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INTRODUCTION

A worldwide association is known to exist between tabular to lenticular
bodies of magnetite-apatite and alkalic rocks occuring in a volecanic or
subvolcanic environment. Major examples include: (1) pPark's (1972)
brief descriptions of the occurrences of magnetite-apatite bodies in
Chile, Peru, Mexico, California, Philippine Islands, and RAustralia; (2)
Geijer's (1931, 1960) descriptions of the famous apatite iron ores of
Kiruna, Sweden; (3) Kisvarsanyi and Proctor's (1967) work on iron
deposits in southwest Missouri; and (4} Kolker's (1982) review of iron-
titanium oxide and apatite localities in Virginia, New York, Quebec,
Norway, and Sweden.

Magnetite—-apatite bodies associated with Precambrian alkalic rocks in
Canada have been noted in the Great Bear batholith, Northwest Territories
{Badham and Morton, 1976), In British Columbia similar lodes occur in
Mesozoic rocks at Galore Creek porphyry copper deposit, northwestern
British Columbia (Davis, 1962), and in the Copper Mountain intrusion near
the Ingerbelle porphyry copper deposit in south-central British Columbia.
This study is concerned with magnetite-apatite lodes in the Iron Mask
batholith.

GEOLOGICAL SETTING

The Iron Mask batholith 1lies in a northerly trending belt of Upper
Triassic velcanic rocks known as the Nicola Group (Fig. 93), which range
in composition from basalt to trachyte-dacite (Northcote, 1975;
Cockfield, 1948; Preto, 1%77). Argillite, limestone, and conglomerate
have also been noted within the group in other areas {(Cockfield, 1948;
McMillan, 1978; Schau, 1970). To the north the batholith is overlain by
Early Tertiary volcanic and sedimentary rocks,

Two major plutons form the Iron Mask batholith (Fig. 93)., The larger one,
the Iron Mask pluton, consists ©f a number of successively emplaced,
differentiated units, whereas the smaller, more northerly Cherry Creek
pluton consists of only the youngest unit. Figure 94 shows the northwest
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Figure 94, Sinplified geolog (after Northcote, 1977a) showing abundance of disseminated
magnetite and distribution of magnetite-apatite dykes In Pothook (diorite) and
Cherry Creek units. Data on magnetite are from this study and Mathews (1941),
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end of the Iron Mask pluton, where relationships among several of the
major rock units and magnetite-apatite lodes can be observed, These
units are described below, with emphasis on associated magnetite
mineralization, Subdivision of the units in the Iron Mask pluton follows
descriptions by Northcote (1975, 1977a, 1977b).

Picrite occurs as small, fault-bounded, lenticular bodies (tcoco small to
show on Figs. 93 and 94) of serpentinized basaltic rock. Picrite is
commonly associated with copper prospects (Carr, 1956; Carr and Reed,
1976) ., Chromium-rich magnetite occurs as fine anhedral grains in the
matrix and as grains along fractures in serpentinized olivine. Volume
content of magnetite is generally high, but varies from trace amounts to
15 per cent.

Iron Mask hybrid unit is agmatitic, consisting of angular and rounded
mafic fragments in a dioritic matrix. Magnetite and copper sulphides are
commen in this units Only one sample of the unit, containing about 10
volume per cent magnetite, was taken for minor element analysis of
magnetite,

Pothook diorite unit, gradational in composition between Iron Mask hybrid
and Cherry Creek 'syenite', is medium to coarse grained, locally displays
cumulate textures, and is mafic rich. Magnetite content averages about
10 per cent and occurs as interstitial grains. Most known magnetite-
apatite lodes and also a number of small copper showings which are
commonly associated with breccia occur within the unit (Fig. 94).

Sugarlcaf unit (Preto, 1968}, not known within the area of Figure 924, is
a diorite containing hornblende and feldspar phenocrysts and only trace
magnetite, Copper mineralization is common in this unit.

Cherry Creek ‘'syenite' (Preto, 1968) is a porphyritiec unit ranging in
composition from diorite to syenite, A monzonite composiftion is the most
abundant. Subhedral magnetite grains, about 5 per cent by volume, occur
either interstial to, or within, wmafic minerals. Irreqular bodies of
intrusion breccia are common along the northern margin of the Iron Mask
pluton and host porphyry-type copper mineralization, The Afton copper
deposit (Fig. 94; Carr and Reed, 1976} is the most important porphyry
deposit in the Iron Mask batholith and is located only 1,25 kilometres
northwest of the largest magnetite-~apatite lodes, which are known as the
Magnet showings {Fig, 94).

Magnetite abundance in the previously mentioned units are shown schemati-
cally on Figure 94. A discordant decrease in magnetite abundance between
the Pothook diorite and the Cherry Creek ‘'syenite' is evident in the
diagram and from data in Table 1. A corresponding increase in apatite
between Pothock and Cherry Creek units (Table 1) has alsc been noted by
Mathews {1941),
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MAGNETITE DEPOSITS ASSOCIATED WITH THE BATHOLITH
FORM AND DISTRIBUTION

Most magnetite lodes (Cann, 1978) occur as steeply dipping tabular bodies
with sharply defined walls that vary in width from less than 1 centimetre
to 3 metres at the Magnet showing (Fig, 94) and 6 metres at the Glen Iron
mine., Although lodes are generally steeply dipping, some dip as little
as 40 degrees south (for example, Moose showing, Fig. 94}. The lodes
tend to split at irregular intervals and end abruptly. No single lode
has been followed for more than 200 metres, in part because of limited
outcrop.

Magnetite lodes are concentrated at the northwest end of the batholith.
Along the northwestern margdin of the Iron Mask pluton and at the Glen
Iron mine, most lodes trend easterly; however, those at the Magnet and
Iron Cap trend northwesterly. They are interpreted to be dykes.

MINERALOGY AND TEXTURES

The Magnet showing was studied in the most detail because exposures are
excellent. Lodes at the Magnet showing consist predominantly of massive
magnetite that contains white or pale pink euhedral apatite crystals up
to 3 centimetres long, and prismatic amphibole crystals up to 6 centi-
metres long. Amphibole and apatite crystals frequently occur in layers
adjacent to the walls of the lodes. Long axes are perpendicular to the
walls of the lodes; textures are spinifex-like and might result from
gquenching at the margin of the dyke. Polished sections of massive
magnetite show an euhedral or subhedral granular texture, with individual
grains ranging from 0.1 to 0.5 millimetre in diameter. Trains of spinel
inclusions 1less than 30 microns in dJdiameter parallel some grain
boundaries. When etched with bromic acid, one sample displayed an
extremely fine crystallo-graphic exsolution texture of ilwmenite in
magnetite.

Adjacent to the main dykes, mnumerocus subparallel dykelets are often
abundant enough to form a crisscrossing network; most are less than 5
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centimetres wide. Some dJdykes of intermediate width (10 to 15 centi-
metres) are breccias containing numerous angular to subrounded inclusions
of host rock. Dykelets are commonly enclosed by a 1 to 2-millimetre-wide
pink albitized envelope, and occasionally contain narrow epidote cores.

At the Magnet showing pyrite and chalcopyrite occur in veins along
fractures in magnetite-apatite dykes, indicating that sulphide
mineralization is post-magnetite. In general, magnetite-apatite bodies
at Afton are sulphide poor, probably because they contain few fractures.
Late-stage veins of drusy calcite crosscut magnetite and sulphide
mineralization.

MINOR AND MAJOR ELEMENTS IN MAGNETITE FROM IRON MASK BATHOLITH

Characterizations of magnetite from the Iron Mask batholith have been
done on overall compesition based on major and minor oxides as determined
by electron microprobe and in terms of minor element content alone as
determined by atomic absorption. For comparative purposes magnetite
samples have been grouped by form {disseminated or massive} and host rock
{syenite, diorite, picrite). Syenite as used in this study is eguivalent
to the Cherry Creek unit, which includes syenite, monzonite, and diorite.
Diorite is eguivalent to the Pothock and Ircon Mask hybrid units (Fig.
94). Samples were grouped on the basis of petrographic analysis, mapping
by WNorthcote (1977a, 1977b), and examination of samples by Northcote
{personal communication, 1977).

ANALYTICAL METHODS

Liberation of magnetite was achieved by passing all samples of massive
and disseminated magnetite through a jaw and cone crusher, followed by
pulverization between ceramic plates until the sample passed through a
100-mesh nylon sieve. Massive magnetite with little gangue was readily
concentrated using a repeated cycle of underwater magnetic separation and
grinding by hand with ceramic mortar and pestle until the desired purity
cf greater than 95 volume per cent magnetite was obtained. Magnetite
disseminated in intrusive rocks and massive magnetite with abundant
gangue required initial rough separation with an Eriez Wet Drum Magnetic
Separator and density sgeparation in bromoform before using the method
described previously.

Quantitative analysis of magnetite for cobalt, chromium, copper,
manganese, magnesium, nickel, lead, titanium, vanadium, and zinc was done
by atomic absorption spectrophotometry. & Varion-Techtron AA-4 unit was
used for chromium, copper, magnesium, manganese, vanadium, and zinc
analysis, and a Perkin-Elmer model 303 unit with background correction
{Fletcher, 1970) was used to determine cobalt, nickel, and lead.
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Titanium was determined at a commercial facility, Min-¥n Laboratories,
North Vancouver., Sample digegtion and analytical methods were similar to
those of Makagawa (1975), except that in this study calcium was not
removed from sclutions prior to analysis.

Microprobe analyses were done on an ARL-SEMQ instrument (Cann, 1979),
Background, deadtime, absorption, atomic number, and fluorescence
corrections were applied using a computer program developed by Racklidge
and Gasparrini (1969),

COMPOSITION OF MAGNETITE SAMPLES FROM IRON MASK BATHOLITH

Compositions of 13 disseminated and massive magnetite samples were
determined using the electron microprobe., Results of the analyses are
displayed in Table 2 and plotted on Figure 95. A minimum of three
magnetite grains per sample were analysed. For purposes of determining
average compositions, only analyses with totals exceeding 97 per cent
were considered. Molecular per cent ulvospinel was calculated based on
the measured titanium content.

Cry03+TiO, DISSEMINATED

O Syenite host

a Dicrite host

¢ ,Picrite host

MASSIVE
® Syenite host

4 Dicrite host

ANENENAN) VAVAVAVENA

FeO Fep03

Flgure 95, Composition of magnetite from iron Mask bathelith in terms of molecular per cent
FeO-Fe303-T10+Cr50x,
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Inspection of Figure 95 shows that chromium-rich magnetite from picrite
has a composition which 1is distipct from disseminated and massive
magnetite in syenite and diorite. The composition of this chromium-rich
magnetite is similar to compositions reported for magnetites from
bagaltic rocks (Table Hg-20 In Haggerty, 1976).

Lode magnetite and disseminated magnetite from syenite and diorite plot
in a compact cluster, There is no statistical difference {(at 99 per cent
confidence limits) between the means and standard deviation of oxides in
disseminated magnetite from syenite or from diorite, Comparison of
oxides in diorite~hosted massive magnetite to those in diorite and
syenite-hosted disseminated magnetite shows a significant difference only
in the mean V50, content and the standard deviations of 8102, Tioz, and
Ca0. The almost identical composition of lode and disseminated magnetite
from syenite and diorite suggests close genetic associations.

COMPOSITION OF APATITE IN MAGNETITE LODES

The apatite analysis in Table 3 is the average of six electron microprobe
analyses of three crystals of apatite in massive magnetite from the Glen
Iron mine (Fig. 93), Composition of apatite is uniform between crystals.
Additional analytical traverses from centre to edge of an individual
crystal showed no zoning. Glen Iron apatite is fluorine rich, which is
also typical of apatite in the magmatic Kiruna iron ores (Frietsch,
1978},

MINOR ELEMENTS IN MAGNETITE

Mean minor element abundances in disseminated magnetite from syenite,
diorite, syenite plus diorite, and picrite, and minor element abundances
in magnetite from syenite and diorite-~hosted magnetite-apatite lodes are
sunmarized in Table 4. All variables reported have lognormal density
distributions; consequently, geometric means and corresponding standard
deviations are reported, Zero values were assumed to be 0,1 for purposes
of log transformations. Copper and lead are not included, due to poor
analytical or sampling precision as revealed by a nested analysis of
variance (Griffiths, 1967).

Element abundances in massive magnetite and in syenite, diorite, and
picrite-hosted disseminated magnetite are shown schematically on Figure
96, Several points are well displayed by the diagram, namely:

(1) minor element abundances are very similar in diorite and syenite-
hosted disseminated magnetite,

(2) minor element abundances in disseminated magnetite in picrite are
markedly different from those in all other magnetites, and
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TABLE 4

Suppary _of Data (PIM) for Minnr Elef@ents in Dissepinated Magnetiis

{numbers are antilogarithms of log-transformed data

Host Rock Fara- Element
Property {Character) metert Co Cr Mg Mn Wi Tiz2 ¥ n

Cherry Creek -

syenite n 3 3 8 8 q 7 3 3

{disseminated) Xg 40 132 6800 630 106 1850 3740 4?2
Xg+8 565 543 11200 1100 192 3765 5210 101
Xg -5 25 32 4100 309 58 310 2630 18

Pothook

Cicrite n 7 7 7 7 7 S 7 7

(disseminated} Xg 60 124 5800 800 81 3020 4020 46
Xg+S 68 252 9700 1400 107 5160 4740 77
Xg =5 53 61 3500 500 a2 1770 3400 27

Cherry Creek plus Pothook

Syenite flus n 15 15 15 15 15 12 15 15
Diorite Xag 49 128 6300 700 94 2270 3870 44
{dissenipated) Xg+8 73 187 10400 1200 151 4427 5020 A9
Xq-s 32 42 38060 400 58 1170 2990 22
Eicrite n 6 ] ] 6 6 6 6 [
(disseminated} Xg 1006 248000 55300 1700 1340 1545 1100 290
Xg+s 133 493000 TRZ00C 2500 2180 2930 1400 360
Xg-s 75 125000 40200 1200 B840 815 860 230

Pothook
Hagnet, Ciorite n i3 33 33 33 33 33 32 33
Iron Cap (massive) Xg T4 1 A4O0 400 1315 450 3250 27
Xg+8. 104 12 8900 700 164 320 3440 13
Xg-s 56 Q 4600 300 11 222 27110 19

Cherry Creek

afton, Syenite n 5 5 5 5 B 5 5 3
Glen Iron (massive) Xqg 23 1 6500 400 123 112 2010 83

Xq+S 187 7 11100 2000 223 37T 3210 324

ig-s 47 3 3800 300 735 124 1769 24
Magnet, Ciorite and r 38 33 38 13 13 18 33 38
Iren Cap, Syenite Xg 8 1 6400 500 134 427 2990 32
Afton, {massive) Xg+5 114 AR 310D 800 171 00 3TN 52
Glen Iron g—S 54 0 4500 300 104 202 2289 16
1 n = number of analyses; Xg = geapet+tric n=an; s = s+tandard davia+ion.
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{(3) minor elements in massive magnetite show a similar distribution to
those in syenite and diorite-hosted disseminated magnetite, except
for strong depletion of chromium and titanium, and weak depletion of
vanadium in massive magnetite.

Statistical comparison of means and variances at 99 per cent confidence
limits confirms the previously described observations and also shows that
in six out of eight elements, abundances in massive magnetite are
significantly closer to those in disseminated magnetite from syenite than
to those in disseminated magnetite from diorite (Cann, 1979),

COMPARISON OF MINOR ELEMENTS IN MAGNETITE LODES IN IRON MASK BATHOLI'TH
WITH MINOR ELEMENTS IN MAGNETITE DEPOSITS IN OTHER AREAS

Variances and means of elements in Iron Mask magnetite-apatite deposits
have been statistically compared to those of Missouri and Swedish
deposits and show that at the 99 per cent confidence level statistical
digtribution of most minor elements in magnetite of the Xron Mask lodes
are similar (Fig. 97) to those for magnetite from three deposits in
Migsouri (Kisvarsanyl and Proctor, 1967} and four deposits in Kiruna,
Sweden (Pardk, 1975, pp. 199-202), 'This statistical similarity for most
elements is readily apparent on Figure 97, and reinforces the inter-
pretation that Iron Mask magnetite-apatite lodes have an intrusive-
magmatic origin, like the Kiruna and Missouri deposits.

Byseeene 4 lron Mask lodes
——+& Missouri deposits
O===n= O Kijruna deposits
4.0 -
3‘0 — —
E
a
2.0 -1 -
o
L
1.0 - ~
0 L

T I T L LR 1 T T
Mg V Ti Mn Cr Ni Co Zn
Figure 97, Arithmetic means of minor element abundances in
magnetite from iron Mask lodes, and magmatlc
magnetite-apatite deposits fromMissouri, U.S.A,
and Klruna, Sweden, See text for references to
data,
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For statistical comparison with Iron Mask magnetite deposits, minor
element data for five metasomatic magnetite deposits and one hydrothermal
magnetite deposit in the U.S8.S.R. (Borisenko, et al., 1969) were com
piled, These data suggested that metasomatic deposits have one~hundredth
to one-thousandth the nickel and chromium contents of magmatic magnetite-
apatite deposits and that hydrothermal magnetite deposits have signifi-
cantly less cobalt and chromium than magmatic magnetite deposits.

DISCUSSION

Major and minor element data on magnetite and petrologic analysis lead to
several important conclusions regarding the genesis of magnetite lodes in
the Iron Mask batholith. A metasomatic origin can probably be discounted
on the basis of the chromium and nickel contents, sharp contacts, and the
tabular nature of the lodes. Origin as hydrothermal wveins can be dis-
counted on the basis of higher chromium content than other hydrothermal
vein deposits. Nevertheless, to make the existence of a 'magnetite-
apatite' melt feasible at geologically acceptable temperatures, a high
volatile content is probably necessary. Park ({(1972) and Geijer (1967)
pointed out the apparently high volatile content of magnetite-apatite
dykes, Fluorine-rich apatite in Iron Mask dykes suggests that fluorine
ig a significant volatile component.

CONCLUSIONS

A model for the origin of magnetite-apatite lodes is presented on Figure
98. It is based on our trace element in magnetite data and on experi-
mental evidence for magnetite-apatite lodes.

The sequence of events is pictured as follows:

(1) POTHOOK STAGE. Crystal settling of plagioclase and pyroxene tc form
Pothook diorite. With continued differentiation the residual magma
becomes 1increasingly rich in iron as suggested ky interstitial
magnetite in Pothook diorite (Table 1),

(2) IMMISCIBLE STAGE, Near the point where the residual. magma becomes
alkalic in character, the magma enters an immiscibility field that
is expanded by high wveolatile components (Philpotts, 1967) and the
‘oxide-apatite' melt separates from the silicate magma, The heavy
‘oxide-apatite' droplets settle to the bottom of the magma chamber
and coalesce to form layers and pools in Pothook diorite at the
margins of the magma chamber (see Ramdohr, 1969, p. 8).

{3) MAGNET STAGE. Residual alkalic magma, now depleted in iron (Fiq.
94; Table 1), continues crystallizing as Cherry Creek 'syenite,'
Extrusion of Nicola agglomerate containing Cherry (reek fragments
{(Northcote, 1977a) occurs and emphasizes the near surface and
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cogenetic nature of the intrusion and Nicola wvolcanic rocks.
Injection of magnetite-apatite melt into fractures formed in the now
consolidated surrounding intrusion occurs synchronously with
eruptions of alkalic magma to the surface, Such activity might in
part result from increasing volatile pressures.

(4) AFTON STAGE. Increasing volatile pressure at the end of magmatic
differentiation exceeds external load pressure and tensile strength
of the surrounding rocks (Norton and Cathles, 1973) resulting in
explosive emplacement of Cherry Creek breccias. Orthomagmatic
hydrothermal fluids follow the breccia and result in copper
mineralization at Afton and elsewhere in the Cherry Creek unit.
Copper mineralization crosscuts the earlier magnetite lodes.

Comparison of cross-section D (Afton stage, Fig, 98} to the simplified
geological plan of the northwestern end of the bathelith (Fig. 94) shows
remarkable similarities despite the differences in perspective. The
deficiency of magnetite in Cherry Creek syenite compared to Pothook
diorite (Fig. 94; Table 1) 1is well explained by fractionation of the
immiscible iron oxides from the alkalic magma that crystallizes to form
the Cherry Creek unit. The model also explains the close spatial associ-
ation of the 1lodes with Cherry Creek unit as well as their common
occurrence within or near the iron-rich Pothook diorite.

An important implication from the model, regarding the relationship
between magnetite-—-apatite and copper mineralization at Afton, is that the
same magma phase was parent to both the magnetite and copper miner-
alization. Magnetite lodes were formed before a sulphide-rich hydro-
thermal system became important. Elsewhere in the batholith magnetite
ocours as fragments in a Cherry Creek phase indicating magnetite
emplacement was not the last magmatic event to take place (Cann, 1979).

Picrites appear to be more primitive and genetically distinct from
alkalic and dioritic rocks in the batholith., Thus copper mineralization
that is spatially and possibly genetically related to picrite, such as
the Iron Mask mine, might not be related directly to Afton-type
mineralization. This conclusion has direct implications to mineral
exploration because it suggests that different geological models apply to
different types of copper occurrences in the Iron Mask batholith.

Our model for iron and copper mineralization suggests that copper
mineralization is produced by late-stage magmatic fluids that resulted in
formation of Cherry Creek breccias. A wagmatic origin for copger
mineralization is supported by Hoiles (1978), who found that the § 45
values of sulphides from the Afton deposit are comparable to other
deposits of magmatic hydrothermal origin because they are close to O per
mil with a small standard deviation. Alkaline-type porphyry deposits,
such ags Afton, are known to be significant only in the North American
Cordillera 1in the region from Alaska to Idaho ({Hollister, 1978).
Possibly the unique alteration and mineralogy of alkalic porphyries
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result from strong differentiation, whereas mineralization in calc-
alkalic porphyries is due to collapsing hydrothermal systems that
involved both meteoric and magmatic waters {Taylor, 1974; Whitney,
1975).
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