tumours with removal of c:

Zdise after 20 days U
Nickel subsulfide Intramuscular Rat (30, 27) NIH blaek, 28/28 local tumours Daniel (1966)

Cf

Hooed, 14/23 local tumours

Nickel subsulfide Intramuscular Rat (40 per 3.3 mg, 38/39 local tumours Mason (1972)
group) 10 mg, 34/40 locl tumours

Nickel subsulfide Intramuscular Rat (10 per 5 mg, 8/20 locl 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)

w..1.
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Table 24 (contd)

Compound Route Species Thmour incidence (no. of animaIs 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 n

a-Nickel subsulfide Intramuscular Rat 9/9 local tumours Sunderman (1984) ~
Nickel subsulfide Intramuscular Rat (20) 10/20 local tumours Berr et al. (1984)

0
Z

Nickel subsulfide Intramuscular Rat (100) 2/100 local tumours Judde et al. (1987) 0
0

Nickel subsulfide Intramuscular Hamster 5 mg, 4/15 local tumours Sunderman (1983a)
~(15, 17) 10 mg, 12/17 local tumours

controls, 0/14 local tumour :i
en

Nickel subsulfide Intram\lscular Rabbit 16 local tumours Hildebrand & ~
Biserte (1979a,b) 0

a-Nickel subsulfide Intramuscular Rabbit (4) 0/4 local tumour Sunderman (1983a) B

Nickel subsulfide Intramuscular Rat (20) 19/20 local tumours Shibata et al. (1989) ~
tn

a-Nickel subsulfide Topical Hamster 54 mg total, 0/6 locl tumour; Sunderman (1983b) +:
\C

(6-7, 13-15) 108 mg total, 0/7 local tumour;
540 mg total, 0/15 local tumour;
1080 mg total, 0/13 local tumour

Nickel subsulfide Intraperitoneal Rat (37) 9/37 locl tumours Gilman (1966)

Nickel subsulfide Intraperitoneal Rat (50) 27/42 local tumours Pott et al. (1987)

Nickel subsulfide Intraperitoneal Rat 6 mg, 20/36 locl tumours Pott et al. (1989,
12 mg, 23/35 local tumours 199)
25 mg, 25/34 local tumours



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel subsulfide Subperiosteal Rat (20) 0/20 local tumour Berr et al. (1984)
Nickel subsulfide Intrafemoral Rat (20) 10/20 local tumours Berr et al. (1984)
Nickel subsulfide Intrarenal . Rat (16/24) ln glycerin, 7/16 locl tumours Jasmin & Riopelle Z

ln saline, 11/24 local tumours (1976)
-
("

a-Nickel subsulfide Intrarenal Rat (11-32) Wistar Lewis, 7/11 local tumours Sunderman et al. ~
m

NIH black, 6/12 local tumours (1979a) ~
Fischer 344, 9/32 locl tumours

~Long-Evans, 0/12 local tumour
U

Nickel subsulfide Intratesticular Rat (19) 16/19 local tumours Damjanovet al. Z
(1978)

-0
Nickel subsulfide Intraoclar Rat (15) 14/15 locl tumours Albert et al. (1980); ~

m
Sunderman (1983b) ~

Nickel subsulfide Intraoclar Salamander 7/8 locl tumours Okamoto (1987) ("
0(8) ~Nickel subsulfide Transplacental Rat (8) No difference in tumour incidence Sunderman et al. ""

(1981) 0e
Nickel subsulfide Pellet implanta- Rat (60, 64) 5 mg, 9/60 local tumours Yarita & Nettes- Z

tion into subc- 15 mg, 45/64 locl tumours heim (1978) U~
taneous im-

planted tracheal
grafts

Nickel subsulfde Intra-aricular Rat (20) 16/19 locl tumours Shibata et al. (1989)
Nickel subsulfide Intra-fat Rat (20) 9/20 locl tumours Shibata et al. (1989)
Nickel ferrosulfide Intramuscular Rat 15/15 local tumours Sunderman (1984)

Nickel ferrosulfide Intrarenal Rat 1/12 local tumour Sunderman et al
(1984b) ~

VI..



Table 24 (contd) ~
VIN

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at star) with tumours/effective number)

Nickel salts

Basic nickel carbonate tetrahydráte Intraperitoneal Rat 25 mg, 1/35 lung tumours vs 1/33 in Pott et al. (1989,
controls 199)
50 mg, 3/33 lung tumours vs 1/33 in
controls

Nickel acetate Intramuscular Rat (35) 1/35 local tumour Payne (1964)
,.

~Nickel acetate Intraperitoneal Mouse 72 mg, 8/18 lung tumours Stoner et al. (1976)

(3 x 20) 180 mg, 7/14 lung tumours ~
360 mg, 12/19 lung tumours 0

Nickel acetate tetrahydrate Intraperitoneal Mouse (30) 1.50 lung tumours/animal Poirier et al. (1984) Z0
Controls, 0.32 lung tumours/animal 0

Nickel acetate tetrahydrate Intraperitoneal Rat 25 mg, 3/35 lung tumours vs 1/33 in Pott et al. (1989,
~con troIs 1990)

50 mg, 5/31 lung tumours vs 1/33 in ::
CI

controls
âNickel ammonium sulfate Intramuscular Rat (35) 0/35 locl tumour Payne (1964)

BNickel carbonate Intramuscular Rat (35) 6/35 locl tumours Payne (1964)
~

Nickel chloride Intramuscular Rat (35) 0/35 local tumour Payne (1964) tr
Nickel chIo ride hexahydrate Intraperitoneal Rat 4/321ung tumours vs 1/33 in con- Pott et al. (1989,

,J\0
troIs 199)

Nickel chromate Intramusclar Rat (16) 1/16 local tumour Sunderman (1984)

Nickel fluoride Intramuscular Rat (20) 3/18 locl tumours Gilman (1966)

Nickel sulfate Intramuscular Rat (35) 1/35 locl tumour Payne (1964)

Nickel sulfate Intramuscular Rat (20) 0/20 locl tumour Gilman (1966)

Nickel sulfate Intramuscular Rat (20) 0/20 locl tumour Kasprzak et al.
(1983)

Nickel sulfate hexahydrate Intramuscular Rat (32) 0/32 local tumour Gilman (1962)



Table 24 (contd)

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel sulfate heptahydrate Intraperitoneal Rat 6/30 lung tumours vs 1/33 in con- Pott et al. (1989,

troIs 1990)

Other nickel compounds

Ferronickel alloy Intramuscular Rat No local tumour Sunderman & Z-
McCully (1983) n

t;
Nickel antimonide Intramuscular Rat 17/29 vs 0/40 control (p -( 0.05) Sunderman & tr

McCully (1983) ~
~Nickel antimonide Intrarenal Rat 0/20 local tumour Sunderman et al.

(1984b) U
Z

Nickel arsenide Intramusclar Rat No local tumour Sunderman & -
()McClly (1983) :;

Nickel arsenide Intrarenal Rat 1/20 local tumour Sunderman et al.
tr~

(1984b) n
Nickel arsenide hexagonal Intramuscular Rat 17/20 vs 0/40 con troIs Sunderman & a

~
(p -( 0.05) McCully (1983) "'

Nickel arenide hexagonal Intrarenal Rat 0/17 local tumour Sunderman et al.
ac

(1984b) Z
Nickel arsenide tetragonal Intramuscular Rat 8/16 vs 0/40 control (p -( 0.05) Sunderman &

U
CI

McCully (1983)

Nickel arenide tetragonal Intrarenal Rat 0/15 local tumour Sunderman et al.

(1984b)

Nickel carbonyl Inhalation Rat (64, 32, 30 mg/m3 for 32 weeks: 1/64 pulmo- Sunderman et al.
80) nary tumour (1957, 1959)

60 mg/m3 for 32 weeks: 1/32 pulmo-
nary tumour
250 mg/m3 once: 1/80 pulmonary

UJ
tumour Ul

UJ



Table 24 (contd) w
VI~

Compound Route Species Tumour incidence (no. of animaIs Reference
(No. at start) with tumours/effective number)

Nickel carbonyl Inhalation Rat 1/71 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) ""

Nickelocne Intramuscular Rat (50) 144 mg, 18/50 local tumours Furst & Schlauder
~300 mg, 21/50 local tumours (1971)

Nickelocne Intramuscular Hamster (50) 8 X 5 mg, 0/50 local tumour Furst & Schlauder ~0
25 mg, 4/29 local tumours (1971) Z

Nickel monoxide dust Intratracheal Rat (26) 1/26 lung tumour vs 0/47 control Saknyn & Blokhin 0
0

(1978)

~Nickel selenide Intramuscular Rat 8/16 local tumours Sunderman (1984)

Nickel selenide Intramuscular Rat 1/12 local tumour vs 0/79 control Sunderman et al.
:i
en

(1984b) ~
Nickel suhselenide Intramuscular Rat 21/23 local tumours Sunderman (1984)

0
5Nickel suhselenide Intrarenal Rat 2/23 local tumours vs 0/79 control Sunderman et al. ~

(1984b) t'
Nickel sulfarsenide Intramuscular Rat 14/16 vs 0/40 control (p cC 0.05) Sunderman & ~1.

McCully (1983)

Nickel sulfarsenide Intrarenal Rat 3/15 local tumours vs 0/79 control Sunderman et al
(1984b)

Nickel telluride Intramuscular Rat 14/26 vs 0/40 control (p cC 0.05) Sunderman &
McCully (1983)

Nickel telluride Intrarenal Rat 0/19 local tumour Sunderman et al.
(1984b)

Nickel titanate Intramuscular Rat No local tumour Sunderman &
McCully (1983)



Table 24 (contd)
Z~Compound Route Species Tumour incidence (no. of animaIs Reference n
~(No. at start) with tumours/effective number)
tT
r-

Nickel titanate Intrarenal Rat 0/19 local tumour Sunderman et al. ~
(1984b) tj

Refinery dust Inhalation Rat (5) 1/5 lung tumour vs 0/47 control Saknyn & Blokhin Z~
(1978) n

Refinery dust Intramuscular Mouse (40) 20/36 local tumours vs 0/48 control Gilman & ~
tT

(P -: 0.01) Ruckerbauer (1962) r-
Refinery dust Intramuscular Rat (35) Dust, 19/27 local tumours Gilman & n0Washed dust, 20/28 local tumours Ruckerbauer (1962) ~Controls, 0/30 local tumour 'i0Refinery dust Intraperitoneal Rat (16, 23) Dust 1, 3/16 local tumours Saknyn & Blokhin CDust 2, 3/23 local tumours (1978) Z

Controls, 0/47 local tumour tj
C/

w
VI
VI
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3.2 Other relevant data in experimental systems

(a) Absorption, distribution, excretion and metaholism
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 & Menné, 1989).

(i) Nickel arides and hydroxides

Male Wistar rats were exposed to 0.4-70 mg/m3 (0.6-4-llm 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-llm particles) was estimated to be about 100 Jlg 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-Jlm 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. Sorne 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 llm or less in diameter) in a normal saline suspension (100 nmol

(7.5 Jlg) 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 17% 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 instilation of 11.7 Jlg ~-63Ni-nickel subsulfide powder

(1-66-llm 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



NICKEL AND NICKEL COMPOUNDS 357

half-time of 12.4 days; 10% of the dose was retained in the lung 35 days after instila-
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 of 

63Ni-nickel subsulfide to male Fischer rats (1.2 mg/rat, l.4-Jlm 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 bya 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 partic1es 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 gradualloss of both 63Ni and 35S. In mi ce, 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

solubilzation 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 a-nickel subsulfide to Fischer rats on day 6 of gestation (Sunder-
man et aL., 1978a).

(iii) Nickel salts

Intratracheal instilation of nickel chloride (100 nmol(l3 Jlg)/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 Jlg/rat Ni) to male Sprague- Dawley rats (Carvalho & Ziem-
er, 1982).

Pulmonary clearance and excretion of nickel following intratracheal instila-
tion of nickel sulfate at doses of 17, 190 or 1800 nmol (1, 11 or 106 Jlg) Ni per rat to
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Fischer 344 rats appeared to depend on the dose. At periods up to four days after
instilation, 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.
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 froID
21 h at the highest dose to 36 h at the lowest dose (Medinsky et aL., 1987).

In male Sprague-Dawley rats exposed to nickel chloride aerosols (90 ).g/m3 Ni;
0.7-0.9-).m partic1es) 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 et aL., 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 corn pound
tested was most probably basic nickel carbonate.)

After a single intravenous injection of 10 ).g nickel as 63Ni-nickel chloride per
mouse (albino or brown mice (strains not specified), inc1uding pregnant mice),
whole-body autoradiography at 30 min showed that nickel persisted in the blood,
kidney, urinary bladder, lung, eye and haïr follcles; at three weeks, nickel persisted
in the lung, central nervous system, kidneys, hair follcles and skin (Bergman et al.,
1980). In C57Bl mice, nickel was also localized in the epithelium 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 mu ch longer in the lung than in other
tissues (Oskarsson & Tjälve, 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 ).g/kg bw 63Ni-nickel
chloride (Sarkar, 1980).

The kinetics of nickel metabolism in rats and rab bits after a single intravenous
injection of 

63Ni-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 ).Ci/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 lLmol (8.1 or 16.3 mg)/kg bw nickel chloride for up to six weeks

(Knight et al., 1988). ln contrast, multiple intraperitoneal injections of nickel ace-
tate to male Swiss albino mi ce (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 et aL.,
1976).

Dailyoral 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 et al., 1986).

Nickel was taken up from the lumen of male Sprague-Dawley rat jejunum in
vitro at a rate proportion al to the concentration of 63Ni-nickel chloride in the perfu-
sate up to 20 lLM (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 llCi 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 et al., 1978; Lu et al., 1979; Olsen & Jonsen, 1979; Lu et al.,
1981; Jasim & Tjälve, 1986) and rats (Sunderman et aL., 1977; Mas et al., 1986).

(iv) Other nickel compounds
In NMRI mice, high levels of nickel were found in the respiratory tract, brai n,

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 & Tjälve, 1979b).

After exposure of rats to nickel carbonyl by inhalation, increased levels of nick-
el were found predominantly in microsomal and supernatant fractions of the lung
and in the micros omal fraction of the liver (Sunderman & Sunderman, 1963).

Afer 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 nuc1ei 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 & Tjälve,
1979c).

Following intravenous injection of 50 ).I/kg bw nickel carbonyl (22 ).g/kg bw
Ni) to Sprague-Dawley rats, over 38% of the dose was exhaled during 6 h after injec-
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 oxidatiort 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).

(h) 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. ln 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 occurred 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 th an II 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 -C735°C and aIl four nickel-copper oxides appeared to be phagocy-
tized by C3H/i0T1/2 cells more actìvely than the other nickel oxides (Sunderman et
al., 1987).

Kasprzak et al. (1983) found the half-times for two preparations of nickel hy-
droxide (aIr-dried colloidal and crystallne) in an 0.1 M ammoni um acetate buffer of
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pH 7.4 to be 56 h and 225 h, respectively. Corresponding values in an artificial lung
fluid were 360 h and 1870 h, respectively.

(iii) Nickel sulfides

The dissolution rate of a-nickel subsulfide depends on the particle size, the
presence of oxygen and the dissolving medium (Gilman & Herchen, 1963; Kasprzak
& Sunderman, 1977; Dewally & Hildebrand, 1980; Lee et al., 1982).

Roth in vivo and in cell-free systems in vitro, a-nickel subsulfide reacts with
oxygen to yield insoluble crystallne ß-nickel sulfide and soluble nickel(IIj deriva-
tives; ß-nickel sulfide also dissolves through oxidation of its sulfur moiety (Kaspr-
zak & Sunderman, 1977; Oskarsson et al., 1979; Dewally & Hildebrand, 1980). It has
been suggested that the transformation of nickel subsulfide into ß-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 crystallne nickel sulfides, a-nickel subsulfide and ß-nickel sulfide
( c( 5 lLm in diameter, 1-20 lLg/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 ce Ils 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).

a-Nickel subsulfide and ß-nickel sulfide were also incorporated into human
embryonic L132 pulmonary cells in culture. ß-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 al., 1985, 1986).

The soluble nickel derived from nickel subsulfide and ß-nickel sulfide intracel-
lularly undergoes subcellular distribution that differs from that following entry of
nickel from outside the cells (Harnett et al., 1982; Sen & Costa, 1986a). Treatment of
cultured Chinese hamster CHO cells with ß-nickel sulfide (10 lLg/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 ß-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 et al. (1982) found
that soluble nickel derived from nickel subsulfide forms an exceptionally stable ter-
nary protein-nickel-DNA complex in vitro in the presence ofDNA 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. ln 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 & Tjälve, 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 met al 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 et al., 1982). A
greater effect on the heterochromatic long arm of the X chromosome was obsefVed
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-penicilamine and ethylenedi-
aminetetraacetic acid, which form hydrophilic nickel complexes, inhibited the up-
take of nickel by rabbit alveolar macrophages, human B-lymphoblasts and human
eryhrocytes. 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 celllysate froID the cytosol to the
residual pellet (Nieboer et al., 1984b). Sodium pyridinethione, which forms a lipo-
philic nickel complex, behaved similarly (Jasim & Tjälve, 1986).

Nickel applied to rat liver and kidney nuclei as nickel chloride bound in a
d6se-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
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stable than binary nickel-DNA complexes was identified (Ciccarell & 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 al., 1986).

(v) Other nickel compounds

'Nickel carbonate' particles were actively phagocytized by hum an 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 (Ciccarell & Wetterhahn,
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) lnteractions

Parenteral administration of soluble nickel salts induced changes in the tissue
distribution of other metal ions (Whanger, 1973; Nielsen, 1980; Chmielnicka et al.,
1982; Nieboer et aL., 1984b; Nielsen et aL., 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. Metallc manganese dust also inhibited the dissolution rate of nickel subsul-
fide in rat serum, serum ultrafiltrate and water (Sunderman et al., 1976). Manga-
nese dust reduced the phagocytosis of nickel subsulfide particles by Syrian hamster
embryo cells in vitro (Costa et al., 1981a). Magnesium decreased the uptake of nickel
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 al., 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 & Tjälve, 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 et aL., 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) To.xic effects

The toxicity of nickel and its inorganic compounds has been reviewed (US En-
vironmental Protection Agency, 1986; Fairhurst & Illng, 1987; World Health Orga-
nization, 1990), and the chemical basis of the biological reactivi ty of nickel has been
discussed (Ciccarell & Wetterhahn, 1984a; Nieboer et al., 1984b,c).

(i) Metallic nickel and nickel alloys

The lungs of male rabbits exposed by inhalation to 1 mg/m3 nickel metal dust

( c: 40 llm partic1es) 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-Iasting suppression of natural kiler 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 et al., 1987).

(ii) Nickel oxides

Exposure of female Wistar rats by inhalation to nickel monoxide aerosols (gen-
erated at 550°C from nickel acetate) at concentrations of 200, 400 and 800 llg/m3 for
24 h per day for 12 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 eryhrocyte cell volume (Weischer et al., 1980a,b).

Male Wistar rats exposed continuously to nickel monoxide (generated at
550°C from nickel acetate) aerosols at 50 l.g/m3 (median particle diameter, 0.35
l.m) for 15 weeks showed no significant difference in the overall abilty of the lungs
to clear ferrous oxide up to day 7. After that time, lung clearance in nickel oxide-ex-
posed rats decreased significantly. The half life of ferrous oxide clearance after day
6 was 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-
specifiedD at 60 or 200 l.g/m3, 23 h per day, seven days per week. With longer expo-
sures, marked accumulation of macrophages and focal septal fibrosis were also ob-
served (Takenaka et al., 1985).

No significant histopathological change was found in male Wistar rats exposed
to green nickel oxide (0.6 l.m 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 al., 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 l.m 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 les ions 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
al., 1988).

In Syrian golden hamsters, life-time inhalation of 53 mg/m3 nickel monoxide
((unspecified) 0.3 l.m particles) for 7 h per day resulted in emphysema in animaIs
that died early in the experiment. Other lung effects included interstitial pneumoni-
tis and diffuse granulomatous pneumonia, fibrosis of alveolar septa, bronchiolar
(basal-cel!) hyperplasia, bronchiolization of alveolar epithelium, squamous meta-
plasia and emphysema and/or atelectasia of various degrees (Wehner et al., 1975).

The median lethal concentration for rat macrophages exposed in vitro to green
nickel monoxide exceeded 12 l.mol (708 l.g)/ml Ni. The Leso for canine macro-
phages was 3.9 lLmol (230 lLg)/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 et al., 1986a). The toxicity of six different preparations of nickel
monoxide calcined at temperatures of -: 650-1045 °C and four mixed nickel-copper
oxides was tested in vitro on alveolar macrophages of beagle dogs, Fischer 344 rats
and B6C3F1 mIce. Nickel oxides were less toxic to the macrophages th an were the

nickel-copper oxides; the toxicity of the nickel-copper oxides increased with in-
creasing copper content. GeneraIly, dog macrophages were more sensitive to the
oxides than mouse and rat macrophages (Benson et al., 1988a).

The abilty of the same oxides to stimulate eryhropoiesis in Fischer 344 rats
correlated weIl with their cell transforming ability in Syrian hamster embryo cells
(see also genetic and related effects; Sunderman et al., 1987).

(ii) Nickel sulfides

The LDso after a single instilation in B6C3F1 mice of nickel subsulfide (par-
ticle size, -: 2 J.m) in a normal saline suspension was 4 mg/kg bw (Fisher et aL., 1986).

Acute toxic effects of nickel subsulfide (1.8 llm particles) administered intra-
tracheally to male BALB/c mice (12 J.g/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 al., 1987).

Alveolitis was observed in Fischer 344 rats following intratracheal instilation

of nickel subsulfide as a saline/gelatin suspension (3.2-320 llg/kg bw). The effects
closely resembled those of nickel chloride and nickel sulfate at comparable doses of
nickeL. Pulmonary les ions also included type II cell hyperplasia with epithelializa-
tion of alveoli and, in some animaIs, fibroplasia of the pulmonary interstitium (Ben-
son et al., 1986b).

Chronic active inflammation, fibrosis and alveolar macrophage hyperplasia
were observed in Fischer 344 rats and B6C3F 1 mice exposed by inhalation to nickel
subsulfide (low-temperature form) for 13 weeks (6 h per day, five days pèr we~k;
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 al., 1989).

Administration of nickel subsulfide to female rats as a single intrarenal injec-
tion caused pronounced eryhrocytosis (Jasmin & Riopelle, 1976; Oskarsson et aL.,
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 eryhrocytosis was observed (Sunderman et al., 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 activi ty (J asmin
& Riopelle, 1976).
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. Under comparable exposure in vitro, beagle dog alveolar macrophages were
more sensitive to the toxicity of nickel subsulfide than were those of Fischer 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 et al., 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 LDso of nickel acetate was 350 mg/kg bw in rats and 420 mg/kg bw in
mi ce; the intraperitoneal LDso was 23 mg/kg bw in rats (National Research Council,
1975). The LDso of nickel acetate in ICR mi ce 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
animaIs and 39-54 mg/kg bw in nine- or 14-week-old animaIs of either sex (Hogan,
1985). With nickel chloride, intraperitoneal LDso values of 6-9.3 mg/kg bw Ni were
reported for female Wistar rats (Mas et al., 1985), 11 mg/kg bw rats and 48 mg/kg bw
for mi ce (National Research Council, 1975).

Exposure of B6C3F 1 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/m3 Ni; 2 ).m particles) caused death of aU 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 mediastinallymph nodes (Ben son et al., 1988b;
Dunnick et al., 1988).

A single intratracheal instilation of nickel chloride hexahydrate or nickel sul-
fate hexahydrate to Fischer 344/Cr1 rats (0.01, 0.1 or 1.0 ).mol (0.59, 5.9 or 59 ).g
Ni/rat) caused alveolitis and affected the activities of several enzymes measured in
the pulmonary lavage fluid (Benson et al., 1985, 1986b).

Rabbits were exposed to nickel chloride (0.2-0.3 mg/m3 Ni) for 6 h per dayon
five days per week for one to eight months. Nodular accumulation of macrophages
was seen in lung tissue, and the volume density of alveolar type II ce 

Us was elevated.
The phagocytic activity of macrophages was normal after one month of exposure
but was decreased after three months (Camner et al., 1984; Lundborg & Camner,
1984; Camner et al., 1985).

Exposure of Syrian golden hamsters to a nickel chloride aerosol (100-275 ).g/
m3 Ni; c( 2-).m particles) for 2 h per day for one or two days resulted in a dose-
related decrease in the cilary activity of the tracheal epithelium and in mucosal de-
generation (Adalis et al., 1978).
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A single intramuscular injection of nickel chloride (18.3 mg/kg bw) tomale
CBA/J mice caused significant involution of the thymus within two days. Signifi-
cant reduction in the mitogen-stimulated responses of Band 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 kiler 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 al., 1984, 1985).

Following a single intramuscular injection of 10-20 mg/kg bw nickel chloride
into Fischer 344 rats, the activity of natural kiler ce Ils was transiently suppressed
for three days. ln contrast to mice, rats showed no significant difference in the lym-
phoproliferative responses of splenocytes to Band T mitogens from those of con-
troIs (Srnialowicz et aL., 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 peri portal 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 aL., 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 kiled 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 caus-eù--atrophy in sorne 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 (Math ur et al., 1977b).
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The toxicity of nickel 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.mol (17.7-21.2
J.g) and 3.1-3.6 J.mol (183-212 J.g)/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 l.g/ml Ni as nickel chloride showed a decrease of up to 50% in
lysozyme activity with increasing concentrations of nickel (Lundborg et al., 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 al., 1986).

Exposure of Syrian hamster embryo cells to nickel chloride or nickel sulfate at
a concentration of 10 l.mol (600 l.g)/l 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 bya progressive decrease in initiation
at concentrations that significantly inhibited overall transcription (Niyogi et al.,
1981).

(v) Other nickel compounds

AnimaIs exposed to nickel carbonyl by inhalation developed pulmonary oede-
ma within 1 h. LCso values (30-min exposure) reported inc1ude 67 mg/m3 for mice,

240 mg/m3 for rats and 190 mg/m3 for cats (National Research Council, 1975). Even
after administration by other routes, the lung is the main target organ (Hackett &
Sunderman, 1969); the LDso 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/l nickel carbonyl for 90
min three times a week for 52 weeks developed extensive inflammatory lesions in the
lung, contiguous pericarditis and suppurative les ions 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.mol (0.2-1.1 mgl/l
nickel carbonyl for 15 min caused acute hyperglycaemia (Horak et aL., 1978). Uri-
nary excretion of proteins and ami no acíds indicated nephrotoxicity (Horak &
Sunderman, 1980).

After exposure of rats to 0.6 mg/l nickel carbonyl by inhalation, RNA derived
froID 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 LDso 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 llM concentration range applied (Hildebrand et al., 1986). (The Work-
ing Group noted that the compound tested was most probably basic nickel carbon-
ate.)

A i1ighly significant correlation was found between carcinogenic potential and
the incidence of eryhrocytosis för 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% metallc 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% metallc 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 LDso was 200-210 mg/kg bw for the

mattes and 220 mg/kg for the nickel concentrate. The intraperitoneal LDso 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 al., 1976).

(e) Effeäs on reproduction and prenatal toxicity

The embryotoxicity and genotoxicity of nickel, both directly to the mammalian
embryo and indirectly through maternaI injury, have been reviewed(Léonard &
Jacquet, 1984).

(i) Metallic nickel and nickel alloys

Treatment of chickembryo myoblasts with 20-40 llg nickel powder per litre of
culture fluid prevented normal differentiation of cells, with only a few mitoses seen
after five days' incubation. Reduction of ceU division was coupled with cell
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degeneration, resulting in small colony size. At concentrations of 80 l1g/1 nickel,
extensive degeneration of the cultures and complete suppression of mitosis oc-
curred within five days (Daniel et al., 1974).

(ii) Nickel sulfides

Nickel subsulfide (80 mg/kg bw Ni) administered intramuscularly to Fischer
rats on day 6 of gestation reduced the mean number of 1 ive pups per dam. No anom-
aly was found, and no evidence of maternaI toxicity was reported (Sunderman et aL.,
1978a). ln another study, intrarenal injection of nickel subsulfide (30 mg/kg 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 aL., 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 froID 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-

maIs 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 of 56 mg/kg bw
significantly reduced the fertilzation rate but did not affect the development of
two-cell embryos. The results suggest that preimplantation loss after exposure 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 al., 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 mi ce (two- and four- to eight-cell stages)
were cultured with nickel chloride hexahydrate; 10 llM (2.5 mg) adversely affected

the development of day 2 embryos ( two-cell stage), whereas 300 llM (71.3 mg) were
required to affect day 3 embryos (eight-cell stage) (Storeng & Jonsen, 1980). ln or-
der to compare the effects of nickel chloride hexahydrate on mouse embryos treated
in vivo by intraperitoneal injection during the preimplantation period, a single in-
jection of 20 mg/kg 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 frequencyin
females treated on day 1 was mu ch lower th an that of con troIs. The liÜers of the

control group were larger, and significantly so, among ffice treated on days 1, 3 and
5 of gestation; 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 maternaI effects were not
presented (Storeng & Jonsen, 1981).

Long-Evans rats born in a laboratoryespecially designed to avoid environmen-
tal contamination from trace metals were administered nickel (salt unspecified) at 5
mg/l in the drinking-water in five pairs. About one-third of the offspring in the first
generation were runts, and one maternaI death occurred. ln the second generation,
there were 10% young deaths with only 5% runts and, in the third generation, 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 mg/l nickel chloride in drinking-water. There was no decrease in ma-
ternaI weight gain or other maternaI effect (Kimmel et al., 1986).

Nickel chloride was administered in the drinking-water to female rats at a con-
centration of 0.1 or 0.01 mg/l Ni for seven months and th en 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 al., 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 of gestation. Increased resorp-
tion, decreased fetal weight, delayed skeletal ossification and a high incidence of
malformations were observed in a dOße-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 et aL., 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 of gestation and of
weanlings four to eight weeks after birth were reduced. No congenital anomaly was
found in fetuses from nickel-treated dams, or in rats that received ten intramuscular
injections of 2 mg/kg bw Ni as nickel chloride twice daily from day 6 to day 10 of
gestation (Sunderman et al., 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 al., 1985).

(iv) Other nickel compounds
Nickel carbonyl (11 mg/kg bw Ni) was in jected 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 maternaI toxicity (Sunderman et al., 1983b).

Fischer rats were exposed on day 7 or 8 of gestation by inhalation to nickel
carbonyl at concentrations of 80, 160 or 360 mg/m3 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 al.,
1979b). In another experiment, pregnant rats exposed to 60 or 120 mg/m3 nickel
carbonyl by inhalation for. 15 min on day 8 of gestation also had a high incidence of

ocular anomalies. MaternaI 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 of gestation. 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 of gestation. Haemorrhages were
not observed in con troIs. 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 al., 1980).
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if 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 & Stern,
1984; Reith & Brøgger, 1984; Costa & Heck, 1986; Fairhurst & Illng, 1987; Sunder-

man, 1989).

The genotoxic effects of different nickel compounds are divided into five cate-
gories: (i) those for metallc nickel; (ii) those for nickel oxides and hydroxides; (iii)
those for crystallne nickel sulfide, crystallne 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-
pen dix 1 to this volume.

(i) Meta//ic nickel

Nickel powder was reported not to induce chromos omal aberrations in cul-
tured hum an peripheral lymphocytes (details not given) (Paton & Allson, 1972).

Nickel powder ground to a mean particle size of 4-5 Jlm at concentrations of 5,
10 a~d 20 Jlg/ml caused a dose-dependent increase in morphological transforma-
tion of Syrian hamster embryo cells (Costa et al., 1981b). At 20 l.glml, nickel powder
produced a 3% incidence of transformation, while crystallne nickel subsulfide and
crystallne nickel sulfide (at 10-20 Jlg/ml) produced a 10-13% incidence of transfor-
mation and 5 and 10 Jlg/ml of amorphous nickel sulfide induced none. Nickel pow-
der inhibited progression through S phase in Chinese hamster CHO cells, as me a-
sured by flow cytometry (Costa et al., 1982).

Hansen and Stern (1984) reported that nickel powder transformed BHK 21
cells (see General Remarks for concern about this assay). Prol1feialn in soft agar
was used as the endpoint. At equally toxic doses, they found tmit nickel powder and
crystallne nickel subsulfide had similar transforming activities; the toxicity of 200
Jlg/ml nickel powder was equal to that of 10 Jlg/ml nickel subsulfide.

(ii) Nickeloxides

Nickel monoxide and nickel trioxide in distiled water gave negative results in
the Bacillus subtilis rec + /rec- assay for differential toxicity at concentrations ranging
from 5 to 50 mM (Kanematsu et al., 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 l1g/mI. The activity of the trioxide was about twice that of
the monoxide, similar to that of metallc nickel and about 20% that of crystalline
nickel sulfide (Costa et al., 1981a,b).

Nickel monoxide that was ca1cined at a low temperature had greater trans-
forming activity in this system th an nickel monoxide ca1cined at a high temperature
at concentrations of 5 and 10 llg/ml and was equivalent to that of crystalline nickel
sulfide. The cell-transforming activity of these nickel compounds was reported to
correlate weIl 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 l1M nickel monoxide to induce anchorage-independent

growth in primary human diploid foreskin fibroblasts was similar to that of 10 llM
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 l1M) and about 42 with nickel acetate, com-
pared with no ne 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).

Nickeloxide inhibited progression through S phase in Chinese hamster CHÛ
cells, as measured by flow cytometry (Costa et al., 1982).

(iii) Nickel sulfides (crystalline nickel sulfide, crystalline nickel subsulfide

and amorphous nickel sulfide)
Crystallne 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 În the medium (Abbracchio et al.,
1982a) and particle size (particles )- 5-6 llm were much less activelytaken up and
much less toxic than smaller particles) (Costa & Mollenhauer, 1980a,b,c). Particles
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are taken up in are as 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 al., 1982). Interaction between
lysosomes and nickel sulfide particles may result in exposure of the partic1es to the
acidic content of the lysosomes, and this interaction may accelerate intracellular
dissolution of crystallne nickel sulfide to ionic nickel (Abbracchio et al., 1982a). ln
contrast, amorphous nickel sulfide and nickel partic1es were not significantly taken
up by cells in vitro (Costa et aL., 1981a). Crystallne nickel sulfide partic1es differ
from amorphous partic1es in that they have a negative surface charge, as shown us-
ing Z-potential measurements and binding of the partic1es to filter-paper dises of-
fering different charges (Abbracchio et al., 1982b). Alteration of the positive charge
of amorphous nickel sulfide particles by treatment with lithium aluminium hydride
results in activation of phagocytosis (Abbracchio et al., 1982b; Costa, 1983).

Crystallne nickel sulfide was actively phagocytized by the protozoan Paramoe-
cium tetraurelia and induced le th al 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 ltg/ml; both compounds showed
greatest mutagenicity at 0.5 ltg/ml, as higher levels were toxic (Smith-Sonneborn
et al., 1983).

Crystallne nickel subsulfide at 5, 10 and 50 ltg/ml inhibited DNA synthesis in
the rat liver epithelial cell line T51B (Swierenga & Mc Lean, 1985). Nickel subsulfide

inhibited progression through S phase in Chinese hamster CHO cells, as measured
by flow cytometry (Costa et al., 1982).

Crystallne nickel sulfide and nickel subsulfide were active in inducing DNA
damage in cultured mammalian cells. Crystallne nickel sulfide induced DNA
strand breaks in rat primary hepatocytes (Sina et aL., 1983) and, at 1-20 l1g1ml,
single-strand breaks in tritium-Iabelled DNA in cultured Chinese hamster ovary
cells, as determ~ned using alkaline sucrose gradients (Robison & Costa, 1982). Us-
ing the same technique, Robison et al. (1982) showed that crystallne 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 et al., 1982; Patierno & Costa, 1985). Treatment of
primary Syrian hamster embryo cells with crystallne nickel subsulfide at 10 l1g/ml
and Chinese hamster CHO cells with crystallne nickel sulfide at 1-5 l1g/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 al., 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-
liaI cell line T51B treated with particulate crystallne nickel subsulfide at concentra-
tions ranging from 5 to 50 lLg/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
Jlg/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 Jlg/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 JlM nickel subsulfide did not induce 8-azaguanine or 6-thioguanine resis-
tance in primary human fibroblasts (Biedermann & Landolph, 1987).

Crystallne nickel sulfide (0.1-0.8 Jlg/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 et al., 1990).

The frequency of sister chromatid exchange was increased in cultured human
lymphocytes treated with nickel subsulfide at 1-10 Jlg/ml (Saxholm et al., 1981).

Chromosomal aberrations were induced in cultured mouse mammary carcino-
ma Fm3A cells following treatment with 4-8x 10-4M crystallne nickel sulfide dis-
solved in medium and filtered. The early chromos omal 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. J

Treatment of Chinese hamster ovary ce Ils with crystallne nickel sulfide at 5-20
Jlg/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 gaps and breaks, with some exchanges and dicentrics (Sen & Costa, 1985).
Crystallne nickel sulfide at 1-10 Jlg/ml also increased the frequency of sister chro-
matid exchange in a dose-dependent fashion, selectively in heterochromatic re-
gions, in both Chinese hamster ovary cells (Sen & Costa, 1986b) and mouse
C3H/10rh cells (Sen et al., 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 crystallne
nickel subsulfide at 1-5 Jlg/ml for nine days (Di Paolo & Casto, 1979) and by either
crystallne nickel sulfide or nickel subsulfide at 0.1-10 Jlg/ml for 48 h (Costa et al.,
1979; Costa, 1980; Costa & Monenhauer, 1980a,b,c; Costa et aL., 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 nu de mice.

C3H/l0'Ph cens were transformed at equal frequencies by crystallne nickel
subsulfide at concentrations of 0.001, 0.01 and 0.1 l1g/ml; at concentrations higher
than 1 Jlg/ml, there was no transformation due to cell lysis or death. Transformed
cens also showed long microvili. They were not characterized for their abilty to
form tumours in nude mice or for anchorage-independent growth (Saxholm et al.,
1981). (The Working Group questioned the induction of transformation by concen-
trations of crystalline nickel subsulfide as low as 0.001 Jlg/m1.)

Crystallne 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 Jlg/ml Ni) induced large juxa-
nuclear cytokeratin aggregates within 24 h of exposure, which persisted after remov-
al of the compounds and were passed on to daughter cells. After long-term expo-
sure to 2.5 Jlg/ml crystallne 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 cens formed differentiated benign tumours in nude
mice (Swierenga et al., 1989).

Crystallne nickel subsulfide at 5-20 Jlg/ml induced transformation to anchor-
age-independence of Syrian hamsterBHK 21 cens (Hansen & Stern, 1983). (See
General Remarks for concern about this assay.)

Human skin fibroblasts transformed by crystallne 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).

Crystallne nickel sulfide, but not amorphous nickel sulfide, at doses of 1-20
J.g/ml, inhibited the polyriboinosinic-polyribocytidylic acid-stimulated production
of a/ß interferon in mouse embryo fibroblasts (Sonnenfeld et al., 1983).

HeterochromatIc abnormalities -were seen in early-passage cultures of cells
from crystalline nickel sulfide-induced, mou se rhabdomyosarcomas (Christie et al.,
1988).
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(iv) Nickel salts (nickel chloride, nickel sulfate, nickel nitrate and nickel

acetate)

Nickel acetate induced À prophage in Escherichia coli WP2g, with a maximal
effect at 0.04 mM (Rossmanii et al., 1984). Nickel sulfate at 300 Jlg/ml did not induce
forward mutations in T4 phage (Corbett et al., 1970).

Nickel chloride at 1-10 mM decreased the fidelity ofDNA 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 JlM induced a genotoxic response in a differential
killng assay using E. coli WP2 (wild-type) and the repair-deficient derivative WP67
(uvrA-,poIA-) and CM871 (uvrA-, recA-, lexA-) (Tweats et al., 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. suhtilis 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 in S. typhimurium LT2 or
TAlOO (Tso & Fung, 1981), by nickel chloride, nickel acetate or nickel nitrate in
S. tyhimurium TA1535, TA1537, TA1538, TA97, TA98 or TA100 (De Flora et al.,
1984) or by nickel chloride or nickel sulfate in S. typhimurium TA1535, TA1537,
TA1538, TA98 or TAIOO, when trimethylphosphate was substItuted for ortho-phos-
phate to allow nickel to be soluble in the media (Arlauskas et aL., 1985). Even when
substantial quantities of nickel were demonstrated to enter the bacteria, there was
stil no mutagenic response in S. typhimurium strains TA1535, TA1538, TA1975 or
TA1978 (0.5-2 mM) (Biggart & Costa, 1986).

Pikálek and Necásek (1983), however, demonstrated mutagenic activity of
nickel chloride at 0.5-10 Mg/ml in homoserine-dependent Corynebacterium sp887,
utilizing a fluctuation test. Dubins and La Velle (1986) demonstrated co-mutage ne-
sis of nickel chloride with alkylating agents in S. typhimurium strain TA100 and in
E. coli strains WP2+ and WP2uvrA-; Ogawa et aL. (1987) demonstratedco-mutage-
nesis with 9-aminoacridine. Nickel acetate at up to 100 MM 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. tyhimurium G46
in NMRI mice and Serratia marcescens A21 inmice, 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 et al., 1982). It also induced petite mutations in 13
S. cerevisiae haploid strains (Egilsson et al., 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 chromos omal loss at the highest
concentration tested. The injection volume was not stated, but the LDso 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 l.g/ml with 2-h exposure (Robison & Costa, 1982) and at
10-100 l.M 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 cellline. The
extent of cross-linking was maximal during the late S phase of the cell cycle when
heterochromatic DNA is replicated (Patierrio & Costa, 1985; Patierno et aL., 1985).

Nickel chloride at 0.05 mM for 30 min did not induce DNA strand breaks in
human lymphocytes as evaluated by alkaline unwinding (McLean et aL., 1982). (The
Working Group noted that the exposure period was very short and the dose very
low.) Nickel sulfate at 250 l.g/ml did not induce DNA single-strand breaks in hu-
man fibroblasts (Ag 1522) (Fornace, 1982).

Nickel chloride at 0.1-1 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
l.g/ml (Basrur & Gilman, 1967) and in T51B rat liver epithelial cells (Swierenga &
McLean, 1985).

Exposure of two human celllines, 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 viabilitywere accompanied by a reduction in DNA, protein and, to a.less-
er degree, RNA synthesis. Cells in Gland early S phases were most sensi tive (Skreb
& Fischer, 1984). Nickel chloride also selectively blocked cell cycle progression in
the S phase in Chinese hamster ovary cells (Harnett et al., 1982). Nickel chloride at
40-120 ll for one to several days of exposure prolonged S-phase in Chinese ham-
ster ovary cells (Costa et al., 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 aL., 1979). Nickel chloride at 0.5-2.0 mM induced a
dose-related increase in the frequency of mutation to 6-thioguanine resistance in



NICKEL AND NICKEL COMPOUNDS 381

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+/- 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, survival ranging from 5 to
33.5% (Amacher & Pailet, 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 iig/ml nickel sulfate (Rivedal & Sanner, 1980).

As assessed in a mutation assay for the synthesis of P_85gag-mos viral proteins,
nickel chloride at concentrations of 20-160 iiM induced expression of the v-mas
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 et al., 1987). An increased frequency
was also seen with nickel sulfate at 0.1 mM in the P33 8Di 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 et aL., 1981), at 0.75
iig/ml (0.003 mM) in Chinese hamster ovary cells (Deng & Ou, 1981) and at 0.01 mM
in hum an 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 et al., 1981),0.0023-2.33
mM (Wulf, 1980) and 0.95-2.85 iiM (Deng & Ou, 1981).

Nickel chloride induced chromosomal aberrations in Fm3A mou se 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 et aL., 1987); and aberrations in Syrian hamster embryo cells at
0.019 mM (Larramendy et aL., 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 et al., 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 & Ume 

da, 1979).

Nickel sulfate at 1.0 mM reduced average chromosomallength in hum 

an lym-
phocytes, indicating its ability to act as a powerful spindle inhibitor at concentra-
tions just below lethallevels (Andersen, 1985).
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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 al., 1977; DiPaolo & Casto, 1979 (2.5-10 i.g/ml); Zhang & Barrett, 1988).
Nickel sulfate transformed these cells at 5 i.g/ml (Rivedal & Sanner, 1980; Rivedal et
al., 1980; Rivedal & Sanner, 1981, 1983), and concentrations of 10-0 i.g/ml (38-154
iiM) nickel sulfate enhanced transformation of normal rat kidney cells infected with
Molony murine sarcoma virus (Wilson & Khoobyarian, 1982).

Nickel acetate at 100-400 i.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 i.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 i.g/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 clonaI growth. Aneuploidy was induced and marker chromo-
somes were found. However, none ofthese transformed cultures was anchorage-in-
dependent or produced tumours upon injection into athymic nude mice (Lechner et
al., 1984). Human fetal kidney cortex explants were exposed continuouslyto 5 ).g/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 et aL.,
1989).

Nickel sulfate disrupted cell-to-cell communication in a dose-related manner
in NIH3T3 cells from a base level of 98% at 0.5 mM to 2% at 5mM; cell viabiltywas

not affected by these concentrations (Miki et aL., 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 LDso 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 eryhrocytes were not induced in BALB/c mi ce after an intra-
peritoneal injection of 25 mg/kg bw nickel chloride or 56 mg/kg bw nickel nitrate
(Deknudt & Léonard, 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. AnimaIs were sacrificed seven to 14 days after
treatment (Mathur et al., 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 (Chorvatovicová, 1983) and of Swiss 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 & Léonard, 1982).

(v) Other nickel compounds

DNA-protein cross-lin king in the presence of the nickel(II)- and nickel(IIIJ-
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 in S. typhimurium TA100, TA1535,
TA1537 or TA98 following exposure to nickelocene at doses up to 666 llg/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
ce Ils (Nishimura & Umeda, 1979; Umeda & Nishimura, 1979).

Crystalline nickel subselenide at 1-5 llg/ml inhibited cell progression through
S phase, as seen with flow cytometry (Costa et aL., 1982). Concentrations of 5-20
llg/ml crystallne 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 kidney (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 (Ciccarell et al., 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 (Ciccarell & 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 andmetabolism
Recent reviews include those of Raithel and Schaller (1981), Sunderman et al.

(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 occupation al 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 aL., 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 et al., 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
andfaecal and urinaiy 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 et aL., 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 et aL., 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 et aL., 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 et al., 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). ln patients with chronic renal failure, a high nickel
concentration was found in serum but no significant increase was observed in lym-
phocytes (Wils et al., 1985). However, in nickel refineryworkers, plasma nickel con-
centrations were lower than those in whole blood, and about 63% appeared to be
contained in the buffy coat (Barton et al., 1980).

As reported in an abstract, nickellevels in intercellular fluid were significantly
lower in a group of nickel-allergic patients than in controls, possibly due to cell
binding or uptake (Bonde et al., 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 et aL., 1987).

The lungs contain the highest concentration of nickel in humans wïth no known
occupational nickel exposure; lower levels occur in the kidneys, liver and other tis-
sues (Sumino et al., 1975; Rezuke et aL., 1987). One study documented high levels in
the thyroid and adrenals (Rezuke et al., 1987) and another in bone (Sumino et al.,
1975). The pulmonary burden of nickel appears to increase with age (Kollmeier et
al., 1987), although this correlation was not confirmed in another study (Raithel et
al., 1988). The upper are as of the lungs and the right middle lobe contained higher
nickel concentrations than the rest of the lung (Raithel et al., 1988), and high concen-
trations were found in hilar lymph nodes (Rezuke et al., 1987).

Lung tissue froID 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 et al., 1987), while no
such tendency was seen in ten other cases with no known occupational exposure to
nickel (Turhan et al., 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 froID two nasal carcinomas in
nickel refinery workers contained nickel concentrations similar to those seen in
biopsies from workers without cancer (Torjussen et al., 1978). Lung tissue obtained
at autopsy of workers from the roasting and smelting department of the Norwegian
nickel refinery contained higher nickel concentrations (geometric mean, 148 iig/g
dry weight; n = 15) than tissue from workers from the electrolysis department (geo-
metric mean, 16 iig/g; n = 24); nickel concentrations in lung tissue were not higher
in workers who had died from lung cancer th an 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 lùngs, with lower levels in kidneys, liver and brain (National
Research Council, 1975).

The half-time of nickel in serum was Il 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 et al., 1986a) and welders (53 h in urine) (Zober et al., 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 of 27 h, while the half-time was twice as high in untreated sub-
jects with lower serum nickel concentrations (Sunderman et aL., 1988b).

Urinary excretion of nickel is frequently used to survey workers exposed to in-
organic nickel compounds (Aitio, 1984; Sunderman et al., 1986a; Grandjean et al.,
1988). The best indicator of current exposure to soluble nickel compounds is a 24-h
urine sample (Sunderman et aL., 1986a). ln 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
al., 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 ltg)/ml nickel, corresponding to a total nickel secretion of about 1.64-2.18
ltmol (96-128 ltg) 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

ltg/l, suggesting daily bilary excretion of about 2-5 ltg (Rezuke et al., 1987). A biliary
nickel concentration of 62 ltg/g was recorded at autopsy of a small girl who had
swallowed about 15 g nickel sulfate crystals (Daldrup et al., 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 llg/g dry-weight) was
correlated with the amount present in air (18 ltg/m3) (Hassler et al., 1983).

Nickel was found in cord blood from full-term infants at 3 llg/l (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). Twentyworkers 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 examinatioH, and all individuals were asymptomatic within three days
(Sunderman et al., 1988b). ln a study of fasting human volunteers, one subject who
ingested nickel sulfate (as 50 Mg/kg bw Ni) in water developed a transient hemianop-
sia at the time of peak nickel con.centration in serum (Sunderman et al., 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; Menné 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-
occupation al skin exposures to nickel alloys (Menné 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
al., 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 et al.,
1985). Case reports suggest that inhalation of nickel dusts may result in chronic
respiratory diseases (as 

th ma, 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 ocur 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
Cyogenetic 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 crushinglroastingl
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 llg/l 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 llg/l, had 18.3% of metaphases with gapsl. Mean
control values of 3.7% of metaphases with gaps were seen in seven office workers in
the same plant with plasma nickel levels of 1 llg/l, who were matched for age and sex.
AIl 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 exposuTe
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 mglm3 atmospheric nickel for 25 years or more; they were selected from
among a group ofworkers known to have nasal dysplasia and who stil had plasma
nickel levels of 2 llg/l plasma. These retired workers showed sorne retenti on of gaps

(p ~ 0.05) and an increased frequency of chromatid breaks to 4.1 % of metaphases
versus 0.5% (p ~ 0.001) in 11 unexposed retired workers controlled for age, life style
and medication status. AlI subjects were of similar socioeconomic status and had

lThe expsures ol-hese workers were clarified in an erratum ta the original article, published subse-

quently (Mutat. Re., 104, 395 (1982)). .
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not had X-rays or overt viral disease recently; none smoked or drank a1cohoL. Four
exposed and nine unexposed subjects were on medication but not with drugs known
to influence chromos omal parameters.

Deng et al. (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 :l 2.19 (SEM) versus 6.06 :i 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 chromos omal effects in humans are summarized
in Table 25.

3.4 Epidemiological studies of carcinogenicity to humans

(a) lntroduction

The report of the International Committee on Nickel Carcinogenesis in Man
(ICNCM) (1990) presents updated results on nine cohort studies and one case-con-
trol study of nickel workers, one of which was previously unpublished. The Îndus-
tries inc1ude 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: metallc nickel, oxidic nickel, soluble nick-
el and sulfidic nickel (inc1uding nickel subsulfide). Soluble nickel was defined as
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Table 25. Cytogenetic studies of people exposed occupationally to nickel and nickel compounds -
Occpational exposure Reported principal Mean reported dose Sister chromatid Chromosomal Reference

~components (range) exchange aberrations ----
~

Crushing, roasting, Nickel monoxide, nickel Air: 0.5 (0.1-1.0) mglm3 None Only gaps Waksvik & 0
smelting subsulfide Expsure: 21.2 (3-33) year Boysen (1982) Z0

Electrolysis Nickel chloride, nickel sulfate Air: 0.2 (0.1-0.5) mglm3 None Mainly gaps Waksvik & 0
Expsure: 25.2 (8-31) years Boysen (2982)

~
Crushing, roasting, Nickel monoxide, nickel Air: 1 mglm3 None Gaps and breaks Waksvik et al. ~

smelting and/or subsulfide, nickel chloride, Expsure: ~ 25 year in retired workers (1984) ~
electrolysis nickel sulfate â

Nickel carbonyl Nickel carbonyl Expsure: 7971 h None None Decheng et al. S
production (1987) a:

Electroplating Nickel and chromium com- Air: 0.0053-0.094 mglm3 Small increase Mainly gaps, but Deng et al. m..
pounds Expsure: 2-27 years also breaks and (1983, 1988) 1.

fragments

kajo
Rectangle
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consisting 'primarily of nickel sulfate and nickel chloride but may in some estimates
inc1ude 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 (metallc, oxidic, sulfidic and soluble), as defined in the report of 

the
committee (ICNCM, 1990). The procedures for dividing the exposure estima 

tes aredescribed 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 faciltate 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 reftning

(i) lNCO Ontario, Canada (mining, smelting and rejining)l
Follow-up of all sinter plant workers and of aIl men employed at the Ontario

division ofINCO 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, 54509) 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 are a (the Coniston and Copper Cliff sinter plants)
and in the leaching, calcining and sintering department at the Port Col 

borne nickelrefinery. In the Coniston sinter plant, sulfidic nickel ore concentrates were partially
oxidized at 600°C (Roberts et al., 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 (16500 C). The leaching, calcining and sintering

IThere are sorne discrepancies between the figures cited here and those reported by Robert et al.

(1990a,b), but the differences are not substantia1.



392 lARe MONOGRAHS VOLUME 49

department produced black and green nickel oxides from nickel subsulfide by a
series of leaching and ca1cining 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 et al. (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 148 lung
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 nonsinterworkers in the cohort, there were 547 lung 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
cavityand pharynx (12 deaths in sinter plant workers: SMR, 21l; 95% CI, 109-369; 35
deaths in other workers: SMR, 71; 95% CI, 49-99). The sin 

ter 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 Col borne plant, workers were estimated to be
exposed to low concentrations of metallc, oxidic, sulfidic and soluble nickeL. Seven
nasal cancer deaths occurred (SMR, 5385; 95% CI, 2165-11094) in men who had
spent over 15 years in the electrolysis department at Port Col 

borne; all seven had
spent some time in the leaching, sintering and calcining are 

a 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, ca1cining 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).
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(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 sorne exposure to nickel sulfate.
Estimated total exposures to nickel in aIl areas ofthe facilitywere below 1 mg/m3 Ni

(ICNCM, 1990).

(iii) lNCO, 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 aga
(Bridge, 1933). The first formaI analyses of cancer mortality were carried out by Hil
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
al., 1970, 1977; Cuckle et al., 1980); trends in risk wi th age at first expos ure, period of
first exposure and latency were analysed (Doll et al., 1970; Peto et al., 1984; Kaldor et
al., 1986). The cohort of 845 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, 16584-26514); the high-
est risks were associated with calcining, furnaces and copper sulfate production.
The calcining and furnace are as had high estimated levels of oxidic, sulfidic and
metallc 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 g/l nickelas nickel sulfate. Until1923, arsenic present in sulfuric acid is
believed to have accumulated at significant levels in several process departm-ents,
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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 metallc nickel (5 mg/m3 Ni),

oxidic nickel (6 mg 1m3 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 et aL., 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, Krtiansand, 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, metallc 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
mglm3), high (5 mg/m3) and very high (10 mg/m3). There were 77 lung cancer deaths

(SMR, 262; 95% CI, 217-327), 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 spent 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 metallc 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 13 lung 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-
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ing and smelting (30 deaths; SMR, 385; 95% CI, 259-549). ln the group of workers
who had worked in roasting and smelting but never in the electrolysis department,
14 lung cancer deaths were seen (SMR, 225; 95% CI, 122-377) (see also Table 28). ln
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 et al. (1973) and Magnus et al.
(1982) included2247 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 al. (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 of cancer
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
ferrosilcon 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 silcate ore and iron-nickel oxide, with very lIttle soluble nickel and no sulfid-
ic nickeL.
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(vi) Societé Le Nickel, New Caledonia (mining and smelting)

Approximately 25% of the adult male population of New Caledonia has
worked in nickel mines (silcate-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). Of the 68 cases identified in 1970-74, 29 cases and 221109 con troIs 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 of one hospital, while cases were identified through a
variety of sources. Selection bias could have contributed to the apparent excess
risk. J

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. ln 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 et al., 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, metallc iron-nickel alloy and soluble nickeL. The estimated
total airborne nickel concentration in the facilty was estimated to be low ( c: 2 mg/

m3 Ni) (ICNCM, 1990).

(vii) Othe, studies of mining, smelting and ,efining

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.

Olejár 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 Dy 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
AIberta, 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 (lNCO), 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 metallc, oxidic, sulfidic and soluble
nickel at low levels, except in the calcining department where high levels of sulfidic
nickel (400 mglm3 Ni) were present. Average airborne exposures were estimated to
have been below 1 mg/m3 Ni in all are as 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 nonrespiratorycancers.

(ii) Henry Wiggn, UK (high-nickel alloy plant)
Mortality up to 1978 in a cohort of 1925 men employed for at least fiveyears in a

plant that opened in 1953 was reported by Cox et aL. (1981). Follow-up has now been
extended to April 1985 for 1907 men (ICNCM, 1990). Average exposures from 1975
on rarely exceeded 1 mglm3 Ni in any area, wi th an overall average of the order of 0.5
mg/m3 Ni. Measurements taken since 1975 were stated probably to be underesti-
mates of the level of exposure ta oxidic and metallc nickel ofworkers in earlier peri-
ods. Soluble nickel was reported to constitute 14-49% of total nickel in various de-
partments (Cox et al., 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 theywere 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).
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(iii) Twelve high-nickel al/oy 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 stil working at sorne
time between 1956 and 1960, was reported by Redmond (1984). There were 332 lung
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 ofwhom were mainte-
nance workers (197 deaths; SMR, 127 (95% CI, 110-146)). Excess mortalitywas ob-

served from liver cancer (31 deaths; SMR, 182 (95% CI, 124-259)) in aIl 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.

(iv) Twenty-six nickel-chromium al/oy 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 (Corne Il & 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 10250
members of the cohort were followed up until the end of 1978 and assigned to 25
occupation al categories according to information from personnel officers. Lung
cancer mortality for the subcohort of fettlers and grinders in the fettling shop was
higher th an 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 industnal exposures to nickel

(i) Two nickel-cadmium battery factories 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 aIl 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 of prostatic 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 et al., 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,
::100). 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-
tuaI 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 al. (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 of chrome 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 et al. (1981). There was excess mortality fròm lung can-
cer (28 deaths; PMR 191 (95% CI, 127-276)) among white men, but not for çancer at
any other site. The PMRs for lungcancer by duration of employment were 165 ( .: 15
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years) and 209 (~15 years), and those by latency were 178 (c: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 difion plant, Tennessee, USA

Fine pure nickel powder is used as b(trrier material in uranium 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 metallc nickeL. Follow-up was ex-
tended to the end of 1977 by Cragle et al. (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 sorne areas. About 300 of the 814 men
had been employed for a total of less th an two years. There was no excess of lung
cancer, either overall (ni ne 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) Ai,c,aft engine factory Connecticut, USA
Bernacki et al. (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 th an 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 c: 1 mg/m3.

(e) Othe, studies

Several studies have been reported in which occupational histories of nasal
cancer patients were sought by interview with patients or relatives, from medical or
other records, or from death certificates. Acheson et al. (1981), in a studyof 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). Hernberg et al. (1983) studied 287
cases diagnosed iii Denmark, Finland or Sweden over a 3.5-year period. The associ-
ation with exposure to nickel (12 cases, five matched con troIs 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;
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95% CI, 1.1-6.6), which was significantly associated with nasal cancer risk. Brinton

et al. (1984) recorded exposure to nickel in only one (RR, 1.8; 95% CI, 0.1-27.6) of 160
cases and one of 290 con troIs in a hospital-based study between 1970 and 1980 in
North Carolina and Virginia. Roush et aL. (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 c1assified according to estimated airborne exposures. Ten of
216 cases and 49 of 662 coIitrols were classified as having been exposed to nickel
(RR, 0.71; 95% CI, 0.4-1.5).

Gérin 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) th an among patients with other cancers. Ail 

29 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 milion workers worldwide are exposed
to airborne fumes, dusts and ffists 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, iú 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 of past expo-
sures to total airborne nickel, and the concentrations of individual nickel com-
pounds were .not measured.

Occupation al exposure has been shown to give rise to elevated levels of nickel
in blood, urine and body tissues, with inhalation as the main route ofuptake. Non-
occupational sources of nickel exposure inc1ude 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 reflnery facilities - average nickel exposure levels and cancer risks in workers
with 15 or more years since first exposureQ

Plant Depart- Estimated airbome concentration (mg/m3 Ni) Duration in department
ment

Metallc Oxdic Sulfidic Soluble 1btal Ever ~5 yearsnickel nickel nickel nickel nickel -
Lung cancer Nasal cancer Lung cancer Nasal cancer ""

~Obs SMR Obs SMR Obs SMR Obs SMR
(95% CI) (95% CI) (95% CI) (95% CI) ~

Coniston Sin ter NegL. b 0.1-0.5 1-5 NegL. 1-5 8 292 0 - 6 492 0 - 0
Z(126-576) (181-1073) 0Copper Sin ter 0

Cliff

~1948-54 NegL. 25-60 15-35 c:4 40-100 L 63 307 6 3617 33 789 4 131461955-63 NegL. 5-25 3-15 c:2 8-40 (238-396) (1327 - 7885) (543-1109) (3576-33 654) ::
C/

Port Coi- Leaching, ~borne calcining, 01926-35 sintering NegL. 20-40 10-20 c: 3 30-80

) 72

239 19 7776 38 366 15 18 750
E1936-45 NegL. 3-15 2-10 c:3 5-25 (187-302) (4681-12 144) (259-502) (10 500-30 537) ~1946-58 NegL. 5-25 3-15 c: 3 8-40
tT

Electroly- c:0.5 c:0.2 c:0.5 c:0.3 c: 1 19 88d oc,d - iod,e 89 oc,d - .:\0sis (53-137)

aprom ICNCM (1990), estimated average airbome concentrations of nickel species and mortality from lung cancer and nasal cancer by department; standardized mortlity
ratio (SMR) and 95% confidence interval (CI)
~egl., negligible expure
CJo nasal cancer deaths occurred in men with ;: 20 years in eIectrolysis and only short expure (three months and seven months) in leaching, calcining and sintering
liever worked in leaching, calcining and sintering
eworkers with ~10 years in electrolysis



Table 27. MOND/INCO (Clydach, South Wales, UK) nickel retinery- average nickel exposure levels and cancer risks
in 'high-risk' departments in workers with lS or more years since tirst exposureQ

Departmtnt Estimated airborne concentration Duration in department
(mg/m3 Ni)b

Metallc Oxidic Sulfidic Soluble Ever ?5 years
Z-

nickel nickel nickel nickel
(j
~

Lung cancer Nasal cancer Lung cancer Nasal cancer t-
Obs SMR Obs SMR Obs SMR Obs SMR ~

(95% CI) (95% CI) (95% CI) (95% CI) U

Furnaces, 1905-63 5.6 6.4 26 0.4 9 409 3 . 24 781 1 370 3 1000 Z-
(j

Linear calcin ers, 1902-30; 5.3 18.8 6.8 0.8 16 725 7 44 509 12 1244 6 78 280 ~
miling and grinding, t-
1902-36 (j
Copper plant, 13.1 0

before 1937 - 0.4 1.1 17 317 5 13 912 8 541 2 14 541 s=
""

1938-60
0.4 (185-507) (4507-32415) (233-1066) (1759-52 493) 0

0.01 0.01 - - - - c:
Z

Hydrometallurgy 0.5 0.9 0.05 1.3 7 196 4 18 779 5 333 4 .36 363 U
1902- 79 (79-404) (5108-48 074) (108-776) (9891-93089)

C/

tlrom ICNCM (1990); estimated average airborne concentrations of nickel species and mortality from lung cancer and nasal cancer by de 
part ment. ln each row,

observations are restricted to men with 0: 1 year employment in other high-risk departments. Standardized mortality ratio (SMR) and 95% confidence interval
(CI)
Ùfe Working Group expressed reservations about the accuracy of these estimates, as discussed on p. 391.

8
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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

-Depar1ment Estimated airborne concentration Duration in department
~(mg/m3 Ni)
(j

Metallc Oxdic Sulfidic Soluble Ever
:;5 years s:

nickel nickel nickel nickel 0
Z

Lung cancer Nasal cancerb Lung cancer Nasal cancerb 0
0

Obs SMR Obs SMR Obs SMR Obs SMR
~(95% CI) (95% CI) (95% CI) (95% CI) ::~Calcining, roasting, 0.3- 1. 3 5.0~io.O 0.3 Neg!. C 14 225 5 - 8 254 5 -
âsmelting; never in

(122-377) (109-500)electrolysis l"
c:Electrolysis; never in 0.3- 1. 3 0.3-1.3 Neg!.-1.3 1.3-5.0 30 385 2 - 19 476 2 - ~calcining, roasting (259-549) (287-744) tnsmelting .i\0

'Prom 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)
ürree deaths and four incident cases

CNeg!., negligible exposure



NICKEL AND NICKEL COMPOUNDS 405

4.2 Experimental carcinogenicity data

Metallic nickel and nickel alloys

Metallic nickelwas tested by inhalation exposure in mice, rats and guinea-pigs,
by intratracheal instilation 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 of carcinoge-
nicity. After intratracheal instilation, 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 instilation 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 instilation resulted in a significant incidence of lung 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 crystallne
forms. Local sarcomas were induced in one study in which nickel hydroxide was
tested by intramuscular injection in rats.

Nickel suirides

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 rab bits, by intrapleural, intraperitoneal,

intrarenal, intratesticular, intraocular and intra-articular administration in rats, by
injection into retroperitoneal fat in rats, by implantation into 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 observedin 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 Înduced were of myogenic origin, and the incidences of metastases
were generally high. ln rats, strain differences in tumour incidence and local tissue
responses were seen. After intramuscular implantation of millpore 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 sorne
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 fi brous 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 disuljie was tested by intramuscular and intrarenal injection in rats.
High incidences of local tumours were induced.

Nickel monosulje was tested by intramuscular and intrarenal injection in
rats. The crystallne form induced local tumours, but the amorphous form did not.

Nickel ferrosulfide 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
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tumours; however, intraperitoneal injections induced malignant tumours in the
peritoneal cavity.

Nickel chloridewas 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 whicb nickel carbonate was tested for carcinogenicity by in-
traperitoneal administration and nickel jluoride and nickel chromate by intramuscu-
lar injection could not be evaluated.

Othel 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 reftneries, 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 metallc 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 "uman 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 (Kristian-
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 of nickel salts from concentrated solution (hydro-
metallurgy) io 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 'sohi-
ble nickel'. Their estimated exposures to other types of nickel (metallc, 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 al 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 orny 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 liule 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
metallc nickeL.

Among hard-rock sulfide nickel ore miners iii Canada, there was some in-
crease in lung cancer risk, but exposure to other substances could not be excluded.
ln studies of open-cast miners of silcate-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 iii the UK with no exposure to chromium.

ln 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 alsoexposed to other compounds. (See also the monograph
on welding.)

4.4 Othel relevant data

Nickel and nickel compounds are absorbed from the r~spiratory 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 hum ans and of experimental animaIs, 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 animaIs and in humans. Nickel
causes contact dermatitis in humans. ln experimental animaIs, adverse effects have
also been documented in the respiratory system and in the kidney.

ln four studies, the frequency of sister chromatid exchange did not appear to
be increased in peripheral blood lymphocytes of nickel workers exposed during var-
ious processes. Enhanced frequencies of chromos omal gaps and/or anomalies

were observed in single studies in peripheral blood lymphocytes of employees en-
gaged in: (i) crushing, roasting and smelting (exposuremainly 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
pr~viously 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, deft palate and skeletal deformities, have been
demonstrated.

ln one study, metallc nickel did not induce chromos omal aberrations in cul-
tured human cens, but it transformed animal cens in vitro. Nickel oxides induced
anchorage-independent growth in human cells in vitro and transformed cultured
rodent cens; they did not induce chromosomal aberrations in cultured human cells
in one study.

Crystallne nickel subsulfide induced anchorage-independent growth and in-
creased the frequency of sister chromatid exchange but did not cause geiie mutation
in human cens in vitro. Crystallne nickel sulfide and subsulfide induced ceU 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 cens. ln one study, crystallne nickel sulfide and crystallne 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 cens; 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 cens in vitro in which they were tested.
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Nickel sulfate and nickel acetate induced anchorage-independent growth in
human cens in vitro. Nickel sulfate increased the frequency of chromosomal aberra-
tions in human cens, and nickel sulfate and nickel chloride increased the frequency
of sister chromatid exchange. Nickel sulfate did not induce single-strand DNA
breaks in hum an cens. Nickel sulfate and nickel chloride transformed cultured
mammalian cens. 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 cens. 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.

ln single studies, nickelacetate produced DNA damage in bacteria, while nick-
el nitrate did not; the results obtained with nickel chloride were inconclusive. ln
bacteria, neither nickel acetate, sulfate, chloride nor nitrate induced gene mutation.

Nickel carbonateinduced DNA damage in rat kidney in vivo. Crystallne nick-
el subselenide transformed cultured mammalIan cens, 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 Evaluation!

There is suffcient 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 metallcnickel and nickel anoys. .
There is suffcìent evidence in experimental animaIs for the carcinogenicity of

metallc nickel, nickel monoxides, nickel hydroxides and crystallne nickel sulfides.
',,'.,!

There is limited evidence in experimental animaIs for the carcinogenicity of
nickel alloys, nickelocene, nickel carbonyl, nickel salts, nickel arsenides, nickel
antimonide, nickel selenides and nickel telluride.

IFor descriptions of the italicized tenus, see Preamble, pp. 33-37.
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There is inadequate evidence in experimental animaIs 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 of the combined results of epidemiological studies, carcinogenic-
ity studies in experimental animaIs, 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).
Metallc nickel is possihly carcinogenic to humons (Group 2B).
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