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L Tee Rezarron oF NICKEL 1o PYRREOTITE.

Introduction.

The Sudbury district is.to- day one of the two great sources

of nickel in the world. The peculiar geological relations of .

* This paper was presented b
¥ the author as a dissertation for th
Ph.D. at Columbia University, New York Clty " Hiasdegrarat

2 . %' 'THE ORE-DEPOSITS OF -SUDBURY, ONTARIO.

the ores have long attracted attention, and widespread inferest
has been aroused by the differences of opinion regarding their
origin, whether as igneous segregations or as precipitates from
solution. The writer has endeavored to attack this problem
with the aid of microscopical and petrographical - methods. -
The field-work of these investigations was carried on during
the summers of 1901 and 1902, and the material collected was
worked up at Columbia University, New York, during the ses-
sions of 1901-02 and 1902-°03.

As a.necessary preliminary, it was thought advisable to inves-
tigate earefully the chemical composition and geological rela-
tions of pyrrhotite, as well as the mineralogical associations of
the Sudbury ores.

Minerals of the Sudbur;j Nickel-Region.

Pyrrhotlte and chalcopyrite, associated with fragments of
the enclosing rock, are: the predominant minerals of the Sud-
bury deposits.” The nickel-mineral pentlandite, which is the
prmcnple source of this metal, is distributed through all the ore-
bodies in greater or less amount. Its matrix is almost univer-

‘sally pyrrhotite, though a number of exceptions oceur, notably

at the Copper Cliff mine.
" This mine, which has furnished a number ‘of interesting
minerals, contains in the lower levels some magsive ore, com-
posed very largely of chalcopyrite intimately associated with |
pentlandite. Other samples from the same place consist of py-
rite and marcasite, also Wlth an 1nt1mate mlxtule of pent-
landite.

Millerite is encountered though rarely. In a sample from
the Copper Cliff mine,the writer found small bunches of hair-

. like crystals of this mineral in the cavities of some. radiating

_pyrite mixed with calcite. It has also been reported in a num-
ber of other cases. The millerite is undoubtedly secondary,
and was probably derived from pre-existing pentlandite.

Polydymite (INL,S,, with one part of nickel replaced by iron)
containing platinum, was described by Clark & Cattlett.®
Niccolite, gersdorﬁte danaite and arsenopyrite (containing

‘j,cobalt) oceur in several localities in Denison township, though

* Am. J. Sc., vol. x'xxvii., 1889.
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‘the association is mot exactly similar to that of the typmal
deposits.

Pyrite is by no means uncommon, and Walker has desenbed
a nickeliferous variety (over 4 per cent. niclkel) from the Mur-
ray mine. A number of samples of this mineral from the
Copper CLff mine were associated with secondary quartz, cal-
cite and millerite. On analysis, they yielded from a. trace to
over 8 per cent. Ni, which, however, may be due to an mtlma.te
mixture of pentlandite or millerite.

Samples of a compact, whitish or steel-grey mineral, contain-
ing a considerable amount of pentlandite, were submitted by
the writer to Prof. Penfield, who considers them to be massive
marcasite. The analyses conform to the formula FeS,, and

. show the presence of from 2°to 4 per cent. Ni, probably as
pentlandite.

Sperrylite (PtAs) wag orig ma,lly found in the gossan-at'the
Vermilion mine. The writer has also isolated it from the un-
altered chalcopyrite of the Victoria mine (see p. 9).

Gralena occurs rarely in streaks through the pyrrhotite, € gos
at the Mount Nickel mine, Blezard township.*

Native copper is reported in a few instances in leaves in the
associated rocks. Secondary copper-minerals are rare; but
bornite is occasionally seen. '

Small masses of titaniferous magnetite (Wzth as much as 18
per cent. Ti0,) are at times found.

This list is probably not complete, but represents ‘the most
‘important minerals found by the writer or recorded by others.

S. H. Emmenst describes what he calls several new species
«of nickel-minerals from Sudbury. But the doubtful‘purity of
his material and the analytical methods employed do not war-
rant the recognition of these new species.] -

As 5 preliminary to-'the discussion of the relation of the
nickel to the pyrrhotite and. its associates, a brief review of our
knowledge of pyrrhotites will be g'iven; since the uncertainty

* Specimen kmdly furnished by Prof W. G— Miller, Provincial Geologist of
Ontario. .

T J. dm. Ch. Soc., vol iv, No. 7.

i 8. L. Penfield, « On' Pentlandite from. Sudbury, Ont. Can with RemarLs
upon Three Supposed New Species from the Same Region,” Am, J Se., vol. xlv 5
June, 1893,
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‘which prevaﬂs regarding the exact chemical composition of

pyrrhotites is proba.bly not generally apprecmtecl by students
of ore-deposits.
wakot@tes in General.

For many years the composition of pyrrhotite has -plesented

to chemists and mineralogists a most difficult and mterestmg
problem, to a large extent still unsolved.

Various writers have applied.to this mineral formulas Whlch

range from Fe S, to Fe, S .. In general terms it is usually ex-

'-pressed a8 FenS,H_l By some it is 1'egarded simply as FeS

with impurities.* Others consider it as varylng molecular mix-
tures of different sulphides, as nFeS + FeS, or nFeS + FeS,.
Bodewig’st and Doelter’s] formula was Fen 5

Tn other words, « pyrrhotite ” is regalded not as a mineral
in the trie sense of the term, but as 2 series of minerals, dif-
fering slightly from each other in the relative proportions of

their counstituents. -If this is the correct view, the case is

unique. Homologous chemical series-are by no means uncom-
mon, but in these thele is always a gradual change in the prop-
erties of the different members; the extremes being so entirely

 unlike as hardly to be recognizable components of the same

group. There seems, however, to be little, if any, difference
between pyrrhotites represented by Fe,S, and Fe S, It should
thus be possible to grade 1mpercept1b1y from the monosulphide
FeS to the disulphide FeS,, when a pyrrhotite with the com-
position of pyrite would result. But such a view does not seem

reasonable, and is opposed to some of the fundamental laws of

-chemistry. It seems more reasonable to consider many of the
'so-called « pyrrhotites ” as mixtures of other sulphides with\this.

mineral, and to regard the latter as of a definite composition.
A fact which may have an important bearing on this ques-

tion is that of the magnetic permeability of different pyrrho-

tites. In the preparation of various samples, as noted later in
this paper, some were observed to be much more magnetic than
others, the strength of attraction by a small magnet being, in a

#* Weinschenk, Groth’s Zeit., 17T, 499 Lorenz, Berg. d. chem. Gles., 1891 612.

+ Groth’s Zeit., 7, 180.
. %1 Tsch. Mitth, N J., T, 544. * A synopsis of the 1esults obta,med by different
writers will be found in the Handbuch der Mineralogie, Hintze, vol. i., p. 621
€t seq. " ’
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general way, proportional to the percentage of iron. Further
investigation along this line may lead to important results.

It should be borne in mind, however, that lack-of care in
the preparation of samples for analysis may account for many
discrepancies, especially as few pyrrhotites are entirely free
from other sulphides in more or less intimate mixture.

The- inaccurate methods of analysis, and difficulties of manip-
ulation, will also cause many errors. That the reliability of
many analytical methods is open to questlon is shown by the-
animated controversics of experts. in recent years.* Errors
amounting to 0.75 per cent. in the estimation of sulphur are

not uncommon, and in many cases they sre possibly lz,rcrer'

The iron-results are also apt to be unreliable.

In a number of determinations on the same sample Haber--

mehlt obtained results in which the sulphur varied frorn
39.10 to 89.71—a difference of 0.61, and iron from 60.28 to
60.79—a difference of 0.51 per cent. When we consider the

theoretical compositions represented by the compounds varying.

from FeS to FeS, it is seen that a comparatively small error
would change the formula caleulated from the analysis. The
calculated composition for different formulas would be as
follows : - ‘

Iron. Pulphur. Iron. Sulphur.

Formula. Per Cent.  Per Cent. Formula. Per Cent.  Per Cent.
FeS, . . 6361 386.39 Fegd, 60.80 39.20
Fe, S, . 62.06 37.94 Fe,Sg 60.40 39.60
Fe;S,, - 61.60 38.40 FeS, 46.60 53.40

A few analyses made by prominent workers (see Table L)

will show the wide variation, both in the analytical results and
in the recorded specific gravity of the mineral. The latter varies
very widely (8.98 to 4.80) and probably indicates the doubtful
purity of the sample. Where the total (as in analysis No. 1)
is over 101.per cent., any calculations based on the result will

be wholly m1sleadmg, and it is safe to say that many others

recorded, while not mdlcaﬂ:mc such an excess, are equally un-
reliable for this purpose.

% Giaddiné; and Lunge, Journal Am. Chem. Soc.:
+ Oberrh. Ges. Nai. u. Heick., 1879, 18, 97.
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TaBLE L—Analyses of Pyrrhotite.

|
1. 2. 8 |4 |uE 6. 7. s. | e

63.15 | 6s.85 | 62.62 | 68.41 | 62.04 | 6L.17 | 60.83 | '58.00°
| 36.35 | 85.91 | 87.88 | 36.29 | 88.08 | 88.83 | 39.17 | £2.00
. . 89.50 99.26 100 Q0 99.70 * | 100.12 100 00 |100.00 | 100.00
Sp. gt 3.95 o _4.62 4.787 | 4.80 | e 4,497 | 4.548 | 4.580 | ......
Formulia| Nearly | Nearly | Nearly | Nearly | FeS. |FeuSiy. | FeSp. | FerSp e
i FeS. -FeS. FeS. FeS.

(Fein’

E E excess.)
No. 1. Nenntmansdorf. Geinitz, N. Jahr., 1876, 609,
No. 2. Tavetsch. Gutknecht, by Kenngott, N. Jahr.5 1880, 1, 164.
No. 3. Seelaesgen, Rammelsberg, Pogg.’ Ann., 1864, 121, 368.
No. 4. Brazil, Bertier Ann. Mines, 1838, 7, 531
Wo. 5. Jeliza, Servia, Losanitsch, Berg. d. Chem., 1892, 15, 880.
No. 6. Borév, Palfy, Groth’s Zeit., 30, 184.
No. 7. Bodenmais, Graf Schafigotsch, Pogg. Ann., 1840 50, 533..
No. 8. Hartzburg, Rammelsberg, Pogg. Ann., 1864 121, 356.
No. 9. Chile, Mennier, O’asmas, 1869, 5, 581.

- The above results are taken from C. Hintze’s Hdb. der Min.,
vol. i, 1901, p. 653.
" Altogether apart, however, from the considerations outlined
above, pyrrhotite, as we know it, is not constant in composi-
tion; and an adequate explanation of the variations in its com-
position is one of the problems of the future.

_ The Origin of Pyrrhotite.
Tittle is known of the conditions under which pyrrhotite is

formed in nature, except that 2 strongly-reducing atmosphere

is necessary. Those synthetic reproductions of the mineral,
which have not been made under conditions analogous to:
those of nature, do not aid materially in explaining its origin.

" Doelter,* however, by heating ferrous chloride to 250° C.
in an atmosphere of carbonic acid and hydrogen-sulphide gas,
produced pyrrhotite much like the natural mineral and having
a composition represented by Fe,S He also produced it by

11120
the action of H,S gas on solutions of ferrous sulphate,. carbon-

ate, chloride and silicate. Other methods of preparation do

not appear to have any direct bearing on the natural formation
of the mineral.

# Tsch., Min. . Pet. Miit., vol. vii., 35, 86.
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Nickel and .Cobalt in Pyrrhotite.

" Nickel is universally recoomsed as an’ associate” of. pyrrho-_
. tite, and in few cases has it proved when looked for,"to be en-
tu-ely lacking. Whether the nickel is an essential constituent
of the pyrrhotité, replacing part of the iron, or'whether it is
present as a separate compound, is still a chsputed question. It'
is hoped, however, that the results here preseutecl will- help 4o
clear this matter up to a great extent. '
The percentage of nickel varies widely in different pyrrho-_
tites. Those occurring in metamorphosed sedimentary and
acidic schistose rocks are notably low in nickel, while in those’
associated with basic igneous rocks, especially of the o-a,bbro,
family, it may range from a trace to a proportion economi-
cally valuable. Cobalt nearly always accompanies the nickel,
though usually in very subordinate amount. '
Tafbles II., ITT. and IV. givé the nickel-contents of representa»—
tive pyrrhotltes of these two classes. Those-of the first class

rarely carry more than' 0.5 per cent. of mickel, while those’
from basic eruptives usually exceed this limit,—some of the

Rossland examples being notable exceptions.

TABLE H—Percmmges of DVickel and Cobalt in Pyrr/zotztes

Generally.
Ni. | Co. Ni. Co
ONTARIO. BRITISH COLUMBIA. *
1 Da.lhnusietwp Ltma.rk 0. 0.23 |trace|| 1. West Kootenay....czeeess esssasas 0.16 | 0
011 | & 2. Kennedy Lake, V. I 0.16 frace
3 Angleseatwp. Addingtonco.| 0.16 | ¢ 3. Deer Creek, V. L 1901,
4. Ga,lwa.y twp Peterhoro’ co. 0.16| 4, West Xootenay 0.14 1"
5. 0.10| « 5. Crawford Bay.. Q06
H 5 # “10.05] ¢ 6. Jarvis Island. M. “
7, VIGOXAS C0:sissmsisiisasismsssiiuian 0.15| “ 7. Rossland ...... .| 0. “
S Rainy River District. o] OoLE] € 8, W e ¥
D1stnct of szmsmg 8.80| 9. Kootenay Lake .
0 2.10| “ .||SWEDEN, ETC. .
QUEBEC. 1. Klefva v
1 Otta.wa. €o... 0.13| 0 2 s .
2., 4 . 1.68 |ceecinnn 3 LI :
3. Ca.lu.met Island p UL 1 (— 4. Sagmyrna i
4, .| 4.06| 0.83 .
5. Pontiac co... .| 1.50 trace | 5. ngeroe o
Now. SCOTIA. 6. Varallo... .20~
.1. Cape Breton co.. 0.10| « 44 |
NEW BRUNSWICK. TUNITED STATES. i
1 St. Stephen..... .| 1.82 0.17 1 Gap "mne, ?a, ....................... 1.75 | 010
.......................... tr:.ce W) L
0
4.00 = 8. Anthony's Nose, N. ¥.. .

NorE.—The nickel-mineral gersdorffite occurred in association with some of
these pyrrhotites, so that in part -the nickel found may mean an a&mmture of thxs
mineral. ) ;
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Ontario.—1. Pyrrhotite with pyritein white translucent quariz and hornblende ;
2. Pyrrhotite with pyrite in quartz—mma.—dlomte (Nos. 1 and 2 occur in dark-grey
dmrn:e, which cuts gneiss); 3. Pyrrhotite in dark-grey gneissoid rock; 4. Mas-
sive pyrrhotite ; 5. Massive pyrrhotite with pyrite, chalcopyrite and quartz; 6.
Massive pyrrhotite with chalcopyrite, quartz and feldspar (Other samples from
Galway gave from a trace to 0.15 nickel. The pyrrhotite is associated with bands
of gneiss, ; mica-schist and quartzite ; 4.¢., the deposits are ‘‘ fahlbands,” like those
of Norway, which are likewise poor in mckel) 7. Massive pyrrhotite; 8. Mas-
sive. pyrrhotite with a small amount of quartz from the Huronian schists of Eng-
lish river ; 9 and 10. Pyrrhotites with small amounts of chalcopyrite in a gangue
of ‘greyish-green diorite. = (Pyrrhotites oceurring in light- and dark-grey gneis-
soid rocks from Frontenac county, Ont., Schreiber (Thunder Bay), Darlington
Bay (Lake of the Woods), and numerous other- localities all contained nickel, buf
only in traces.)

Quebec.—l Massive pyrrhotne from Eardley township ; 2. Pyrrhotite in part
massive, in part disseminated through a gangue of quartz feldspar and horn-
blende; 3. Small quantity of pyrrhotite, ete., in a qua.rtz—a,mpmbohte 4. Mas-
sive pyrrhotite with a little guartz-gangue (The associated rocks of 3 and
4 are diorites, which cut a series of gneisses and limestones.); 5. Massive pyzr-
rhotite.

Nova Seotiz.—Pyrrhotite in a sﬂlceous gangue from Leitche’s Creek. ‘

New Brunswick.—Pyrrhotite with a little chalcopyrite and 2 small amount of
quartzose-gangue, or diorite and quartz. (The association is much like that of
Sudbury. Various samples from the same locality yield from a trace to 4 per
cent. of nickel.)

. British Columbia.—1. Pyrrhotite in quartz, feldspar and hornblende ; 2. Massive
pyrrhotite in a gangue of quartz, garnet, caleite and horhblende; 3. Massive pyr-
rhotite with chalcopyrite in a quartzose-gangue (from the Two Sisters and Crow '
claim) ; 4. Pyrrhotite and chalcopyrite in a dark-green rock ; 5. Pyrrhotite in asso-
ciation with a small amount of chalcopyrite, graphite, guartz, mica and feldspar ;
6. Pyrrhotite with chalcopyrite in a gangue of quartz-green diorite ; 7 and 8. Mas-
sive pyrrhotite with chalcopyrite in massive eruptive rocks, the ore-bodzes lying
between gabbros and, surrounding porphyries and diabases; 9. Pyrrhotite with

_ pyrite and chalcopyrite'in garnet and quartz.

The above Canadian examples are taken ‘from vols. vi. to xi. of the Reporis of
the Canadian Geological Survey.

Sweden, eic.—Pyrrhotites in dark eruptive 1ocLs, prmcxpa.lly gabbros (authority,
Scbna.bel’s Handbook of Metallurgy).

.Gap Mine, Pa,~~Pyrrhotite with chalcopynte, pyrite, etc., in the outer portions
of basic igneous rock-masses, which may be metamorphoqed to amphibolites.

DMime at Anthony' s Nose, N. ¥.—Pyrrhotite in association with feldspar, pyrox- .
ene, hornblende and quartz ; the walls being acidic gneisses. ~(Authority for this
and' the" preceding examples, “The Nickel-Mine at Lancaster Gap,” by J. F.
Kemp, Trams., xxiv., 620, 883, October, 1894.)

‘The relation. of .the nickel-content to the mode of origin of

" the pyrrho’mtes and the enclosing rock will be consulered sub-

sequently.
-One of the purposes of this investigation has been to test
the validity of the view generally held, that in the Sudbury
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pyrrhotites the nickel and cobalt replace the iron isomor-
phously. Another purpose has been to try to find a definite
formula for the sulphide of this district, with the idea’of com-
paring it with similar minerals from other localities.

;

The Sudbury Pyrrhotites.

The Sudbury nickel-region, as treated in this paper, wﬂl be
considered, for convenience, as including the deposits of simi-
lar nature in the adjoining Algorma district, as well as those
in the immediate vicinity .of thc, town of Sudbury.

The ore mined in this region consists chiefly of a mixture of

pyrrhotite and chalcophyrite, intimately associated with more
or less countryrock. The pyrrhotite carries the nickel, while
the chalcopynte appears to be quite free from that element.®
Table IIL. gives the nickel and copper in typical samples of the
ore of some of the leading Sudbury mines, as taken from the
catalogue of the Ontario mineral exhibit at the Buffalo Pan-
American Exposition of 1901, and similar data regarding:a
number of nearly pure pyrrhotites from claims in various parts
of Algoma, taken from the reports of the Canadian Survey.
~ These Algoma deposits have the same geological relations—, ¢.,
they are closely agsociated with an altered gabbro or norite.

The average contents of nickel, copper and cobalt in the
ore smelted since 1892 are given in Table IV. The state-
ments of Messrs. Turner and Walker, Table V., show that
gold, silver and the metals of the platinum group are constant
constituents of the ore, though present only in small quanti-
ties.

Sperrylite, the arsenide of platinum, (PtAs,); was first recog-
nized in the decomposed products of cha.lcopyrlte and pyrrho-

fite at the Vermilion mine. The platinum in the unaltered .

ore oceurs as sperrylite, as. proved by the writer.f Mr. T. L.
Walker? has shown that the sperrylite is associated with the
chalcopyrite, rather than the pyrrhotite. Recent investiga-
tions seem to confirm this view, as sperrylite has been found
associated with copper-minerals in several other places.

# Thus, Nos: 3 and 5 in Table III., which are la.rgely cha.lcopjmte, conta.m but
Little nickel.

+ Am. J. Sc., February, 1503.

i Am. Jour. of Sc., February, 1896.
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© Mr. Turner’s estimate, given in column A and B, Table IV.;.
probably presents fair averages of the general run of the ore.
The figures under A may give a good idea of the ore of the-
Creighton mine, while that from Copper Cliff may run up to

7 per cent. copper and 8 per cent. nickel, according to the par- '
ticular level from which the ore was taken (copper predomi-
nating in the upper, and nickel in the lower levels).” Column B--
is based.on the composition of the matte produced as shown
in Table V, column I. -

TazrLe IIT.— Nickel and Cobalt in Sudbury and Algoma Pyrrhoties.

Ni. | Cu. . Ni. | Cu.
Per | Per : Per | Per [’
Cent. |Cent. Cent,. |Cent.
s IPEY s
PR oresinssssusises .5 . Lorne townshi
. Copper Chﬁ‘mme ...... 9.25 2 =« Gy
...... 1.25 \Talrn townshxp
Btgp:.em‘.:‘.ne ..... | 2.99 Drury

Denison

3.

4.

4 4 5.
No."?, mine.. 6. Levack ‘:
T ‘

8.

9

- ]

‘No.8 mi_ne." “Fr00G s
No. 4 mine..

¢ . :Morgs.n ¢
i1, Creighton m:
12, No. 2 extension......

13, Worthington Mine....cor.r.r

EBppapopmiop

'

=

=]

=1
toog—‘soroo:?»hogpp-
S8 0o 0O i =103 B 62 =T
SHREVBIBBIEERS

Nore.-—The Sudbury figures are from the catalogue of the mineral exhibit of’
Ontario at the Pan-American Exposition of 1901, except those of the Worthing-
ton.mine, which are the result, of a number of analyses of average samples, ob--
tained through the kindness of Mr. R. E. Booraem, N. Y. city.

The Algoma figures are taken from reports of the Geological Survey of Canada.
"Most of the samples were massive pyrrhotite, with 2 small amount of chaleopy--
rite. The copper per cent. was not reported.

b

TapLe IV.—Averages of Smeliers’ Assays of Sudbury Ores,
Srom 1892 éo 1900.

1892 1893 1894 1895 1896 1897 1898 1899 1900 A B
Per cl. Per ct. Per ct. Per ct. Per ct. Per ct. Per ct. Per ct. Per ct. Per ct. Per ct..

Cu, . . 319 238 814 278 254 28 348 ... 159 150 200 .
Ni, . . 88 220 282 267 267 205 228 .. L67 850 250
Co, . . 010 008 007 .. G e s oocsts tosce

Nore.—The figures for the several years are taken from the Sixth Report of
the Ontario Bureau of Mines (1898) and Mineral Industry, 1900. The returns for
1900 seem too low. Columns A and B, furnished by President A. P. Turner, of’
the Canadian Copper Co., contain (A) an estimate of certain ores of that com-
pany, and (B) a general average based on the composition of the matte produced:
from 2 mixture of all its ores.
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TasLe V.—Composition of Sudbury Maites.

L TE.

) ' ; Per cent.
Copper, . . . .. .14 per cent. 25.92
Nickel, . : : S f ke & :
Cobalt, . . . .  0.5to 0.6 per cent. }48'82
Gold, . g - i trace 0.000075
Silver, . . . . 0.5 to 1oz per ton. 0.001775
Platinum, . E 2 0.25 to 0.5 oz. per ton. " 0.000430
Palladium, . . . 0.25 to 0.5 ¢ ¢ - present
Iridium, s i i Cwssdsesswsi 0.000058
Osmium, . . C e 0.000056
Rhodium, . . . present
Iron, . . . T 2.94
Sulphur, A e R a— 22.50

* I Average furmshed by President A. P. Turner for mattes of the Ca.nadla.ni

Copper Co.
IL. Analysis of the matte from the Murray mine, glven by Mr. T. L. Walker,
Am. J. Se., February, 1896.

To ascertain as aécumtely as possible the average nickel and

. cobalt contents of the gemeral run of the pyrrhotite from the

whole region, a number of analyses of carefully-selected ma-
terial were made by the writer.

The pyrrhotite was coarsely crushed and the mineral plcked'

out as pure as possible, under a lens when necessary. From
the massive varieties good samples were easily obtained ; but in
other cases the pyrrhotite was so intimately mixed with chalco-
pyrite and rock that it was very difficult to.obtain satisfactory
samples, some rock always adhering to the sulphide. The re-
sults, given in Table VI., show that the percentage of nickel
and cobalt in the pyrrhotite, calculated to the pure mineral, is’
fairly constant over a wide area, embracing all the principal
mines and prospects. The pyrrhotites include both coarse- and
fine-grained massive varieties, and those mized with more or
less rock and chalcopyrite. The object was to determine, as
far as practicable, only the- ‘nickel existing as a component of
the pyrrhotite, if it occurred as such. In the case of the
coarse-grained varieties, where the nickel-mineral pentlandite is
often to be recognized, this was carefully rejected, as far as
possible. But the difficulty of this separation accounts for the
fact that some of these varieties show less nickel than the fine-
grained omes, although the former are usually considerably

richer. Had the cosrse-grained samples been ‘treated in their
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original condition, the results would have been more uniform.
Subsequent work proves that a large part, at least, of the nickel
is not a constituent of the pyrrhotite. The results of these
+ests, therefore, represent the nickel which is most Intimately
associated with pyrrhotite and does not appear in, ws1ble par-
ticles of pentlandite. .

Cobalt is always very subordinate in amount bearmcr a ratio
of between 1:40 or 50-to the nickel.

TaBrLE VL —Nzcksl Cobalt, ete., in Sudbury wahomies

; . . . " . 'NL in
! . . ‘Cu. i . 0. Pure Pyr-
F Location. I’é[z]?scoelnt. Pef Gent. Per}gent. Pez?Cent. ggogigi
L. Elsie ) ennneenrrienannnnnneeanss|  2:00 trace. 2.40 0.06 2.46
2. Ebg ......................... 3.45 56 2.3 0.05 -| 2.44
3. Stoble (a)... sl 180 b 3.00 0.08 |- 3.05
4, B)iususamisinaiaainy| 4200 ¢ 2.05 0.05 2.15
5. Frood No 3 mme (a.) .| 0.40 hE 2.35 0.06 |- 2.40
6. (b) ......... 5.00 w &8 2.34 0.06 2.48
7. Mount Nmkel ......... ereaan. 2.20 £8 3.00 0.07 3.06
8. Copper Cliff, No. 4mme(a.).. 1.10 “ 3.24 0.06 3.30
9. : 82 (®)..| 5.00 £ 3.70 0.08 4.00
10. ‘e €@ o5 o (e)..| 0.50 £ 3.47 0.08 3.50
11, Crei%;hton (B)evssesononcsrarenenas| 3.2D £e 3.84 0.10 4,00
112. b) 0.50 be 2.26 0.06 2.32
13. G—ertrude (2).. 5.00 € 3.83 0.11 4.05
14. (b ) 6.00 & 3.61 0.09 4.00
115. Vietoria (@)..ccererenrermnnennenes| 0.50 £8 8.36 0.07 3.40
16. e (b) ©0.40 , A 3.14 0.08 3.20
1. Tavack.. i csseiisiiasesniinve| 920 £¢ 2.80 | .ieeen 2.88
18. North Range...cceeeerriencnsenns 4.10 we 222 | ... 2.32

- Norz.—These analyses, and others by the writer, were made in duplicate or
triplicate to insure the greatest possible accuracy.

1. .Coarse pyrrhotite with a small amount of chalcopyrite and rock; 2. Com~_
pact fine-grained pyrrhotite, with a small amount of rock ; 3. Massive fine-grained
pyrrhotite ; 4. Pyrrhotite and chalcopyrite in diorite; 5. Pure, coarse pyrrho-
tite; 6. Fine-grained pyrrhotite; 7. Massive pyrrhotite; 8. Coarse pyrrhotite.
9. Massive fine-grained pyrrhotite; 10. Massive fine-grained pyrrhotite; 11.
Massive fine-grained pyrrhotite ; 12. Coarse pyrrhotite ; 18. Massive pyrrhotite ;
14. Massive pyxrhotite ; 15. Massive fine-grained pyrrhotite; 16. Coarser than
No. 15, but with more cha.lcopynte 17. Massive pyrrhotite (Tuff & Stobie’s
property) ; 18. Coarse, massive pyrrhotite form Wisner township.

The Magnetz'cﬁepaméim of Nickel@'feraus Pyrrhotite.

Many experiments have been performed in recent years to
effect a commercial magnetic separation of the nickel in pyr-
rhotite ores; or, for scientific purposes, to determine the con-
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dition of the nickel in this mineral. The commercial elimina~
tion of the nickel is probably an impossibility, and the scientific
problem is only now approaching a solution.

S. H. Emmens* refers to.the work of Habermehl (187 9), Wh(}
effected a separation of European mekehferous pyrrhotlte into
magnetic and non-magnetic portions.

L Mchg‘he in 1890, applied magnetic separation in the
treatment of Canadian ores; and in 1892 T. A. Edison, in ap-
plying for a U. S. Patent, sald

“T have discovered that where magnetic pyrites, called pyrrhotite, is nickel-
iferous, as it usually is to a more or less extent, the nickel is not distributed

generally throughout the whole body of the pyrrhotite, but certain crystals are

pure pyrrhotite or magnetic pyrites, while other crystals have some of the
iron replaced by nickel and sometimes by cobalt,:and that the ecrystals con-
taining the nickel and cobalt are comsiderably less magnetic than the pure
pyrrhotite.”’

Emmens himsélf made some crude experiments on material
from the Gap mine, Pa., and from Sudbury, and obtained two
‘products, the non-magnetic being considerably richer in nickel
than the original ore. '

Shortly after, David H. Brownet contributed a very valua-
ble article on the same subject. He shows the existence of a
rich nickel-mineral in the ores from the Copper Cliff, Evans and
Stobie mines, in the Sudbury district, and also that it can be
separated by rough-crushing and hand-picking, after first re-
moving the magnetic part. His analyses] show that the non-
magnetic residue bears a close resemblance to the pentlanchte
described by Penfield.

Probably the most extensive series of experlments\for a com-

mercial separation were those made by Mr. J. N. Judson, of the
Wetherill Separating Co., in 1900. The results have never
been published; but Mr. Judson has very kindly placed them
in the hands of the writer and a partial abstract is here pre-
sented. .

The material operated on was nearly pure pyrrho’nte from
Copper Cliff, containing, by analysis, Ni, 3.14; Cu, 0.42; and

* 2d Rep. Bureau of ]]’['mss, Ont., 1892, p. 163. Jour. 4m. Chem. Soc., vol.
xiv., No, 10.

¥ .Eng and IM. J., December 2, 1893.
+ 1 Nos. 5 to 8 in Table XI. of this paper.
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Fe, 49.78 per cent. The magnetic-separation products, with
different current-strengths, and the analysis of each, are glven
in Table VIIL.

TABLE VIL.— Magnetic Separation of Pyrrhotite by the Wetherill
Separator. Hirst Expmment—Mazferzal Crushed to 30-Mesh.

Analyses.
Magnetic | -
Product i i : .| Total Percentage of Metal in

INO. Amperes. ggg%%%k‘ Magnetic Portion. Magnetic Portion.
Ni. Cu.. | Fe. Ni. Cu. Fe.
1 1 90.11 2.46 0.22 | 53.60 | 70.58 | 47.48 | 97.02
2 15 7.65 10.88 0.78 14.80 26.38 14.37 2.27
{3 15 0.78 9.68 2.55 13.25 2.42 4.79 0.21
28 - 0.92 1.76 18.58 20.10 5.87 29.99 0.87
5 tails 0.54 0.70 2.64 11.25 0.13 3.35 0.12
1* 1 90.11 2.46 0.22 53.60 70.58 47.48 97.02
2-5¥ 9.89 9.33 2.21 14.97 29.42 52.52 2.98

‘The results show that with a current-strength of 1 ampere
90.11 per cent. of the total sample was magnetic, and this con-
tained 2.46 per cent. Ni, or the equivalent of 70.58 per cent. of
the total metal in the original pyrrhotite; that is, only 29.42
per cent. of the total nickel was concentrated in the non-mag-
netic portion (making only two products). The-second and
third products (15 amperes) were highly nickeliferous; but as
they contained less than a third of the total niclkel in the ore,
the loss in the magnetic portion was very heavy. '

. In the next experiment, the first magnetic product, at 1 am-
pere (amounting to 90.11 per cent. of the total), containing Ni,

 9.46; Cu, 0.22; and Fe, 50.62 per cent.,, was again treated,
using a weaker eurren’c. The results are shown in Table VLLL

TusrE VIIL— Magnetic-Separation Product No.1 of Table VII.

Second Ezperiment (No. 80-Mesk).

) A ;:1 2. ’ Analyses.
| Product | pAmperes. Psegrxtlleonc D%agi.?i%%c
Ha. of Pert | of Total. Ni. cu. Fe.
Treated. Per Cent. | Per Cent. | Per Cent.
1 £ 33.61 30.28 1.93 0.08 56.65
2 P 54.15 48.79 2.08 0.13 55.60
-3 e 464 |- 418 3.46 0.18 | 53.00
4 % 1.79 1.61 3.70 0.51 41.25
5 1 2.85 2,12 3.95 0.90 23.80
6 tails 3.47 3.13 10.60 2.44 20.20

* Making only two products—i.e., magnetic and non-magnetic—at one ampere.
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Column 1 gives the percentage of the part treated, which
was magnetic with the different current-strengths indicated:;
column 2, the percentage of the total sample which was mag-
netic under the same conditions (e.g., 90.11 x 33.61 =.30.28).
The magnetic portion at % amperes (about } of the total)
still contained nearly 2 per cent. Ni; so the loss was still
very great, while the non-magnetic concentrate -was not very
greatly enriched. -

"All the products of these two experiments were then mixed,
.crushed to. pass through 60-mesh and treated as shown in

Table IX.

Tasre IX.—Magnetic Separation of Mixed ;S’dmple Crushed to
Pass No. 60-Mesh. Third Experiment. :

Analyses.
Magnetic Por-
Pr%%‘_:m Amperes., nongn Pe:cPe?Jt -
st fotal, Ni. cu. Te.

1 . 44.26 1.69 0.13 55.50
2 * 41.96 2.16 0.18 54.80
3 » 0.37 2.16 0.26. 50.30
4 B 0.37 4.19 0.70 32.50
5 il ! 0.49 5,29 0.93 24.55
6 2 1.13 8.96 0.97° 20.85
7 3 1.38 13.55 0.76 . 21.55
8 L4 3.95 10.29 . 0.46 22.35
9 & 419 12.71 0.60 19.60
10 6 0.89 . C&IT 3.18 12.65
11 28 0.77 . 1.53 14.36 - 19.65
12 tails 0.52 0.38 1.64 8.25

At ; ampere, 44.26 per cent of the sample was magnetic, and
‘ product contained 1.69 per cent. Ni. At % ampere, 86. 22 per
-cent. was magnetic, and the product conta,med 1.92 per cent Ni.
If the remainder, 13.78 per cent., were considered as the non-
magnetic concentrate, we would have acomparatively rich niclel-
ore, but the losses in the magnetic portion are so great that a
commercial separation by this method is out of the gquestion.
All the other experiments led to the same conclusion. ‘Inter-
‘mediate produets, rich in nickel, were easily obtained; but in
no case was the nickel in the magnetic portion reduced to such
“an extent that it could be economlca.lly rejected.

Mr. D. P. Shuler, Sudbury, Ont., has recently (1902) taken
out patents for a process whereby 'he proposes to. eliminate the
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copper from the nickel-iron portion by magnetic concentration,
and subsequently to convert the latter, after roasting, into - a
nickeliferous pig-iron. The copper-nickel concentrate will, of”

.course, be. treated separately for its metallic contents. This

seemms to be the most fruitful field for investigation now open.
in this connection, and about the only method of treatment.
which promises to yield results capable of industrial application.

The Nickel-Bearing Mineral.*—Prof 8. L. Penfieldt first
definitely proved the existence of pentlandite in the ores from.
the Sudbury nickel-copper mines. Later, Mr. David - H.
Brownef showed that pentlandite was the principal nickel-
bearing mineral. "On the assumption that the ores were the
result of 2 magmatic segregation from an original fused magma,
he tried to show that the coarser the grain of the pyrrhotite,
and the deeper it lies below the surface, the more nickel exists

‘as pentlandite. On the other hand, the finer-grained the ore,

and the more rapidly it has cooled from the fused state (i.e.,
the nearer it is to the surface), the more nickel exists as an ele-

. ment replacing-the iron in the pyrrhotite. As will appear later

in this paper, however, this relation does not hold good.

In order to determine as nearly as possible how much of the
nickel oceurs as a séparate mineral, and how muech, if any, re-
places iron, and also to ascertain the composition of the nickel-
mineral, several series of experiments were made by the writer.

First Series of Hxperimenis.—A number of representative
samples of pyrrhotite were ground to pass through 100-mesh -
and the non-magnetic portion was removed as completely as

" possible by repeated treatment with a small horse-shoe magnet.
‘The nickel-contents of the original samples are given in column

I, and those of the magnetic concentrate in column IT., Table X.
The nickel is seen to have been materially reduced, and the
results seemed to indicate a pretty constant quantity remaining

-with the magnetic part. Further experiments, however,
showed that this was purely an accidental relation.

Second Series of Experiments.—The original samples were

.coarsely crushed and the magnetic portion was sized between

* A pre]imﬁna.ry note on this subject was published in the Fng. and Iin. Jour.,

‘May 10, 1902, by the writer.

T Am. Jour. Se., vol xlv., June, 1893.

‘.t Eng and Min. Jour., Dec. 2, 1893, and Sch. of Mines Quart., vol. xvi., 1895.
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40- and 60-mesh, then freed as well as possible from non-mag-
netic material, crushed between 60- and 80-mesh and again
concentrated. By successive treatments the mineral was finally
reduced to a fine powder. The ultimate product was then as-
sayed for nickel. As shown in column ITI., Table X., the nickel
was much reduced, but not entirely eliminated.

Third Series of Experiments.—To see if it were possible to still
further reduce the nickel-contents, 2 number of samples were
very carefully prepared. They were coarsely crushed and the
purest mineral selected. This was crushed to pass through 10-
- on 20-mesh, and the finer material was rejected. All the non-
- magnetic porfion was eliminated and the concentrate was then
crushed to 20- on 40-mesh, the finer part being 'a,gain rejected.
The operations were repeated until the ore was finally ground
in an agate mortar, the non-magnetic part being very carefully
removed each time. The nickel in the final concentrate is
given in column IV., Table X. '

-TasLE X.—Experiments in the Magnetic Concentration of Nickel-
iferous Pyrrhotite.

. 1. IL. o o T
Location. e | | N R

1. Elsie mine..........o..... 9.442.92(0.98 |........|Fine-grai ite.
?é. %‘cobig mine...ccececmenneeao| 3.05 | 2.14 | 0.68 |........ e s‘ra.med pyrrhotzte.

. Frood mine.......couueeeeens| 2,40 | 2.07 | 1.05 | 0.65 |Coarse-grained ite.
4. Mount Nickel mine.......| 8.06 | 2.14 | 0.75 | 0.70 Mediumgf;;:ienegyrrhﬁnw
5. Copper Cliff, No. 2 mine.! 4.00 | 2.00 | 0.70 |........|Coarse-grained «

6. % ¢ No4 “ |8.30|2.320.83 ... €= e t

7. Créighton mine (a)........| 2.32 | 2.25 | 1.20 | 0.70 | ¢ st £€
¢ el ) S A5 [saiirnes wereneee| 0.45 |Fine e o

8. Gertrude mine...........e..| 4.00 | 2.80 | 1.10 |........ Massive pyrrhotite.

9. Victoria mine.......eeueunns 3.40 | 2.46 | 0.80 |........|Fine-grained pyrrhotite.

The results show conclusively that the nickel present is not
replacing part of the iron in the pyrrhotite, but exists as a sep-
arate mineral. The fact that all the nickel could not be elim-
inated by the methods used does not indicate that even the
amount that remained was an essential part of the pyrrhotite,
as several factors enter which render its complete removal
practically impossible. In the first place, the nickel-miineral
is very intimately associated with the magnetic pyrites; and

# Nickel with a trace of cobalt.
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even & minute adhering fragment of the latter will cause it to

_be carried over with the magnetic portion. It is also to be

noted that the nickel-mineral itself is slightly magnetic, and in
the form of a powder is attracted by even a small magnet.

As a result of these experiments I feel.justified in saying
that all the niclel, in the Sudbury ores at least, occurs as a
separate mineral, and that in' this district there does not exist
a true nickeliferous pyrrhotite, in the sense that the nickel iso-
morphously replaces part of the iron in that mineral.

Experiments on Swedish and Norwegian ores of a similar
nature show that a large part of the nickel can be eliminated

by magnetic concentration; and taking these results, in con-

nection with the foregoing, it is pertinent to ask: «Is there
such a thing as a true nickeliferous pyrrhotite ¥’

The results show that even with the most careful treatment,
a commercial separation of the mnickel by magnetic concentra-
tion is prohibited by the considerable loss of nickel involved.

The Non-Magnetic Residue.*—Analyses of the non-magnetic
residues, roughly freed from impurities, were made to get an
idea of their compositions. .

The small amount of copper was estimated as chalcopyrite,

_and the necessary amounts of iron and sulphur deducted. The

ratios of Fe: Ni: § (taken as 1) were then calculated, and the
results are given in Table XI. i

TaeLe XL—dAnalyses of the Non-Magnetic Residue from

Pyrrhotites. T

ou, |To8%|Tefall xi. | Co. |Fet | S.t( Ratios. (S.=1.00)

Location. Per | by | Por Per | Per | Per | Per 5
Cent. | Gent.| Cent. Cent.| Cent.| Cent.| Cent.| o |y, +Co.| Fe.
1. Vietoria mine.......| 0.95 31.65‘ 0.65 | 27.66 | 30.96 | 1.00 0.570 0.514
2, Frood mine...........| 0.84 32,25 | 0.84 (28.65|82.04, 1.00 0.565 0.512
3. Creighton mine.....| 120 2 338.00 28.45 | 32.80 | 1.00 0.550 0.50_
4, General sample..... 0.80 .30 [ 29.71| 0.60 | 26.40 | 29.46 | 1.00 | 0.565 0.513
5. Copper Cliff mine.g| 0 . 85.05 29,80 | 84.85 | 1.00 0.56 0.50
6 “ 0 0 85.00 80.30 | 88.50 | 1.00 [ 0.571 0.52
7. Evans mine...... ..| 0 34.90 29.60 | 83.85°] 1.00 | 0.571 0.51
8. Stobie mine........... ] 34.70 29.90 |.33.90 | 1.00 0.56 1 0.505

* The residue is spoken of for convenience as being non-magnetic, although in
reality slightly so. .

+ For the sake of uniformity the following revised atomic weights are used
"throughout: Ni, 58.69; Co, 58.99; Fe, 56.02; S, 32.07.
" % After deducting the necessary amounts to form chalcopyrite with the copper
present. ) :

% Analyses by D. H. Browne, Eng. and Min. Jour., December 2, 1893, Nos. 5
and 8, contained some pyrrhotite ; Nos.:6 and 7 were purer-



THE ORE-DEPOSITS OF SUDBURY, ONTARIO. 19

The striking uniformity of the ratios obtained at once indi-
cated the similarity of the mineral in all these cases:; and
further work on carefully-purified material confirms this ;fiew.

.The pyrrhotite from the Creighton, Worthington and Frood
ines shows considerable amounts of the non-magnetic mineral
in pieces up to # in. in diam., fairly pure, and specimens from7
these localities were chosen ‘as affording the best material to
work on. ' |

The ore wis first roughly crushed and the pyrrhotite re-
moved by a magnet. The larger non-magnetic fragments were
taken and picked over under a lens, caréfully discarding any

‘that was even suspected of containing pyrrhotite. ‘
TT]:Le- samples were then crushed successively to pass through
L_o. 20-, No. 40-, No. 60-, No. 80-, and No. 100-mesh, each time
fhscarding the fines and going over them with a magnet, examin-
ing under alens, and removing all foreign material till they were
too fine to treat in this way. They were finally ground in an
agate mortar and again gone over with a weak magnet, which
attracted the mineral but little and served to removz an;r traces
of pyrrhotite that might remain. In this way the samples
were obtained as pure as it is practically possible to get them
aXnIc} they were ready for analysis; the results are shown in Tablej
TapLe XIL—A4nalyses of WVickel-Bearing Mineral.*

! Ratios. (8.=1.
Location. cm. Ni. o B i 0s. (8 100..)

8. |Ni+Co.| Fe.

1. Creighton ........ 0 | 3482 0.84 | 30.00 | 32.9 |
! t .82 | 0. . .90 | 1.00 | 0.589 | 0.
g %V;grtézmgton. 0 |33.70 | 0.78 | 29.17 | 32.30 | 1.00 | 0.588 8?%5
3 Frood...........| 0 | 3498 0.5 30.04 | 33.50 | 100 | 0.588 | 0513
. Copper Cifif...| 0 |34.23 | 0.85 | 30.25 | 33.42 | 1.00 518

T s . .
he composition of the non-magnetic residue at once sug-

ges.ts pe?tlandite, and as such Penfield described the sample
he examined (No. 4 in Table XIL.).

* : it ' '
The small amount of residue consisted of siliceous gangue. - These analyses

were made in the laboratory of the School of Mining, Xi i
; g i N
kindly placed at the writer's disposal. . ng§ OF’ O.nt o ek s

T Penfield, Am. J. e., vol. xlv., 1893, p. 493.
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‘The pentlandite from Lillehammer, Norway, corresponds
very closely to it in physical properties, but carries a lower per-
centage of nickel (20 to 22 per cexnt.).

- The Sudbury mineral occurs, in part, finely disseminated
through the pyrrhotite, so that it cannot be detected, even with
the aid of a lens, and partly in larger grains and segregations,
st times an inch in diam. Usually it possesses the character-
istic platy structure and octahedral parting, though this 1s at
times obscured. On fresh fracture, the minéral has a light
steel-grey -or silver-white color, which soon changes on ex-
posure to the peculiar and characteristic light bronze-yellow.
When fresh and massive it is with difficulty to be distinguished

. from the.fresh pyrrhotite, but on a slight superficial oxidation

the difference becomes quite pronounced. _
The Lillehammer pentlandite has a ratio of FeS: NiS about
9:1,and its formula is given as 2FeS 4 NiS. Penfield* gives
the ratio of the Sudbury mineral as (Fe + Ni): 8=1:1,0r
(Fe 4+ Ni) 8.+ By a reference to Table XII. it will be seen

* that the ratio (Fe 4+ Ni): 8 is (1) 11.07:10; (2) 11:10; (3)

11.08:10; and (4) 10.91:10; that is, there is an excess of the
metallic constituents over the amount required by the formula
(Fe 4+ Ni)S. The same excess is indicated in the analyses of
less pure material given in Table XI. This relation is con-
stant and cannot be regarded as accidental, especially since the
analyses of the purest samples from different localities show

* the ratio to be constant at 11:10. Just what this peculiarity
- signifies it is difficult to say; but it seems to indicate that the

structure of thé pentlandite molecule is more complicated than
that represented by (Fe + Ni)S, even though it is advantageous.
to, tepresent minerals by the simplest possible formulas. '

" An excess of sulphur over the metal is by no means uncom-~
mon in minerals (e.g., in pyrrhotite, polydymite, beyrichite,
ete.); but an excess of metallic contents seems unique.

"% TLge. eit. The analysis given by Prof. Penfield, in this paper, agrees almost -
_exactly with those made by the writer, but by 2 slight error in calculation, his
analysis worked out exactly to the formula (Fe -+ Ni) 8, instead of showing an
excoss of metallic constituents, as is actually the case ; that is thexatio of (Fe+ Ni):
S ig £heé material ‘examined by Prof. Penfield is almost 11 : 10, instead of 1 : 1 as.
given. : '

+ Nickel and cobalt being taken together.. ~ -
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Such a formula as (Fe -+ Ni),S; is not convenient; but it
appears to be the only means. of expressing the results of
analysis. :

Another interesting feature is the ratio of niclkel to iron,
which is quite constantly also, nearly 11:10, while that of
nickel to cobalt is about 42: 1. : '

An intimate admixture of some sub-sulphide with what might

be regarded as normal pentlandite [(Ni+ Fe)8] is, of course,

a possibility; but if this is the case 1t must be in a definite and

~ constant ratio, as the mineral shows the same phenomenon
throughout the whole district. _ '

But this is a mere speculation. There is no direct evidence
on which to base the assumption, and at present it seems most
reasonable to imagine a peculiar molecular arrangement of the
atoms of the mineral itself. As the matter now stands, how-
ever, the relations are unexplained, and must be the subject of
further investigation before 2 satisfactory conclusion is reached.

The F ormu.ia of the Pyrrhotite.

A large number of the magnetically-separated samples were
analyzed, in an attempt to determine the formula of the pyr-
rhotite, and with a fair amount of success. A number of fac-
tors had to be taken into consideration, and tended to render
the results in some cases rather unsatisfactory, so that absolute
uniformity was not attained. ‘

. The nickel present was calculated to pentlandite on the basis
of the ratios given above, and the necessary amounts of -iron
and sulphur were deducted. As there wasa persistent, though
varying amount of magnetite in all the samples, it was neces-
sary to determine this. The estimation of the oxide (He,0,) in
the -presence of the magnetic -sulphide presented considerable.
difficulty, and this is probably the main cause of the discrep-
ancies. ' j

After a number of experiments, it was found that by. treating

the saraple with a dilute (10 per cent.) solution of nitric acid,

the pyrrhotite could be largely removed, while the magnetite

was bus little affected. The separated sulphur was removed by
means of bromine and carbon-bisulphide; and after several
treatments the Tesidue of magnetite was obtained pure, and the
iron was estimated by titration. The nature of the variotis
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operations involves the possibility of some loss, especially as the
amount of magnetite is comparatively small; but, on. the

" whole, the method answered very well. The great majority

of the analyses indicated that the pyrrhotite could be repre-
sented by the formula FegS,, while two or three worked out to
Fe,S; and Fe,8),; so that the former can be regarded as the
most probable for the pyrrhotite from the Sudbury district.

. For purposes of comparison, 2 number of pyrrhotites, 2s pure
as 1t was possible to obtain them, from various localities, were
further purified by magnetic concentration and analyzed. One
from Rossland, B. C., conformed to FegS,, one from Anthony’s
Nose,” N. Y., to Fel, as did also a sample from Enter-
prise, Ont.* _

As absolute uniformity, even in the material from a limited -
district, was not obtained, it would not be wise to draw general
conclusions, or attempt to make any general applications, with-
out an exhaustive study of more representative material.

Tt seems, however, a justifiable conclusion from the work so
far that the pyrrhotite from the nickel-region of Sudbury is of
fairly uniform composition, and is best represented by the for-
mula Fe,S,. : j

- Summary.

In recapitulation, the main facts may be summed up briefly
as follows : : B :
‘1._Our present conception of the constitution of pyrrhotite
is very unsatisfactory. = The nature and associations of the min-
eral are such that analyses are often misleading, and a great deal
of careful, systematic work is necessary as a basis for general-
izations of any value. ' i

2. The conditions under whieh pyrrhotite is formed in nature
are still very little understood.

3. Nickel is universally associated with pyrrhotite in greater
or less amount, though in but few instancesis it present in quan-
tities of economic importance. e :

4. The Sudbury pyrrhotites are very uniform over large areas,
as to metallic contents and associated minerals.

5. Aside from the copper- and nickel-minerals, the others

¥ This pyrrhotite is associated with a remarkable deposit of molybdenite, which
has recently been exploited.
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are of small economic importance, except, perhaps, sperrylite,
which is furnishing an increasing amount of the world’s supply
of platinum.

6. The magnetic separation of the nickel from" pyrrhotlte 1s
out of the’question commercially.

7. The nickel occurs in the pyrrhotite as the so-c:a.lle_d
pentlandite, and not as an essential constituent of this mineral.

. 8. Nearly all the pentlandite can be separated from the pyr-
rhotite by magnetic methods; but peculiar physical conditions
seem to render its absolute elimination an impossibility.

9. The pentlandite does not conform to the generally -ac-
cepted formula (Fe + Ni)S. The metallic -constituents are
always in excess of the sulphur by a constant ratio of 11:10.
But, as yet, no satisfactory explanation of this phenomenon can
be advanced.

10. The pyrrhotite from Sudbury ean best be represented by
the formula Fe §,.

11. Pyrrhotlte and magnetite can be separated by a 10 per
cent. solution of nitric acid with fairly satisfactory results.

II. GexNEsis oF THE SupsURY ORES.

General Considerations.

For convenience pyrrhotites may be divided into two main
classes, according to their geological relations.

1. Those of the first class oceur, often with more or less py-
rite and chalcopyrite, as lenses-in acidic gneisses and schists.
These lenticular masses generally conform to.the foliation of
the schists, and are often repeated and comnected hy leaner
zones, like fahlbands. Such deposits are of world-wide distri-
bution; and, wherever found, generally carry pyrrhotite low in
nickel, seldom conta.mmo- more than 0.5 and usually less than
0.25 per cent.

2. The second class also is widely distributed. The depos1ts
are likewise lenticular in shape, but they are associated with
basic igneots rocks, usually of the gabbro type, or their meta-
morphic equivalents. Another 'characteristic feature is, that
while they lie well within the limits of the eruptive rock, they
generally occur at or near its contact with other rocks, such as
granite, mica-schist, porphyry or diabase. The pyrrhotite is
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always associated with more or less chalcopyrite and pyrite, and
at times with the rarer minerals, pentlandite, sperrylite and
gersdorfite. The chara,cterlstm minerals of the basic rock are
also intimately mixed through the prevailing sulphides. Niekel
is almost invariably present, at times reaching the amount of
10 per cent. Generally, however, from 2 to 4 per cent., as at
Sudbury, would be a fair average. In Norway and Sweden the .
average is lower.

Tt should be added that the above general statements- as to

the nickel-contents of the two classes of pyrrhotite-deposits is

subject to. some important exceptions.

3. Qutside of these two classes, pyrrhotite is fonnd at times
in.considerable quantity in true fissure-veins; bu’s this occur-
rence is relatively unimportant.

Types of the first class, as represented by the Phillips mine,
at Anthony’s Nose, N. Y., the Ducktown, Tenn., deposits, ‘and
numerous fahlbands in various parts of Ontario, Norway and
Sweden, are believed to be replacemenbdeposﬁs along crushed
ZOnes.

To the second class of deposits an igneous origin has been
attributed in recent years by some of the ablest workers in this
field of geology. The sulphides are regarded as original rock
constituents, and it is thought that, being among the first min-
erals to erystallize in a.cooling rock-magma, they became con-
centrated in their present position before the rock solidified.

Tt is well established that rock- magmas-—especmlly the more

hasic—tend to divide into fractional parts of varying acidity.

‘What forces produce this ¢ magmatic differentiation ” are not

. clearly understoed. . LY

" There seems to be excellent evidence to prove that many de-
posits of magnetite (always titaniferous), chromite and cor-
undum have originated in this way. That is, they are simply
excessively basic developments of magmas,in Whmh the mineral
in question is a normal, or common, accessory constituent.
These deposits, however, consist of oxidized compounds;
and their segregation presents fewer theoretical difficulties than
does that of the sulphides.
" Value of the Classification—Quite apart, however, from
theories of origin, the distinction above made as to geological
relations is of the utmost importance from an economic stand-
point.
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This view of the relative value of the pyrrhotites in acid
and basic rocks, as nickelores, is strongly urged by Profs.
Adams and Kemp in valuable papers which appeared about
the same time.* : .

The Sudbury Pyrrhotite Deposits.

In studying the origin of pyrrhotite of the second class, par-
ticular attention has been paid to the Sudbury deposits. Ref-
erence will, however, be made to similar deposits elsewhere
when necessary.

Before proceeding with the consideration of the origin of the
ores, it will be necessary to give a brief account of the geology
of the deposits, especially as the ideas formerly held have been
recently much modified. The Canadian Geological Survey has
lately paid particular attention to the district, and it is now
Tecognized that its relations are much more complex than was
at first thought. In his preliminary repoxt on the district, Dr.
A. E. Barlow,t who has had charge of the work, gave some
general ideas of the nature of the rocks and the extent of the
ore-bodies. But the field-work was not completed at the time,
and many new facts have been collected during the past season;
Tence, his final views on the subject will not be presented until
+the full report is issued. Meanwhile, the question must be con-
sidered with the understanding that some of the previously-
presented conceptions are subject to revision.

‘The deposits are prevailingly lenticular, pinching out in both
directions and conforming to the general strike of the enclos-
ing Huronian strata. The ore always occurs in, and contains
fragments of, a basic and altered eruptive of the gabbro-type.

The ore-bodies may oceur either well within this eruptive or '

at-its contact with the other prevailing rocks of the district,
mamely, granite or granite-gneiss, quartzite, or the metamor-
phosed representative of a series of basic sedimentaries, now
termed ¢ greenstones” by the Survey.

Dr. Barlow says his investigations prove that the normal

_ % F. D. Adams, “Prel. Rep. on the Geol. of a Portion of Central Ont.,”

‘Gleol. Sur. Can., vol. vi., (3); “On the Igneous Origin of Certain Ore-Deposits,”

Proc. Min. Assoc. Que., 1894, J. F. Kemp, “‘The Nickel-Mine at Lancaster

‘Grap,” Trans., Oct., 1894. ; ) _ .
+ Summary Rep. of the Director of the Geol. Survey of Can., 1901.
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or type-rock associated with the deposits is a member of the-
gabbro family of rather exceptional character. It nearly always

has traces of a broad, ophitic structure,* and the presence of
hypersthene or enstatite justifies its classification as a norite.:
Considerable original quartz s, at times, present. In general,
the rock consists of a basic plagioclase, hypersthene, or ensta—
tite, augite, biotite, hornblende and quartz, with smaller quan-
tities of accessories. .Associated with the nickel-bearing norite

and grading into it, is a rock which is called micro-pegma- -
tite.” * Microscopically studied, the change consists in the grad-
ual assumption of a reddish color and an increase of quartz and-
feldspar. The hornblende is replaced by biotite and the pla--
gloclase by orthoclase. ‘

The Nickel ‘Belis.—Three main belts of these norites and:
associated micro-pegmatites are ‘now recognized, designated as. -
the Northern, Middle and Southern belts respectively. They
are, at present, mapped as separate, but genetically and miner-:
alogically they are essentially identical. The northern belt.
runs from the old Ross Mine (Foy township) ESE. to Bowell,.
where it branches. The limits of the smaller branch have not.

‘been ascertained, but the larger trends to the N. and connects

with the large area of basic rocks to the W. of Lake Wahni-
pitae. The middle band begins in Levack township to the SW.
of the northern, and runs in 2 southwesterly direction across
Windy Lake to Trill.

The southern and most important belt begins in scattered

. patches in Drury township (8. of Trill), which unite and extend

unbrokenly NE. for over 32 miles into Denison township, where
2 maximum width of over 4 miles is attained. Here it is divided:
into two by an intrusion of coarse “ augen ” granite-gneiss. The

_ northern, or more important branch, pursues a northeastexrly

direction through Garson township (S. of Lake Wahnipitae).
The southern branch crosses the Vermilion river and passes
through Copper Cliff, where it rejoins the other.

Tt will thus be seen that the norite belt forms a sort of rough
and somewhat disconnected ellipse, the center of which is oceu-
pied by the basin of later silicified voleanic tuffs, and sur-

“rounded by the so-called Laurentian acidic gneisses.

% This was found by the writer, also, to hold true as 2 general rule.
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The unraveling of the complex, which was formerly included
under the general name of “greenstone,” has proved a very
difficult problem. The results seem to show that it can be
broken up into several series, comprising eruptives, metamor-
phosed sediments, and some as to whose true nature it is diffi-
cult to decide.

The relation of the granite intrusions also presents a difficult
problem. These granites in many places, undoubtedly, cut
some of the basic rocks in close proximity to the ore-bodies, but.
in other places they seem to be earlier than these.

The geologists of the Canadian Survey are now of the opin-

lon that these granitic rocks are intruded into rocks, largely of

sedimentary origin, and classed as greenstones, but that these
intrusions are earlier than the ore-bearing norite. ‘The problem
is complicated by the close similarity in mineralogical and
chemical composition of the so-called altered sediments and the
basic eruptives, and by the excessive metamorphism which all
have undergone.

The points at issue are probably not yet finally settled, and a.
oueat deal of careful work will, no doubt, be necessary before
the last word is spoken. In the absence of the full Survey re-
port, the matter is in a very unsatisfactory state, but we may
confidently expect, in Dr. Barlow’s final utterance, a contribu-
tion of great scientific and practical value, shedding much light
on the question. .

Various Theories of the Origin of Nickeliferous Pyrrhotite.

A Dbrief sf;atemént, of the views held hitherto by prominent. -

workers in this field is appropriate here. N

Dr. Bell* brings out the following points:

1. That this area was the seat of volcanic activity, with ex-
plosive violence on a large scale.

2. The greenstones along certain lines hold an abundance of
angular fragments of other rocks, especially quartzite, and this
brecciated condition appears to be favorable to the accumula-
tion of ore. (Blezard, Stobie, Copper Cliff, etc.) In fact,the
ore-masses always consist of a breceia, of sulphides and country-
rock in angular and rounded fragments of all sizes.

* Geol. Survey of- Can., vol. v., 1890-91.

-
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3. The ore-bodies are lenticular and parallel to the strike of
the enclosing rocks.
4. The.chalcopyrite in large masses is generally nearly pure,

but the pyrrhotite is always mixed with a certain amount of
stony matter. This may indicate that the former has segre-

_ crated from the original mixture by some secondary process.

5. The chalcopyrite is often in the form of branching strings

.and partially surrounds stony inclusions. In some of the

brecciated ore-deposits in Levack township, the spaces be-
tween the greenstome fragments are filled, partly with sul-
phides and pa;tly with light-colored crystalline granitic vein-
matter.

6. The intimate association with the greenstone appears to
indicate that they have originated first from a state of fusion,
but have been more or less modified by other agencies. The
presence of crystals of feldspar, quartz, apatite, ete. , together
with laminated iron pyrites and galena, indicates the action of
solutions. ;

7. Both clastics and eruptives have suffered extensive. meta-
morphism.

Von Foullon* also calls attentlon to' the metamorphosed
and brecciated condition of the diorite (more properly nor-
ite, or altered gabbro; Bell’s greenstone) and to the fact
that this appears to be the most favorable place for ore-
deposits. Along a line of fracture which can be traced from
the Dominion (Blezard) mine to the Vermilion, very similar

- deposits prevail, so it must be considered that the fracture

caused them. There is also a fracture-line from the Copper
OHff to the McConnell mine in Denison township, along which
ore-outerops, accompanied by diorite, and a breceia of gneiss
and quartzsyenite. He then adds that the ores are not.de-
posfseci from solution, but are of igneous origin, beca.use they
occur in an eruptive rock.

Dr..F. D. Adams,t speaking of # The Igneous Origin of Cer-
tain Ore-Deposits,” claims such an origin for both the Sudbury
and Norwegian pyrrhotites in gabbro.. He thinks the ores se-
gregated according to Soret’s principle, and the formation of
the minerals was determined according to Fournet’s series.

* Jahr. der k% Geol. Reich., vol. xlii., 1892.
t Can. Mining Rev., February, 1894.
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Philip Argall* also points out the faulted nature of the dis-

trict. He considers that a leaching out of the ni'ckel and cop-
* per from the greenstones in which they were originally formec.l,'
and 2 concentration and precipitation along favorable zones, is
a more reasonable explanation than that of magmatic differen-
tiation. : _ :

E. Renshaw Busht says, the schists in Denison and Graham
townships in the vicinity of the nickel-bearing greenstones
carry pyrrhotite in grains and aggregates between the 1aaye_\.rs.
He suggests the aqueous origin of the ores for the following
reasons: ;

1. Because of the tendency of the sulphides to occur along
planes of contact and fracture, and the impregnation of the
rock mear such planes. -

2. Because the ore-bodies occur at the contact between
structurally different rocks.

3. Because of the impregnation of the schistose areas near
the greenstones. ‘ o

Merritt] thinks that a secondary concentrsil.tlou is necessary
to explain certain features of the ore-bodies, viz.: the presence
of native copper; the “horses” of barren country—roc‘k, ce-
mented by ore; the “fluccan” observed across certain del-
posits; and the sharply brecciated nature of some of the

«horses.” ; _ o

D. H. Browne,§ in an article on “Segregation in Ores a,rfd
Mattes,” seeks to draw an analogy between a po't of matte, 1n
which he found that the niclkel- and copper-sulphides tende.d t_o
separate somewhat, and the Sudbury ore-bodit?'s, where it 1s

seen that pyrrhotite and chalcopyrite, to acertain extent, form
separate masses. . .
Prof. J. F. Kemp|| appeals to the laws of thermo--chel?nstry-
to explain the Sudbury deposits. As is well known in a‘fused
mass or solution, the order of formation of compounds is de-
termined by the amount of energy (heat) which they develop

* Proe, Col. Se. Soc., December, 1893. ; ] ) :

+ Eng. and Ifin. J'o;'r., March 17, 1894, ¢ The Sudbury Nickel-Region.”

i Trams., vols. xvii. and xxiv.

"2 School of Mines Quart., vol. xvi., 1895. . .

ﬁ ¢ An Qutline of the \,Tiews Held To-day on the Origin of Ores,”” Min. Ind.,
vol. iv., 1895. . :
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on cfystallizing. If, now, the gabbro magma is considered as

an intrusion in which the bases have been concentrated near
the walls by Soret’s or some other principle, and a stream of
sulphuretted hydrogren' and sulphurous anhydride gases finds
4 way of escape along the contact, the sulphides would form in
the order idicated above. This should give in order, the sul-
phides of iron, copper and nickel. Prof Kemp, however,
recognizes that in this case nickel should be associated with
“the copper, not the iron sulphide. | ' ‘
Professor Vogt’s views on this subject are well known.* He
considers that on account of the close chemical and mineral-
gical relations of these deposits the world over, they can be
explained ouly by a common general chemical process. He
also emphasizes the fact that there is a regular transition from
the pure ore, on the one hand, to normal rock; on the other, by
a gradual decrease of sulphides. He claims further support
for his theory in the facts that titaniferous magnetite is often
present in the ore; that the.platinum metals, which are re-
garded 2s essentially of igneous origin, are found in Sudbury; -
and that eruptive magmas can dissolve considerable quantities
of sulphides. This last seems to be shown by the fact that basic
blast-furnace slags often contain, 8 to 5 per cent. CaS and MnS;
4 to 6 per cent. FeS; and 6 to 8 per cent. ZnS, ete. His conclusion
isthatthe sulphides are undoubtedly derived from original erup-
tive magnas, by a process of differentiation according to Soret’s
principle, influenced by other factors of which gravity may be

. important.

T. L. Walkert says that near the nickel deposits the basic
eruptives are more or less completely altered by metamorphism,
while farther away the change is less, till practically unaltered
rock is found. He also brings out the very important fact that
some at least of the granites, in contact with the nickel-bearing
greenstones, formerly held to be of Laurentian age, are really
younger than the greenstones. This is well seen at the Murray

", mine, where the ¢ younger granite " sends apophyses into the

surrounding greenstones. :

* ¢ Sulphidische dusscheidungen von Nickelsulphiderzen.”  Zeit. fir prak. Geol.,
1893. For other papers see bibliography, below.’

T “Geological and Petrographical Studies of the Sudbury Nickel District.”
Q. J. G. 8., vol. liii., 1897. :
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Breccias are also formed in places by the inclusion of angu-
- lar fragments of greenstone in the granite. Similar examples
are seen in -the granites south of the Blezard mine -and the
- -coarse-grained gneiss north of the Copper Cliff, which is essen-
‘tially the same rock.

In direct opposition to the views of Professor Vogt, another
.eminent Kuropean geologist, Professor R. Beck* (Freiberg)
. imay be quoted. Professor Beck in his admirable work on ore-
-deposits (Fig. 18) pictures a polished section of mixed ore and
Tock from the Murray mine, near Sudbury, showing its brec-
clated nature. Such an association, he claims, could not result
from a direct magmatic segregation, but must have been due
to a separation of the ore, during or affer the metamorphism.

Speaking of the Norwegian nickel-deposits, Professor Beck

says there are weighty considerations opposed to the theory of
4 direct igneous origin of the ores.

1. On physical grounds it is:very difficult to understand
‘how the molten sulphides penetrated so far into the cool, sur-
roundmcr rocks (schists), as Vogt figures it.

. On the basis of a mlcroscopmal examination of the ore,
he considers that the corrosion of the residue of the rock
minerals in the ore, is due to selution by water, especially as
most of the ore oceurs in very strongly metamorphosed parts
-of the gabbro, and that here the ore-separation appears later
‘than the metamorphism. In Figs. 16 and 17t the relations are
shown. The gabbro and norite, associated with the ore,, is
nearly always changed to amphibolite, or garnet-amphibolite,
and the ore seems to have followed the metamorphic changes,
or in some cases to have been contemporaneous with them.
The conclusion is that the important concentration of the ore
took place during the regional metamorphlsm and later by
‘the aqueous method.

Posepny, referring to the Sudbury ore-bodies, claims that an
igneous origin is a chemlcal impossibility.” But the conten-
tion is not borne out, when we consider that pyrrhotite is one
of the commonest of the early crystallizations from the gabbro
Wagma. '

* Lehre von den Erzlagerstdtien, 1st ed., 1901. .
T Op. cit., page 41 and 42.
I ““The Genesis of Ore-Deposits,” Trans., xxiii, 1893.
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S: F. Emmons* is of the opinion that the ore has been con-
centrated by percolating waters along lines of faulting and
brececiation. '

The Rossland Pyrrhotite Deposits.

By way of comparison, a word about the’ Rossland, B. C.,
pyrrhotites may not be out of place. The writer has to thank
Mr. R. W. Brock, of the Geological Survey of Canada, who
has been one of the chief workers in this province, for the
latest data. -

The ore-bodies here, while not carrying nickel in any quan-
tity, have the same general associations as at Sudbury; and it
is now fully established that they are of secondary aqueous
origin.

During the trlal of the suit of the Iron Mask Mining Com-
pany against the Centre Star Company, in 1899, evidence was
submitted by Messrs. Clarence King, Waldemar Lindgren and
R. W. Raymond as to the nature of these deposits.T

Stated briefly, the Rossland district forms part of a huge sys-
tem, reaching from Cape Horn to the Arctic, and has been
involved in the enormous dynamic and volecanic effects which
this region has undergone from early geological times. TFollow-
ing the folding of the dynamie periods, the deposition of min-
eral matter in the fissures and along lines of weakness "took
place. *In connection with most of ‘the ore-boches 3 types of
rocks are represented..

1. A monzonite, often carrying pyrrhotite, and with the
original structure more or less obliterated.

2. A darker, coarser-grained rock of the gabbro family, con-

- sisting of augite and triclinic feldspar, with 11ttle or no ortho-

clase.

.-8. The third is composed-largely of horiblende and ortho-
clase. These types are doubtless local variations of the same
magma, but of successive flows. :

The veins are considered as distinctly of the fissure-type, an_d
ruany of them are of the ¢shear-zone” variety—i. e., consist-
ing of a number of more or less parallel seams, with little dis-
placement and no open fissures. The depth of the fissuring

* ““Geol. Dist. of the Useful Metals in T. 8, Trans., xxii., 1892.
+ Records of the Supreme Court of British Columbia, 1899,
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Mount Niekel Mine.

Photograph of

hotograph of polished

polished section of ore. The light is chal- section of ore and rock, showing brecciated
copyrite and pyrrhotite; the dark is gangue character. Slightly enlarged.

and rock. Slightly enlarged.

Mount Nickel Mine.
-of massive ore with unreplaced rock (darlk).

Stobie Mine. Photograph of poIis-E:e section of ore
(light), with angular and rounded rock-fragments

Pyrrhotite and chalcopyrite indistinguish- (dark). Slightly enlarged.

able in the photograph. Slightly enlarged.
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Mount Nickel Mine. Photomicrograph
of rock containing ore, showing the ore in
parallel veinlets through the rock-minerals.
The white is feldspar containing ore (dark),
and granular and fibrous hornblende and
hypersthene (shaded). Tield, 2.5 mum.

Drawn from blue-
print of photomicrograph, showing the ore

Mount Nickel Mine.

in veinlets through the rock-minerals. The
dark is mostly pyrrhotite, the white is feld-
spar, and the shaded is hypersthene, Field,
2.5 mm. : :

Stobie Mine. Photomicrograph of ore-
rock. The dark is ore in veinlets, etc. The
white is feldspar, and the shaded is hy-
persthene, often with ore in the cleavages.
Field, 2.5 mm.

Stobie Mine.
photomicrograph, showing the ore (dark) ,
sharply outlined against the fresh lhyper-
sthene (shaded) and feldspar (white), and

Drawn from blue-print of

entering the cleavages. Field, 2.5 mm.



Fre. 10.

Elsie Mine. Photograph of polished  Copper Cliff Mine. Photograph of

section of ore (light), showing the ir- polished section of ore, showing the

regular, vein-like replacement of the vein-like character of the sulphides.

rock (dark). Slightly enlarged. The pyrrhotite has been touched out
with Chinese white to form a contrast
with the chalcopyrite (dark). Slightly
enlarged.

Fre. 11

Copper Cliff, No. 2, Mine. Photograph of polished section of ore and rock,
showing the brecciated character, and.the vein-like nature of the ore (light), and
the centers of unreplaced rock (dark). The sulphides are brought out by touch-
ing up with Chinese white. Slightly enlarged.
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Fre. 12

Elsie Mine. Photomicrograph of ore-
rock, showing alteved feldspar (white) with
parallel veinlets of ore (dark) and irregular
patehes of pale-green hornblende (shaded).

Field, 2.5 mm.

Creighton Mine. Drawn from blue-print
of photomicrograph, showing the ore in
veinlets, through altered hornblende, chlo-
rite and biotite (shaded). The white is feld-
spar and quartz. Field, 2.5 mm.

Copper Cliff, No. 2, Mine. Photomicro-
graph of ore-rock, showing ore (dark) re-
placing fibrous and granular hornblende
(shaded), and entering cracks and cleav-
ages. The white is feldspar and quartz.
Field, 2.5 mm.

Viectoria Mine. Drawnfrom blue-print of
photomicrograph, showing sulphides (dark)
between and surrounding fibers of horn-
blende and biotite (shaded), and entering
cleavages. The white is quartz and feld-
spar. Calcite is also present. Field, 2.5 mm.
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Fra. 16. Fre. 17.

Gertrude Mine. Drawn from blue-print Gertrude Mine. Drawn from blue-print
of photomicrograph, showing the sulphides of photomicrograph, showing sulphides
dark) parallel to the fibers of the hornblende (dark) parallel to the cleavages of the
shaded). The white is feldspar. Field, fibrous hornblende (shaded), and following
2.5 mm. . the changes of direction. Field, 2.5 mm.

Fra. 18. ' Fre. 19.

Creighton Mine. Photom'crograph of ore - Gertrude Mine. Photomicrograph of ove-
with small residues of hornblende, feldspar rock, with ore (dark) replacing the horn-
and quartz, partly replaced. Field, 2.5 mm. blende and biotite (shaded) along cracks and

cleavages. The white is feldspar and quartz.
Field, 2.5 mm.
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Gertrude Mine. Photograph of polished section of ore, showing unreplaced
rock (dark). The light is pyrrhotite and shaded is chaleopyrite. Slightly en-
larged. ¢ .

Creighton Mine. Photograph of polished section of oz:e, showing the vein-
like nature of the sulphides. The light is pyrrhotite and the dark is chalcopy-
rite. Slightly enlarged. -
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Worthington Mine. Photograph of polished section of ore, showing irregular

patches of unreplaced schistose-rock. Slightly enlarged.

Fic. 23.

—

Worthington Mine. Photograph of polished section of ore, showing round.

and angular fragments of unreplaced rock.

Slightly enlarged.
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Fie. 24.

Copper Cliff Mine. Drawn from blue-print of photomicrographs, showing ore
(dark) between the grains and fibers of .the rock-minerals. Field, 2.5 mm.

Fra. 25.

-Plotumicrograply of ore from the East Ten-
nessee Mine. The white mineral is caleite. The
dark mineral is chalcopyrite, which has entered
cracks and fissures in the calcite. Magnified 40
diameters,

Pliotomicrograph of ore from the East Ten-
nessee Mine. The white mineral is actinolite.
The dark minperal is chalcopyrite, which has
filled even minute cracks in the shattered ac-
tinolite and has replaced it when crushed and
altered. Magnified 17.3 diameters.
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permitted a circulation of deep-seated thermal waters and &
deposition of the chemicals carried in solution along the lines:
of weakness by a decomposition and replacement of the rock-
minerals. The final result is either: (1) a deposition of the
ore on one plane or fissure of the “shear-zone,” or (2) a re-
placement of the rock between two planes, or (8) the replace-
ment of a whole zone, and so on with endless variations. The
replacement of the rock-minerals by ore (largely chalcopyrite
and pyrrhotite) took place molecule by molecule, producing
what is really a pseudomorph. The replacement is well seen
near the Iron Horse mine, where large diallages or augites have
changed to ore, while the surrounding country-rock was only
partially transformed.

The replacement has, at times, been so intense that an almost
solid body of sulphides (with quartz and calcite) results. In
other places the original rock, more or less modified and silici-
fied, has been only partially replaced and impregnated with ore.

Messts. King, Lindgren and Raymond were practically unan-
imous in their interpretation of the phenomena of the distriet,

which agrees very closely with that of the Canadian Geological -

Survey, though the more recent work shows that slight modifi-
cations of the rock relations are necessary.

Briefly, the geology and relative ages of the rocks of the
mining district are as follows:*

1. The oldest series represented is classed as the Kootenay
voleanic group, consisting of augite-porphyrites, tufls, ash~beds,
ete., of Paleozoic age.

2 Next comes a granite or grano-diorite (Nelson gra,mte),
probably Jurassic. . B

8. The Rossland monzonite, probably post-J urassic.

4. Conglomerate, probably Tertiary.

5. Alkali (Rossland), granite and syenite.

The ores may occur in any of the rocks older than the alkali
granite. - This granite, whose main development is outside the
* limit of the Trail Creek sheet; is probably a tertiary eruption,
and its dykes have penetrated all through the Rossland district.
- .As it happens, the principal mineralization is in the augite-

- # See Trail Creek map, 1897, and Summary Reps., 1896-1900, of the Geol Surv.
Can. ;

w4
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porphyrites and monzonite, probably on account of the fractur-
ing and . cutting of these rocks by dykes, together with their
relative solubility. The chief factor controlling the location of
the mineralization seems to have been the alkali-granite contact
and its system of dykes, the eruption of which immediately pre-
ceded the formation of the ore-bodies. The deposits are found
where the dykes are particularly abundant.
. The monzonite is the chief centre of mineralization, but it
is not to be considered as a volecanic neck, with the augite-por-
phyrites and tuffs as part of the cone. These latter are much
older and are cut by the Nelson granite. The occurrence of
the ore has no relationship to the contact of the monzonite,
being found both ouiside and mszde its boundaries and in the
younger rocks.

While magmatic differentiation has gone on to some extent,

the sulphides are not the result of it, as is proved deﬁmtely by the

work of the Survey.

A peculiarity of the rocks in thh the ore occurs is that,
while sheared and fractured, they are not brecciated, the dy-
namic movement having doubtless taken place under an im-
-mense load. ; _

‘With reference to the ore-bodies themselves, some interest-
ing points are brought out. The ore replaces the country-rock,
partially or completely, starting from some fissure or line of
fissures and often fading out gradually, the only ¢« wall”’ being a
.commercial (economic) boundary. It may end abruptly at a fis-
‘'sure, in some cases due to a slip, which brought an unmineral-
ized face against the ore.

Deposits very similar to those in the eruptwes are found in
the conglomerate (No. 4), which -cannot be regarded in any
other way than as of secondary origin.

The marked similarity of the geological relations in Rossland

.and Sudbury help to make clear some of the more obscure

points in the latter district. As the conditions of metamor-
phism, however, were not identical, the dynamic movements
have manifested themselves in different ways, and it is. not sur-

‘prising that there should be striking dissimilarities. This dif-
-ference is seen in the characteristic structures of the ore-bodies
in the two districts. In Rossland, the fissure or shear-zone type

of vein is predominant, with little or no sign of brecciation.
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In Sudbury, on the other hand, where the dynamical move-
ments probably took place under a very small load, a breccia-
tion from faulting on a large scale and, probably with consid-
erable movement, is characteristic. This will be brought out
more clearly in speaking of the individual deposits.

This brief review indicates the wide differences of existing
Qpinion as to the origin of pyrrhotite and the various interpre-
tations which have been put upon the same phenomena.

Microscopical Fvidence of the Origin of the Ores.

The evidence on which the secondary nature of these ores is
. here advocated is mostly altogether different in character from
that already presented. It consists in the relations between
_the ores and the rock-minerals, brought out by microscopical
examination. As no investigation of this kind has been pre-
viously made, the results will be given in some detail. Mate-
?ial from all the principal mining locations has been studied,
in order to avoid laying too much stress on local phenomena
and to emphasize the genetic similarity of all the deposits of
the district. The character of the ore-bodies in a large way
will also be briefly noted as throwing much light on the gen-
eral nature of the deposits. :

Sudbury District.—The following separate localities  in this
district will represent its character:

1. Mount Nickel Mine, Blezard Township.—The ore consists
of pyrrhotite (both coarse- and fine-grained) and a .smaller
amount of chalecopyrite, through which occur masses of almost
barren rock, varying in size from minute particles to large
“boulders,” or «“horses.” Near what is considered as the foot-
wall, the chalcopyrite increases in amount and the proportion
of barren rock is greater.

The deposit is a good example of what is best described as
a ‘“breccia ore-body.” Rounded and angular rock-fragments
of all sizes, with sulphides as a cementing material, are every-
where a striking characteristic. Besides the brecciation as a
whole, the rock is often broken and fractured, and little
- seams and veinlets of* ore oceur all through it in a very typical
manner. ‘ :

In some of the open cuts the ore is seen to run in particu-

lar ]itrea,k.s or bands, and may end very abruptly against barren
rock. .
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The brecciated character, as it is seen In a large way, is also
faithfolly reproduced in hand-specimens. Figs. 1, 2 and 3,
from photographs of polished sections, show these features
very well. -

While brecciation is one of the most striking characteristics
of the deposit, evidences of faulting and shearing are not want-

" ing in the slickensided and schistose nature of some of the

rocks. ‘There are a number of clayey seams, and some of the
samples are decidedly fibrous. Along certain of the lines of
crushing the rock is partly brecciated and partly slickensided,
and here the ore oceurs in veinlets and as a cement for the
rock-fragments.

TUnder the microscope, the rock associated with the ore is
black and dense, and belongs to the gabbro family. Hyper-
sthene in fresh idiomorphic grains is very abundant, while
augite and diallage are in subordinate amount. The pyroxenes
have, in part, been altered to green fibrous hornblende. The
feldspar forms an irregular mosaic, among the grains of which
are fragments of hypersthene.* Biotite and quartz are spar-
ingly present. .

The relations of the sulphides to the rock-minerals is well
shown. Where the pyroxene is somewhat altered it becomes

- fibrous; and here the sulphides are best developed.

- Chaleopyrite and pyrrhotite form rumerous veinlets between
the fibers and cleavages of the rock-minerals., In places, where
not too massive, the sulphides reproduce very faithfully the
fibrous structure of the hornblende, though little of this min-
eral may remain, so that really a pseudomorph results. IQ one
place or another all stages of replacement can be seen, from 2
fow dust-like particles of sulphides in the hornblende to com-
plete replacement. Where the pyroxene is fresh, the sulphides |
are outlined sharply against its margin, and only enter cleav-
ages. In this way grains of pyroxene are. more or less com-
pletely isolated. Figs. 5 and 7 show veinlets of sulphides
through the fibrous minerals. ' '
The relations seem to indicate a crushed zone, in which the
feldspar has yielded and formed a mosaic, and along which the

. * 'Thé.rocks frox all the localities examined show 2 more or less pro-
nounced migration of the dark silicates, especially secondary hornblende, into
the feldspar:’ A S ' '
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solutions carrying the sulphides have acted; the greater the
alteration of the rock, the more complete being its replace-
ment.

9. Blezard (Dominion) Mine, Blezard Township.—The char-
* acter of the deposit is very similar to that of the Mount Nickel,
showing the same brecciation and shearing. TUnder the miero-
scope, however, the rock shows a more advanced stage of alter-
ation than that of Mount Nickel. The pyroxene has changed
to greenish fibrous hornblende and chlorite, which, in some
cases, makes up nearly the whole rock. The feldspar is largely
labradorite, and often contains irregular fibers of hornblende.
The pyrrhotite forms reticulating networks among the. horn-
blende fibers, the veinlets of ore lying parallel to the fibers.

3. Stobie Mine, Blezard Township.—The brecciated char-
acter is here very pronounced, and the ore contains a large pro-
portion of barren-rock masses of all sizes, as usual filled around
with sulphides. ' Fig. 4 shows the prevailing nature of the more
massive ore, with its residual angular and rounded rock-frag-
ments.

Under the microscope, sections of rock, with a small pro-
portion of ore, are made up largely of a fine-grained mixture
of plagioclase (labradorite and anorthite) and hypersthene, with
small amounts of augite, diallage and biotite; and magnetite,
apatite and zircon as accessories. Quartz, in varying amount,
is also characteristic. The hypersthene is quite abundant, and
forms idiomorphic and rounded grains and irregular aggre-
gates; it shows the usual microscopical characters of this min-
eral. The pyroxenes are, as a rule, quite fresh, but form a mo-
saic with the feldspar, probably due to crushing. Along certain

lines, however, the pyroxenes have altered to a ‘pale-green

nralitic hornblende or chlorite. ,
The relations of the sulphides to the rock-minerals are stril:

ing. Following the direction of the altered zones, the sulphides
are most prominently developed. A veinlet of chalcopyrite
can be traced across one of the sections, following the cleavages,
and between the fibers of hornblende and around the fresher
grains of the other minerals (Fig. 6). In other cases the partly
" altered pyroxene has been more or less replaced by ore, the par-
ticles of which are elongated in the direction of the cleavages,
and follow these even when they change their direction
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abruptly.. ‘When found in connection with the fresher erains. |
the sulphides simply enclose them, following their irreo*u?aritier
and la?ger cleavages (Fig. 8). ' 7 -
.A.]:-l Inereasing proportion of ore is accompanied by.a corres
ponding change i.n the character of the rock. The ﬁyroxenes: '
1<;5lecr{aase notably in quantity and finally disappear, giving place
0 secondary green. hornblende, chlorite and biotite - Both
hornb'lende and biotite are fibrous, and often show defor.mati
flge to- strain. The hornblende and other secondary roduc?tn '
in the}}f' turnP disappear as the ore-increases, and va.fio?ls sta :;
of thfflr' replacement can be traced from an almost pure si]icft
contalning a few specks of ore, to pure sulphide.. In interm:i
g%ate cases the sulphides may preserve very perfectly the
Tous st.ructure of the hornblende or biotite, with little shreds
of the mln-e_ral mar}:ing its original form. In purer ore, still
:aﬁ}llle darl_: s#icates_ disappear almost entirely, and the feldsi)ar i; :
ed with inclusions of ore and changed to a confused 4
gate of secondary products. ' =
In the latter cases the amount of quartz has increased mot
ably and remains as clear irregular patches through the ore o
4 Frood, or No. 8 Mine, McKim Township.—The ore c;)n—
slsts of coarse- and fine-grained pyrrhotite and chalcopyrite
The latter at times occurs in almost pure masses, and i:f J;l;os;
1z‘il,l'i)unda],:lnt toward the walls. Barren-rock fra,gn::ents oceur ali
byr:iihi_ﬁ::re-body, presenting the usual breccia, cemented

 siderable alteration. No traces of original pyroxene could be

founfi. . Cl;‘he secondary hornblende is bleached and ragged,
a.r}llc} is :_Lnumately as.asociate_d with the sulphides, as is the biozite |
which is also plentiful. Feldspar in many cases is subordinate?

>

. while there is a notable amount of clear quartz, which is ap-

parently secondary. Calcite also appears in small quantities
’I:‘b.Le sulphides are always found in connection with the dark‘
mhca’ces,_and replace them to a greater or less extent.

5. Ela:ﬂe Mine, Snider Township, and Murray Mine, McKim
’I‘o‘:ivnshlp.-—The ore:body.(Elsie) is situated well Wi,thin the
basm‘ rocks, the granite contact being some distance off. The
ore is largely pyrrhotite, with a varying amount of ;3halc -
pyrite, which increases towards the footwall. The or'e is i(;—-
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places largely mixed with rock and may become subordinate
in amount, even 1n the midst of . the deposit. Nearly every
piece of ore shows a characteristic breccia of rock in a matrix.
of sulphides, the rock being either practically barren or having'
veinlets of mineral irregularly through it (Fig. 9). There are,
many evidences of movement, as shown by the numerous clay:
-seams 1mpregnated with sulphides and in the schistose and.
slaty character of the gabbro, which is often polished and
slickensided. There are also examples of what appear to be:
fault-planes and fissures, filled with a mixture of tremolite,
quartz, calcite and ore, the latter very evidently having been
introduced subsequent to the movement. The structure at the;
Mourray mine is very similar to that at the Elsie, except that:
the granite contact is close to the ore-body. The granite pierces
the assocmted « greenstones ” (altered sediments?) and is un-
doubtedly younger.

Microscopic sections of rock with a large amount of ore show
~ that most of the pyroxenes have change& to green fibrous horn-
blende, though original hypersthene more or less altered is still
recognizable. The feldspar is much crushed, and is in an ad-
vanced stage of alteration, and often contains hornblende fibers,.
and parallel veinlets of pyrrhotite along the cleavages (Fig. 12).

The relation of the sulphides to the rock-minerals is of the

usual type, i.e., the replacement proceeds along and between the:

hornblende fibers-and lines of weakness and cleavage in other
minerals.
6. Mines Around Copper CUff in Snider and McKim Town-

shi'ps.—This group includes the following mines of the Cana-

dian Copper Co.: Copper Cliff, No. 1, No. 2, No. 4 and No. 5,
in different stages of development. Some of the deposits are.
entirely surrounded by ¢ greenstones,” while others have the
granite-gneiss as one of the so-called *walls.” Dr. Barlow, of
the Geological Survey of Canada, is of the opinion that the.
ore-bearing norite often occeurs in more or less completely iso-
lated patches in the * greenstones,” and may consist almost en-
tirely of ore. '

No. 2 mine (and extension) affords a typical example of the.
“ breccia ore-body.” The contact is right at the granite, and
the ore-bearing rock has numerous small dykes of the latter
through it, and in this case, at least, it seems to be indisputa-
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ble that the granite is the younger. Near the contact the
granite contains a small amount of ore, and samples at times
consist of both acid and basic rock impregnated with sulphides.
The brecciated structure is very pronmounced, and veinlets- of
ore occur everywhere through the rock (Fig. 11). There is
also evidence of shearing, a.nd secondary quartz-stringers are
common.

The Copper Cliff mine belongs to the same brecciated type
and has yielded a large number of minerals of secondary origin.
(See Part L.)

No. 1 mine in places exhibits a very abrupt transition from
rich ore to barren-rock. A short distance from the ore-body
the rock is slightly mineralized, but on a close examination it
is seen that the ore always occurs in small crevices or partmg—
planes, or other lines of weakness.

Under the microscope, thin sections show that the rock

‘varies from an almost pure hornblende variety, with other

minerals in subordinate amount to more acid varieties, but in
all, the dark silicates are in excess. Nearly all the pyroxene
has been altered to fibrous green hornblende, though in some

sections traces still remain. Quartz is often quite abundant,

and the usual accessories are present. The granular nature of
the feldspar, and the bent and twisted hornblende and biotite
indicate severe crushing. The sulphides abut sharply against
the fresher minerals, but where they are fibrous and broken,
they tend to occur between the fibers and grains, more or less

_ complete replacement resulting (Fig. 13).

As the amount of ore increases, the dark silicates disappear
largely, leaving areas of clear quartz and feldspar, with the
ore sharply defined against their boundaries (Fig. 24). Where
the effects of crushing are most pronounced, the sulphides are
best developed, and then the replacement extends from these
eenters along the cleavages and between the hornblende-fibers,
resulting in a more or less complete substitution of ore.

T Crez ghton Mine, Near the Boundary Between Snider and

+ Creighton Townships.—This mine, which has recently been

developed by the Canadian Copper Co., is perhaps one of the
most remarkable nickel-deposits in the world. The ore-body
is very large, and the ore is above the average in richness and
purity. Mining is carried on in a huge open-cut, 200 ft. or
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more across and about 100 ft. dee§ in solid ore, with a shaft
from the bottom of the pit.

The ore, which is largely pyrrhotite with more or less chal-
copyrite, however, contains many masses of. barren.. diorite
{(norite) all through it, presenting a very characteristic breccia.

The rock-fragments vary in size from minute particles to large

“boulders,” and are both rounded and angular. Where the
ore is not too massive to obscure the relations, it presents much
the appearance of a conglomerate cemented by sulphides, with
numerous ramifying veinlets along the fracture-planes of the
rock. Through the ore-body are a number of intrusions of a
coarse granitic rock, which often includes fragments of the
diorite (norite) breceia. This rock is itself not hedvily miner-
alized, but where it has included fragments of the basie-rock
these are more or less replaced by ore, and the replacement
may extend to the acid-rock itself to a lesser extent.

From the evidence collected it would appear that this gran-
itic rock had been intruded into, and had included fragments
of the diorite at the time of, or after, its brecciation. These
fragments have then been partly replaced by ore, the minerali-
zation extending slightly to the acid-rock.

There are also two' dense fine-grained diabase dykes cutting
sharply through the ore-body and having well-defined contacts.
These are considered as among the youngest rocks of the dis-
trict. While they are usually considered to have cut through
the ore after its formation, there is a possibility, if the theory
of igneous origin is left out of the question, of their being pre-
vious to the formation of the deposits.

They do not include fragments of the ore, and their only
mineralization is along fissures and joint-planes, the introduc-
* tion of the sulphides being very evidently later than the intru-
slon. There has also been 2 movement in the dykes themselves
since their formation, as they are composed of numerous verti--
cal and parallel divisions with smooth polished faces, along
which sulphides at times odcur. If the dykes were in place
previous to the formation of the ore, their compact fine-grained
texture would be unfavorable to the action of the ore-bearing
solutions, except along parting-planes, while the more coarsely
crystalline and crushed diorite would offer an easy passage for
the circulating-waters.
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No conclusive evidence of faulting or shearing could be found
in the main pit, but in several of the test-pits sunk in the
vicinity, to determine the extent of the ore-body, abundant -
proof was available. In these, the rock associated with the
ore has been severely crushed and.squeezed, so that it presents
a schistose and slickensided appearance, and is oftgn much like
an amphibolite schist, with seams of ore on the parting-planes.

If these pits are in a continuation of the main body of ore,
as seems probable, we have two different structures resulting
from an unequal distribution of the dynamic forece which
caused them, and probably also due to local differences in the
rocks themselves. )

In the meighborhood of the Creighton mine, and towards
Copper Cliff, the granite frequently cuts the basic rocks and
sends dykes through them. What the relation of these rocks
is to the ore-bearing variety could not be accurately deter-
mined.

TUnder the microscope the diorite, or altered norite, presents
a somewhat gneissoid appearance, with a large part of" the
pyroxenes altered to fibrous green hornblende and chlorite.

'Quartz is present in variable amount.

The sulphides (Fig. 14) are best developed where the effects
of crushing are most apparent. Some of the dark silicates
have altered to indefinite aggregates of secondary products,
which are spotted all through with ore and may even be en-
tirely replaced. The veinlets of sulphides typically follow
along the cleavages of hornblende and feldspar, which shows in
some cases an advanced stage of alteration. Fig. 18 shows mas-
sive ore, with only small residues of unreplaced rock mifierals.

The coarse granitic dykes contain abundant quartz and feld-
spar, and where they include fragments of the basic rock
these show partial replacement, which also extends to' the min-
erals of the acid rock. .

8. Gertrude Mine, Creighton Township.—Besides the usuak
breccia which is very pronounced, there is abundant evidence
of shearing in the different deposits under development (Fig-
20). In No. 1 pit the ore ends very abruptly against a wall of
sheared diorite, which is only slightly mineralized along the
shear-planes. ‘

Along this contact and penetrating the rock breccia, a num-
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ber of small granite dykes have been intruded, which are

slightly mineralized. Sheared diorite, together with actino-

lite ‘and other secondary minerals, impregnated with ore .are
noticable in all the pits which have been opened up. .Asthese
pits are in line, it is probable that the faulting movement em-
braced them all, but from lack of exposures between, the fault-
line could not be traced. ;

The brecciation and shearing, as well as the intrusion of the
granite, evidently took place previous to the introduction of
the ore, as all are more or less impregnated with mineral,
either as veinlets or between parting-planes.

Under the microscope, the ore-rock is seen to consist very
largely of actinolitic and chloritic hornblende, with other min-
_erals in lesser amount. '

The relation of the sulphides to the rock minerals is quite
typical (Figs. 16, 17 and 19). 'Where the hornblende is of the
fibrous variety, it is usually associated with ore, and all stages
of progressive replacement can be seen. In samples with a
large proportion of the ore, the more compact grains of horn-
blende, as well as the feldspar and quartz, are left as isolated
patches in a ground mass of sulphides, while the fibrous
variety has nearly all disappeared.

9. Victoria Mine, Denison Township.—The ore consists of
pyrrhotite with chalcopyrite, which increases in quantity to-
wards the footwall in a typical rock breccia. There is a fault
passing through the deposit, and in the secondary minerals
formed (actinolite, mica, ete.) the ore occurs in veinlets clearly
later than the movement. There is also a considerable devel-
opment of quartz and calcite intimately mixed through the
ore, which cannot be considered as original igneous products.

The microscope shows the orerock to be the usual altered
norite with the minerals of a diorite. Green fibrous and gran-
ular hornblende is predominant. One of the most noticeable
features is the large amount of quartz and calcite, which re-
mains spotted through the ore when the other minerals have
largely disappeared. The replacement of the hornblende and
biotite by sulphides is well shown (Fig. 15). The pyrrhotite
. has many hornblende fibers through it and enters the cleavages.
of the other minerals in a typical manner. '
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10. Worthingfon and Mitchener Mines, Drury Township.—
The orerock atthe Worthington is bounded’og the 8. by a
band of dark schistose rock of sedimentary origin, and to the
S of this there is quartzite. The Mitchener mine, about a -
half a mile W. of the Worthington, is surrr_nm(?ed by the
quartzite. Two varieties of rock are met with in the ore-
bodies, namely, coarse- and fine-grained. The coarse-grazr{ed
variety is sheared and slickenedsided, and, as a rulr?, contains
little ore, but when it does, it is in the _form of veinlets and
along the parting-planes. The fine-grained rock has been
brecciated, instead of sheared, and numerous rock—fragn%ents
of different sizes, surrounded and cemented by :sulphides,

" remain in the ore-body (Figs. 22 and 28). Through the ore-

body there are also numbers of small lenticular masses of
schistose diorite giving the ore somewhat iche appearance of an
«gugen” gneiss. These are evidently residual portions of the
rock which has escaped replacement, and clearly sh_ow that ’E.he
introduction of the ore was subsequent to the movement which
hearing and brecciation.

ca?lig 2&: :‘n the Wborthington is often very rich, and the nickel-
mineral pentlandite occurs quite abundantly. _

The fault which occurs at the Victoria seems t<:: be COnt’l.ﬂ'l.led.
through Denison township, embracing the de:posfus containing
niceolite and gersdorffite, through the Worthington, and grad-
ually dying out toward the Mitchener. N

TUnder the microscope, it is seen that the original structure
of the rock has been almost entirely obliterated, and- green
fibrous-hornblende and chlorite are the most abundant minerals,
and often show the effects of severe crushing. As the quan-
tity of ore increases, the amount of seco.nda.ry products (epz
dote, ete.) increases also, and thz_a feldspar is more or less a,lter?
and peppered with sulphide grains. Quartz is often presenht in
large amount. Progressive replacement can be m'aced bot 1n.
the irregular aggregates and fibrous masses of hornbleFLde and
biotite. In many cases, the introduction of th.e sulphldes" ap-
pears to start along cleavages, gradually sprea.ctt?ng and uniting
till only isolated patches of rock-minerals remain, or the whole
may be replaced, leaving no trace of the ox.'lgma% structure. In
this way, reticulating networks of s.ulphlde-vemlets Iform all
through the rock, oftentimes ramifying through the areas of
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quartz and separating the individual grains. Samples of the
coarse diorite containing ore present much the same features—
i. e, a branching network of sulphide-veinlets between the
fibers and along cleavages of hornblende, etc., and separating’
the different rock-minerals.

. 11. Levack Township Deposits.—On the NW. are the large
deposits in Levack township on the western side of the nickel-
belt. These deposits have been thoroughly prospected and
opened up to show their extent, and promise to be large con-
tributors of ore in the future.

To the N. and W. the contact is on the large granite-area,
formerly mapped as Laurentian, but which may prove to be

much later. At the contact the ore-bearing diorite and granite
" are mixed up, and the acid-rock is impregnated with ore for a.
short distance, though not to the same extent as the basie-rock.

The brecciated nature of the -ore-body is very pronounced,
and is emphasized on the weathered exposures, where pebbles
and boulders of rock stand out from the oxidized sulphides of’
the gossamn.

The vein-like nature of the sulphides is everywhere seen, and
is especially well shown in the diamond-drill cores.

As seen under the miscroscope, the rock consists, as usual,
largely of secondary fibrous green-hornblende, and shows many
evidences of severe crushing in -the bent and twisted horn-
blendefibers and the granular aggregates of hornblende and
feldspar. The minerals, also, have a marked undulatory extine-
tion. The feldspar is, at times, in idiomorphic individuals,
giving the rock a somewhat diabasic aspect.

Good examples of the relation of ore to rock-tninerals are
presented in ‘some of the sections. One shows a large frag-
ment of fibrous hornblende which has been bent and twisted,
with pyrrhotite between the fibers, following all the curves and
leaving the comparatively fresh fibers intact. In other places
the pyrrhotite has replaced the uralitic-hornblende to a greater
or less extent, in some cases with such delicacy as to preserve
the original fibrous structure perfectly. Where the feldspar
and hornblende form granular aggregates, the sulphides form a.
mass of radiating veinlets around and between the grains, leav-
ing the nucleus unreplaced '
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12. North Range. Location, W.D: 16, Wisner Township.—
‘On the northern extension of the nickel-belt a number of prom-
ising deposits have been opened up, but so far have not passed
the ¢ prospect?” stage:

Deposits with good showing have been explmted in lot 6,
concession 3, Norman township (Whistle mine); in Bowel,
township, W.D. 35, 150, 151 and 155, but lack of transportal
tion facilities has been a serious drawback to more active work.
The ore-rock is a fine-grained altered norite, shading to a coarser
and more granitic variety to the S., and bounded on the N. by
the so-called Laurentian granite. '

As far as could -be determined from the limited exposures,
the ore-bodies are very similar to those farther 8. That is, they
consist of a breccia of almost barren-rock cemented by sul-
phides and with irregular veinlets of ore running through them.
Besides the prevailing brecciation, there has been shearing-
and numbers of samples of schistose-rock are found seamed
with ore, especially on the parting-planes.

. Microscopically, the rock is seen to be composed largely of
secondary hornblende and chlorite, both fibrous and granular.
Feldspar is often in idiomorphic erystals, giving the rock a de-
cided ophitic structure. The structure of the sulphides is de-
cidedly vein-like, some of the veinlets continuing across the
sections and having numerous accessory ramifications. The
ore is most closely associated with the hornblende, and follows
between the fibers and grains, conforming to all the irregularities

" and replacing it partly or wholly, often preserving the fibrous

structure very well. As the amount of ore increases, the alter-
ation of the rock-minerals becomes more pronounced, and the
sulphides spread all through the section, forming a very char-
acteristic secondary network of reticulating veinlets.

The Wallace Mine, Near the Mouth of the Whitefish River, Lake
Huron.—This deposit lies outside what is commonly understood
as the “nickel-belt.” "While essentially the same in some res-
pects, so that it must be considered as genetically snmlar it
presents certain peculiar féatures of its own.

The mine is of historic interest, and was opened up as early
28 1847 for copper. -A year later it was discovered that the ore
carried nickel, and a sample containing about £ rock, analyzed

by Dr. T. Sterry Hunt, yielded over 8 per cent. of this metal. -
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After a series of disasters, and the loss of trial shipments on
Lake Huron, the mine was abandoned in 1867, and work has
+ ot since been resumed. The deposit oceurs at the junction of
two small dykes of so-called diorite, intruded in the country
quartzite. The quartzite at the contact is very black and dense,
and has been sheared and slickensided.

Some large masses of heavily mineralized oré-rock on the

dump, which have resisted oxidation, show a decidedly brecci-
ated structure, with sulphides (pyrrhotite, pyrite and chal-
copyrite) cexenting the fragments.
-+ The junction of the dykes seems to have been the center of
dynamic disturbances, which caused the brecciation and shear-
ing, and formed a favorable place for the circulation. and con-
centration of ore-bearing solutions on a small scale.

There seems little doubt that the ore was precipitated from

solution, and the relations are very suggestive when compared
with those of the Sudbury deposits. - '

The microscope shows that the rock has been severely
crushed and presents a typical mosaic in places. The horn-
blende is both granular and fibrous, and gives the rock a schis-
tose appearance. The rock is also much more acidic than the
Sudbury types, and contains a good deal of orthoclase and
quartz, often in the form of a micropegmatite, differing in this
respect also from the others. The ore is mainly in veinlets,
surrounding and penetrating the remaining rock-fragments,
and replacing the dark silicates (hornblende and biotite) to a
- greater orless extent. As the amount of ore increases, the dark
silicates largely disappear, and the feldspar is broken up into
grains, enclosed by ore, and this, together _w;it-h quartz, is left to
a large extent unreplaced, while the remaining fragments of
hornblende contain sulphides along the cleavages and between
fibers. ; '

The Rossland, B. C., District— The Josie Mine.*—The micro-
structure of the Rossland ore is so strikingly similar to that.
from Sudbury that a brief reference will be made to it.

The rock usually associated with the ore is amonzonite, more
or less altered. The specimens examined were samples.of vein-
matter from the Josie (Le Roi No. 2) mine, and .presented a

* Material kindly furnished by Mr. George H. Dickson, Rossland, B. C.
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decidedly altered and schistose appearance, and contained
pyrrhotite and chalcopyrite. Thin sections show that the rock
is more or less silicified, and consists largely of secondary fib-
rous hornblende and biotite, and a smaller amount of feldspar
with many fragments of the dark silicate through it.

The relation of the sulphides and rock-minerals is also very
similar to the Sudbury examples. .

They are intimately associated with the dark silicates and
form veinlets between the hornblende and biotite fibers, and
extend from these in the form of reticulating networks which
in places wholly replace the minerals involved. Where 2850~
ciated with the more granular silicates and quartz, the sqlphldes
form veinlets along the cleavages and around the grains and
present the same features as the Sudbury ore, and can only I_Je .
explained as due to a secondary introduction by means of cir-
culating, ore-bearing solutions.

The Ducktown, Tenn., Deposits—Figures 25 and 26* show
the relations of the ore- and rock-minerals in the Ducktown
copper-deposits. o

An inspection will show that these are very sn¥111ar to some
of the Sudbury examples. Professor Kemp considers that ore-
bearing solutions entered along zones of crushing or faulting,
where the material was of a more or less open texture, and

' replaced silicates and other minerals; the sulphides often.in-
" sinuating themselves into the broken silicates and abutting

sharply against the fresher specimens: In this connection ‘}Qe
says, « It therefore seems probable that the replaced material
consisted of the crushed and greatly comminuted country-rock,
which in this condition would prove an easier-prey to.the ore-
bearing solutions. Where the crushing was most severe, the
large ore-bodies. are found. Unless some factor of this sort
exercised an influence, it seems strange that the process of re-
placement should cease so sharply against perfectly fresh ayd
unchanged representatives of the presumably replaced min- .

_erals.”

Summary.

The above results are given in some detail, even at tlfle risk
of repetition. But in a problem of this kihd it is all import-

* From'Professor Kemp’s paper on ‘‘ The Deposits of Copper-Ores at Duck-
town, Tenn.,’”” Trans., February, 1901. .
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ant that the facts should be clearly presented, so as to obtain a
.grasp of the entire situation and avoid a narrow interprets-
tion based on one or two occurrences, Whmh might not be
typical -of the whole. b

The investigations covering the whole field of the nickel-
range show that all the deposats have certain prominent fea,-
tures in common.

1. Brecciation with accompanying faulting and shearing ai-e
everywhere characteristic. This is shown not-only on a 1ar0'e
scale, but is also corroborated by the microscopical relations.

2. The main brecciation and shearing took place previous
to the formation of the ore-bodies proper.

3. The abrupt change from massive sulphides to barren-
rock, so offen noticed, seems irreconcilable with the theory of
magmatic segregation, and it is also difficult to imagine how
the included rock-fragments could retain their angular form if
they were once part of or floated in a molten magma.

4. The ore prevailingly occurs as a cement for the brec-
clated rock-fragments and along shear-planes. -

5. The rocks associated With the ore are all members of the
gabbro family and can generally be referred to norite.

6. The rocks are more or less altered and -now resemble
diorite, - the original pyroxene having in mnearly all cases
changed to a fibrous green-hornblende and chlorite. Where
original pyroxene remains (e. g., at the Stobie and Mount Nickel
mines), the structure is markedly brecciated.

7. The effects of metamorphism and the development of
secondary hornblende are most marked near the ore-bodies,
and diminish away from them.* S

8. In general, the more complete the alteration of the rock;
the more complete has been its replacement by sulphides.

9. The relation of the ore to the rock-minerals is practic-
ally identical throughout the whole district. In all cases the
tendency of the sulphides is to occur along planes of weak-
ness and in connection with the fibrous minerals.

Occasionally the relations of the pyrrhotite to the silicates
suggests that- it is an original constituent of the rock and one
of the first minerals to crystallize from the magma. This is

* Compare Walker, Q. J. G: ., vol. liii., 1897, p. 47 ef seq.
; Vil e E
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seen at times in the less altered specimens some- distance from:
the ore-bodies. '

‘The amount -of this' apparently original pyrrhotite is, how-
ever, always very subordinate, and is probably no more than
might reasonably be expected in a gabbro.

So that while a small percentage of the pyrrhotite may be
original, the main contention still holds, namely, that the sul-
phides are essentially and predominantly secondary.

10. Secondary quartz and calcite are often present in the
ore in appreciable amount, Whlle they are insignificant or lack-~
ing at a little distance.*

11. Sulphides are practically lacking in the rock a short.
distance from the ore. The roclk- fragmen’cs included in the

“deposit are also comparatively free from ore, except in veinlets.

12. The relation of the magnetite to the rock-minerals is
in marked contrast to that of the sulphides The former
being always in more or less rounded grains in the dark silic~
ates and generally primary.

13. With regard to the relations of the sulphides to thet
rock-minerals themselves, several different types might be dif-
ferentiated. These types are, however, all alike in kind, and
several may occur in a single specimen.

(a) Replacement starting between and extending along- the-
fibers of hornblende, often resulting in a pseudomorph of ore
after this mineral.

(b) Replacement along cleavages of the more compact and

-less altered minerals, breaking them' up into grains and,. at.

times, forming complete pseudomorphs.

(¢) Replacement between crystals and fragments of the same
or different minerals, often extending into the mineral substance,
when it could be classed under (a) or (b). -

(d) Replacement along planes or zones of parting and shear-
ing, the veinlets being in general parallel and ramifying through.
the neighboring minerals as indicated in (a), (b) and-(c).

(e) In the more crushed and granular examples, where the

.rock-minerals are much altered, the sulphides are peppered all

through them and form an intricate and ramifying network of

: vemlets in the rock, at times completely replacing the minerals

around certain centers

* Walker, loc. cit.
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(f) The dark silicates fall the easiest prey to the ore-bearing
solutions, but many instances are noted in which the feldspar
suffers. This is generally the case where the crushing and

shearing have been most severe and the mineral is partly or

wholly chanffed to secondary products. As a rule, though not
invariably, this change is especially noticeable where the min-
-eralization of the rock is most pronounced.

14. A comparison of the Sudbury deposits with those of
Rossland, B. C., and Ducktown, Tenx. » Shows many remarkable
and essential pomts of similarity. These deposits are now
proved beyond all reasonable doubt to be of secondary aqueous
origin, and this, astde from direct evidence, points strongly to
4 similar origin for the Sudbury occurrences.

Relation of Chalcopyrite to Pyrrhotite.—From the massive na-
ture of the sulphides, very little can be accurately determined
as to the paragenesis of the miinerals. There are, however,
certain relations existing between the chalcopyrite and the pyr-
thotite which may help to explain it.

1. In a number of cases where copper is predominant, the
core consists of numerous small parallel veinlets of pyrrhotite
and chalcopyrite very intimately. associated. . This is well illus-
trated by examples from the Copper CLff and Creighton mines
{Figs. 10 and 21). The same relation is a prominent feature of
‘the Rossland ore, and hand-specimens from the two localities
are almost indistinguisha,ble

2. The chalcopyrite is usually most strongly concentrated
wnear the outside of the deposits, especially towards the so-called
footwall. As a rule, the proportion of chalcopyrite in the

main ore-body is rather small, and it tends to form fairly pure -

masses without much pyrrhotite. Taking these facts into con-
sideration, it seems likely that the pyrrhotite at first constituted
the largest part of the ore-body. Later, due to some dynamic
movement, opening up passages through the ore-bodies, espe-
cially toward the outer limits, copper-bearing solutions entered
and deposited their mineral-contents among the rock-masses
and partly replaced pyrrhotite along certain lines. ' In some de-
‘posits, as at the Copper Cliff, where copper-minerals predomi-
‘nate, the fracturing may have been greater and the solutions
more active or concentrated.

It is also possible that the copper disseminated in the upper
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part of the ore-bodies, now eroded, has been secondarily de-
posited by downward-moving currents, but this:does not seer
to have been the case to any great extent. In the first place
‘there is very little in .the way of an oxidized gossan, and the
ground water-level is comparatively near the surface. Secondly,
there is little, if any, indication of this secondary change in the
way of enriched sulphides which accompany the process.
Pyrrhotite is quite generally admitted to be a product of’

‘primary concentration by upward-moving solutions in a strongly
* reducing atmosphere, and if any considerable concentration by

downward-moving waters had taken place, we would expect to

- find the pyrrhotite largely oxidized or remoVved entirely. It is,

however, a notable fact that when the thin surface-covering is
removed, the pyrrhotite appears perfectly fresh and with no
appreciable admixture of secondary minerals, such as are
formed in the process of secondary enrichment. '

Source of the Metals.—What the exact sequence of events
leading up to the formation of the ore-bodies and the immedi-
ate source of the metallic contents was, is not yet satisfactorily
settled. The question involves many intricate problems, both
of alocal and general nature, and with the evidence at hand an
authoritative discussion would be premature.

The metamorphic processes appear to have been very. com-
plicated, and are still more obscured by the later altération due
to the mineralizing solutions.

Pyrrhotite is a product of many metamorphie processes and

. may be formed in any of the classes designated by Lindgren—

dynamo, hydro-thermal, solfataric or contact.®

Under which head the metamorphism of the Sudbury dis-
trict could be accurately classified, it is difficult to say. Indeed,
it might be considered as a combination dynamo, hydro-thermal
and solfataric. From a study of the history of the district,
however, it is quite evident that it was a region of vulcanism
and metamorphic processes on a large scale, and the immense
stores of heat and energy involved could be readily available as
stimulators of the circulation and chemical activity of the min-
era] solutions, so that the theory of an aqueous origin presents.
nothing at all unreasonable. '

* W. Lindgren, *Nevada City and Grass Valley Distriets,” T. 8. @. &,
1896, p. 90.
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Hydrogen-sulphide.is so common a constituent of mineral’
and thermal springs that its presence in the mineral solution-:
can be assumed. From the nature of the deposits, the ores
bearing solutions were probably highly charged with alka:
line-carbonates and hydrogen-sulphide, but with subordinate-
amounts of carbon-dioxide. g

. The microscopical investigations show that the dark sﬂlcates
are often bleached and robbed of iron, or else ¢ resorbed,”
forming aggregates of magnetite grains. Itis thus possible
that 2 certain amount of the iron was derived from the altera-
tion of the minerals of the replaced zone as well as-from extra--
neous sources. The source of the nickel may, to some extent;,
have been the assoclated rocks, which contain small amounts,
but it seems more probable that the larger part was derived.
from greater depths traversed by the circulating-waters.

Many of those who are famjliar with the éhstrlct and who
have discarded the theory of a direct “magmatic segregation,”
still consider that there was a preliminary concentration of
metals with the intrusion of the norite, and that the ore-bodies
assumed their present position and dimensions by subsequent
processes.

This may, to & certain extent, be true, and the presence of

small quantitiés of what appears to be original pyrrhotite in
the orerock is cited in support of this view. Moreover, this
theory does not involve many of the difficulties of the first.
Still, a consideration of the whole subject and the relations in-
volved seems to indicate that this ¢ preliminary concentration ™

was comparatively slight, and appeal must be made to a more

distant source of the metals, probably minutely disseminated in .

the rocks through which the depositing solutions pa.s\sed.

In conclusion, it might be safely stated that at present the
whole weight of the evidence points to the secondary forma-
tion of the Sudbury ore-bodies as replacements along crushed
and faulted zones, with only minor indications of open cavities:
- Previous observers have naturally been impressed by the
massive character of the sulphides, in which are found the min-
erals of the enclosing rock, and this seems 1;0 fall in readﬂy
with the idea of an igneous origin. :

The clue to the interpretation of the matter, however, ap-
pears to.be furnished by the leaner material, where the relations
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have not been obscured or obliterated by the excessive develop-
ment of the sulphides.

The universal association of these ores with essentially sim-
ilar rocks is also striking. That the norite (or gabbro) has an’
intimate connection with the development of the ores cannot be
doubted, but in just what way they are related.is not clear.

After a review of the ideas held of these and similar deposits

. elsewhere, it will be seen that the evidence adduced in support

of the igneous hypothesis can be equally well, if not better, in-
terpreted on the basis of replacement, while many of the
observed phenomena cannot be satisfactorily explained on the
agsumptions of the old hypothesis.

‘With the additional light thrown on the subject by these in-
vestigations, there seems to be no reasonable doubt left as to
the true nature of the deposits, and it may be confidently ex-
pected that future work will give additional weight to the views -
here advanced.

Finally, with regard to my personal connection with the
matter, it may be well to say that, in taking up the work, I

* went into the field with an open mind and for the sole purpose
~of interpreting the phenomena as they were presented by the

facts, without being hampered by any preconceived theories. - I
had always been taught to regard the deposits as essentially of
igneous origin, and this theory was, of course, uppermost in my
mind. But as instance after instance of the relations in the
field was presented in the different deposits, the «igneous”
theory was not sufficient to explain the facts. Then, on calmly

studying the material collected in the laboratory, the convic-

tion became a certainty, and I present my views only for the
purpose of throwing as much light 2s possible on these compli-

cated problems. .

- Aside from the main contention that the deposits are replace-
ments, any arguments advanced as to the actual source, manner
of concentration and paragenesis of the ore may be regarded
as largely tentative and as inviting discussion, by which we may
hope to arrive at more definite conclusions as to the actual pro-
cesses and sequence of events, culminating in these remarkable
bodies of ore as we find them to-day. '
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