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CHAPfER I

IHE PROBLEM

illost thin sections of sudbury norite show that the

pyroxenos have been altered to a fibrous amphibole, ioBue

uraritized; onry 5 to 10 per cent of the sections show rem-

nants of fresh pyroxene. The main probre.n was to iletermine

whether the process causing tho change in minerar composit-

ion has materially affected the ohemical eomposition of the

rock and, if so¡ to d,eter¡oine the nature and. extent of the

changes. The solution of the problem may read. to a fulrer
und.erstanding of the mechanism of uralitization in basle

rocks.

Fron a more restricted viewpoint, the solution of
the problem has an important bearing upon the lnterpretation
of chemical analyses of the sudbury norite in the literat-
ure' This is one of the most extensively analyzeð,lntrus-
ives 1n North Àmerieâ¡ and. the analyses have been used. by a

number of investigators to support some theories and. d.lscreä-
it others' Despite the fact that these workers recognlzed.

the sevority'of the alteratlon, no attempt was made to
obtain uniformly fresh or artered samples. By correrating
the alteratlon and. the coaposition, the worth of the prev-

ious anaryses and consequentry the validlty of the theories



CHAPTER II

SAMPLES USED IN TTTE STUÐY

å.bout ?,50 samples of the norite were collected. near

the Creighton mine section, Lot ?o Coneesslons lu Zn and. õ,

creighton township. The sarnpres were corrected. below the

zone of weathering" Thin sections of all samples were nad.e.

AII of the work d.eseribed. in the following chapter was

carried. out on these thin sections and. sa.nþles,



CHAPTER III

REVIEW OF THE LITERASURE

considerable researeh has been carried. out on the

Sud.bury intrusive due to the large amount of associated.

nickel-eopper ore. lftany papers dealing with various feat-

ures of the intrusive are present in the literature. MOst

of these, however, are concerned wlth features of the in-

trusive or orebod.ies which have no eonnection to the present

problen and will not be d.iseussed '

I " GEI\TERAL PETROGRAPHY

Petrographic d.escriptions of the norlte have been

furnished by a number of investigators o notably iftfalker

(189?), Barlow (1904), and. Phemister (tgzs). As these

d.iffer only on ninor points from that given in the follow-

1ng chapter¡ rro d.iscussion is neeessary.

If . ANÀT,YSES OF THE NORITE ÀND TEEIR USE

the first irnportant work of this nature was d'one by

iffalker (fe9t), who colleeted. five samples across the intrue-

ive in the neighborhood sf the Blezard. mine and analyzed

them* He conolud.ed that there is a regular increase in

acidity towarÕs the centre of the intrusive"

No other conplete series ot. analyses was mad'e until
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?(night (wza) analyzed seventeen samples from the intrusive
in Maclennan tolvnship, Froo' ilrese he concluded that there
is no gradual inerease 1n acidity; in fact, rrthe most baslc
part of the eruptive is not along the outside, but from
l,õ00 to ¿,1-00 feet from the outside ed,ge.rl

Phemister (fge0) attacked. the problen in a different
manner by colrecting sampres from ereven traverses across
the intrusive and making mineral analyses of them, lIe

concluded. that the norite of the south range is most basic
from one-half to three-quarters of its total r,vidilr of out-
crop from the basar contact " -A.bove this, it becomes üore
enid hr¡ tha ¿lava] ^ñnô-* nfc.vr\¿ uJ ur.lri uEv Er-u¿uiunllu u-L a mesostasis of quart z and alhali
feldspar and. beneath it by the presence of quartzu which 1s

a late crystalllzation.
Colenan, ir.{oore, and lTatker (teee¡, dissatisfied. with

the above and. other conclusions, took samples across four
complete sections of the intrusive and had them analyzed.
lhe capreol and Levack sections are on the north range, the
ca,meron Ìviine and. creighton sections on the south. They

concluded Ìrthat the eruptive sheet is a unit formed by the
segregation of a eagma into a more basic portion, norite,
passlng wlthout a break upwards into a more acid. phase,

nicropegnat ite " 
rt

The importance of these different sets of anaryses
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with regard. to the nature and- d-ifferentiation of the norite-
micropegmatite is obvious; indirectly, they also have a

bearing on the theories of ore forrqation" If Knight and.

Phemister are right in claim.ing that the most basic norite
is not at the bottom of the intrusive, then the idea that
the ore is at the bottoni because it differentiated with the

most basic part of the intrusive is ridiculous, and a hydro-

thermal theory of origln is more attractive.
À point vuhich all of the above investigators appear

to have overlooked is the fact that the d.eutene alteration,
particulari-y the uralitization, nay have consid.eralrly alter-
ed the composition. Suppose, for example, that an exposure

of fresh norite and. another exposì¿re in which all the pyrox-

ene and part of the feldspar have gone to arnpiribole are

found. twenty feet apart, then which exposure should 'oe

sampled or does 1t make any d.ifference? If the samples are

chosen at random, they wlll be in differ"ent stages of alter-
ation, and may not give a true picture of the composition

gradient" It may be necessary to obtain samples which are

at least fairly uniformly altered,

Sone of the strange results which nay be d.ue to this
late alteration are fou-nd in the various analyses" For ex-

ample, an analysis of a sample forty-seuen yard.s northwest

of the creighton mine gives only 0"69 per cent magnesia
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(Kni_ent, 191?); this can hard.Iy be typical norite. Another

analysis of Knightts 1,08ã yard.s northwest of creighton

shows 1.56 per cent magnesiau but two analyses reported by

Coleman (fgeg) straddling this one show 5.51 and 6'62 per

cent magnesia respectively. EII:en results like this are

possibleo the necessity of careful sa.rnpling is Obviolls.

This argument appties with much greater force in the

uge of mineral analyses, f or the change in mod.e can be very

great without havlng mueh effect upon the chem.ical composit-

lon, Furthermoree the nature of the method. introd'uces large

eryors; as Larsen (fgøg) puts itu ftÇertain it is that &any

rgcks, particularly coarse-grained. rooks, are nOt well mlxed

on the scale represented. by a thln section"n Îhis certain-

Iy applies to the norite, due to the habit of the ferromag-

nesians to cluster" Larsen (fgg5) found that Rosiwal anal-

yses of thin sections from the sarne hand. specimen varied' by

from Z to IO per cent for the major constituents.

Phemisterts worh can not be eritieized' in this

regard because all of his results are shown by graphs' and

there is no account of the number of samples or thin sect-

ions that he used " However, it seems fair to polnt out the

warning of Larsen (fgøS) tfrat trthe danger of basing far-

reaching conclusions on a few Rosiwal d.eterminations of



specimens from wldeIy scattered. outcrops is evid.ent'rt

f f I " THE GENEh{L NATURE OF UTALITIZS.TION

The term uralite was flrst applied by Rose (fg+e) to

a mineral with the orystalline fsrm of a pyrolcene and the

structure of an amphibore. clarke (rge+) pointed' out that

the change is complieated in many cases by the simultaneous

formation of epid.ote or zoisite. å separation of magnetite

may occìrr and. calcite may be formed due to the removal st

l1me" Generalty augite alters to hornblende or actlnolite

and diopside to tremolite"

Dana (fgf+) sai¿ that the ehange beglns on the outev

surface of the pyroxene transforming it into an aggregation

of slonder amphibole prismsu parallel in positlon to eaeh

other and the parent pyroxene " lIhen coroplete, the entire

crystal is changed into a bund.Ie of fibers. The anphibole

conforms to aetinollte in composition and optieal eharaet-

eristies,
The most prominent changes in eomposition are those

in line and magnesia. A number of analyses in Dana (fgf+)

illustrate this; these are reproduced in Sable I. Unfort-

unately, the eorrespond.ing rock types are not givene nor ls

1t definltely stated that nothing else in the rock took part



TABTE I
PREVIOUS ANAIYSES OF PYRO]CENE AND DERIVED URÀLITE

Constltuents ö544,z

s10e

At806

Fet0U

Fe0

Mgo

Ca0

Nat0

Kzo

50,87 52"82

4.5Y ø,ZL

0"97 2"07

1"96 Z"',lL

L5.37 19"04

24,44 L5,99

o .27, 0 .90

0,50 0.69

54.50

l"l0
55"85

0,56

Ãr7^ 
^4

ö "!z
5.09

Lg .54

L8.?',|

6"19

Ð?' r'lø

4.ry O

5.26

l0,uL

lz,59

l-2.58

55.11 5',1 "62

3"00

l-8.96

ZL "4L

5 "ZA

27 "99

11 ,66

0,54

18.39

25.69

0"84

26,LZ

14,90

Heo

l. Pyroxene , Ilarrington, Geol ' Canad.a r p ' --21¡ 18?9 .
Z. Ura1ite, tl tt ll ll TI 

o

6, Diopside, Riohter and. Scheerer, P088., 84, g8ô, 1851"
4. uraJ-lte, tt il rt n tt 1r

5" Diallage, Dahms, Jb" Min. Beil", 7u 99t 1890.
6. Ura1ite, tt tf 1l ft tl 11 o

7, Dispsid.e, Rar:.melsb€f,g, Ber. Ak' Berlin, 2*3 ' 1862.
8. lremollte, n r n l! 1r 11

L,4+ ?,"40 I.19 2"L5 1.54
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1n the reactionu so any changes in the bulk composition of

roclcs d.ue to uralitization are not known'

The causes of uralltization have not been frequently

investigated, Schwartz (fgøg) stated that it is a frequent

product of hydrothermal altoration, but that it may occur

d.uring metamorphism of various ty¡les' Duparc and. Ilornung

(rgo+) said that ural itLzat ion was not a oase of hyd'ro-

thermal alteration; instead., after the pyroxene had' cryst-

allizeil in the magma, it was acted. on by the resid'ual nagm'a

and the transformation oecurred. lnto patches of anphibole'

Ia a later papero Ðuparc (fgOg) sald. that the phenomena of

uralitization le oonfined. chiefly to feldspatb'ic rocks and

attributes it to a slightty later loeal injection of

feld.spathlc magm.a" He cites cases 1n the ¿siatic urals

where uralitlzatlon ie caused. by the inJection of leuco-

oratic d.ikes into PYroxenites"

The coüxnon oocurrenee of uralit ization as a d'euteric

alteration effect has been noted by Colony (tgZ7,\. In th'e

end'stagesofcrystal}izationsomeofthequartzandthe
alkalies are ooncentrateil 1n tiquld. form of row visoosity

and.greatpenetratingpower.Atthisstageolivineand.
magnesia-rich pyroxenes are susceptible to the alteration

resulting in serpentinization .Or uralitizationu fhe ural*
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ite formed. shows a powerful penetrating power by invading

the feld.spar in every d.irection. He also notes that these

phenomena may arter the chemical and. mineral conposition of
the rock.



CHAFIER IV

ETERIiVÍENTAL RESULTS

I. GENERÀL PEÎROGRAPIIY

Primarl milerats " Unaltered. Sud.bury norite is

composed essentially of plagioclase, hypersthene, d.iallage u

and. quartz or granophyre. The order of crystallization of

these minerals is clearly shown by the textural relations "

Hypersthene was generally the first mineral to crystalltze,

although in some places it is }ater than plagioclase,

indlcating that the two minerals crystallized in part con*

temporaneously. lhe irregular shape of diallage and" its

habit of enclosing euhedral crystals of hypersthene and

feld.spar shou¡ that the d.iallage is later (Fig. 1)" Quartz,

or a granophyric intergrowth of quartz and. soda feld-spar,

or rarely microcline ' rrvas the last irnportant mineral to

crystallLze, as shown by its habit of filling in between the

larger rainerals in characterlstic triangular or irregular

shapes, and corroding the ad jacent feld.spar (Fig. ¿).

Plagloclase occurs as euhedral taths of a d'ist-

inetive brown coIor, Indices of refraction and extinction

angles on Carlsbad-atblte trvins shor¡¿ it to be labradorite in

composition, slightly oloser to andesine than to bytownite.
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Fig. l, (x1å) nialtage showtng typiea3.
irregular shape and enclosing
euhed.ral pLagioclase .



]"4

Flg" å. (xl"a) Quavtz and. granoftryre inter*
stitial to fei"dpar and sliehtly
corrod.ing it. (x-nlcols 

" )
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The feld.spar is conrnonly zoned, though not extensively;
generally only two band,s occllr"

The brown color of the feldspar ie d.ue to minute

incluslons of ilmenite, hematite, or magnetite. -4,-n analysis

of plagioclase from the south range showed it to contain
0.23 per cent titaniun oxid.e, and l"I0 per cent ferric iron.
rn places these inclusions can be seen in the plagioclase

as minute black need.les in small patches, f orming a grld

structure almost at right angles, i"e., probably oriented
along the crystallographic d-ireetions of the feld.spar.

Hypersthene ocours in euhedral stub'oy prisms which

show the typical pyroxene cleavage in cross-section.
Clusters of hypersthene are conmon (tr'ig " b). The mlneral

is pleochroic, rose to green, and has low birefringence, the

highest coror being first ord.er yelrow. rt is rength-slow,

and. has paralrer extinction" rt is biaxial negative with a

large axial angle. [he ind.ices of refraction are n* =

L 699, and. nn = I u 6gZ,L

Diallage is gray-green, occurring in iruegular
shapes" Generally it is much larger than the hypersthene

grains, and commonly it occurs as large sinrple twins"

r l¡/lnehell r s symbols are used
are compared to his values in a later

because these values
seetion"



s* !,:
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Fig" ø* (xI4) Oluster
gralns in all
alteration"

of hypersthene
stages 0f
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Birefringence is mod.erate, varying from first order yellow

to violet. The maximum extinctlon angle is 4Ðo " It is

length-fast, measured. from the oleavage with the s¡raller

extinction angle, It is biaxial positive with a fairly
large axial angle. The ind.ices of refr,actlon are ng = 1.7I0

and. nn a 1"689.

0ther primary mlnerals are biotite, hornblende,

nagnetite, apatlte, and. yellow sulphid.es" Pri-mary biotite
has a distinctive massive appearance, is only sl1ghtly
pleochroic, and is generally found. associated with or

rimming magnetite. Primary hornblend.e is of minor occurr-

ence; it is d.lstinguished from second.ary amphibole by 1ts

blue-green color and. non-fil¡rous nature,

f'he oceuruence of magnetite and. apatite present

special problems. Collins I'tgø+) said that tltaniferous
magnetite is intergrown wlth pyroxeneu hornblende, and.

biotite and therefore crystallized. early" Certain features,

however¡ âro not 1n accord. with this idea" In tbe first
place, magnetite shows the sair.e filling-in shapes as the

late quartz where it ocours in feld.spar, Second,Iy, blotite,
which is not an early crystallrzing nineral, invarlably

forms a thin rim around. the magnetite grains"

Apatlte also gccurs as euhed,ral crystals intergrown

with the ferronagnesian minerals or around the edges of



18

them, It may be elustered around- grains of magnetite, and.

1n general those sections high in magnetlte are also high in
apatite, A. few grains were fou¡d. to be later than feld.spar"

lhe hlghly variable amo.¡¿nt of apatlto and. magnetite

in different sections is puzzling" In so&e sections they

aceou¡t for almost L0 per cent of the rock, whereas in
others there is virtually none. If they were the very

earliest to crystallíze, some sort of segregation at the

bottom of the norite would. be expected; if they crystallized.

at about the sâme time as the ferromagnesianso a uniform

d.istribution throughout the norite would be expeeted., As

neither is the oase o there may be another explanation,

Âlteration minerals, The nature of the uralitic
alteration is more easlly observed. in hypersthene than in
the diallage, which has a lamellar structure eontrolling the

size and. d.istribution of the fibrous material. In hyper-

stheno the alteration always begins at the outer bsrd.er and.

progressively works its way lnward.s by veinlng until only

isolated. remnants of the fresh pyroxene remain (FiS" 4);

1n diallage, because of the structural oontrol, nost of the

mineral may be altered. and. yet have partly fresh borders"

Hypersthene may alter d.irectly to uralite or me.y

pass through a bastitie phase" The serpentine, whieh was
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Flg" &" (xla) Hypersthene almost eonpletely
aLtered. ts serpentine. Diallage
still fresh,
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ldentified by lts x-ray powder pattern, is gray to ti.ght
green in color, has a nassive or aggregate strueture u and

has very row birefringenee, The alteratlon is sçsempanied

by a separation of snall grains of magnetite ln both hyper-
sthene and. d.iallage "

The uralite is a pale gray to green eolorr oeeurring
in fibrous pseudomorphs after pyroxene (Fig" 5). pleo_

ehroism is srlght to sned.ir:m, probably beoause of the loss of
iron due to the separation of magnetite" Birefringence 1s

J.ow, the highest color being first srd.er yerlow. The &ax-

lltun. extinction is t5o and the mineral is length-slow, An

interference figure could. not be obtained.. rnd.ieee of
refraction are og * L"64ø and nn q 1"6õI"

ïúith noro intense alteration, the urallte reeryst-
arllzes around the outer edges to a d.arker green¡ r[oro pleo-
cbroie arnphibore" "4. nixture of snall biotite ptates flay
aeeo.mpany the uralite. Tllith extreme alteration, this ¡rix-
ture or the uralite alone sBread.s out through the rock
replacing the feldspar along grain boundarfes, twinning
pranes¡ or in iryegular patches (rig. 6) " rn one or two

seetlons the urarite has gone completely to biotite"
rn most sections the alteration by the late qu.artz

and. granophyre is not l.nrrportant a$ it onry fills in the
spaces between grains and. corrodes slightry the ad.jacent



Fig,5. (xL0) Flbrous pseud.omorph ofural 1te after hy¡rerstb.eã.e.(x-nieols 
" )
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tru1g" 6, (xl8} Uralite replacing feldspar
along graln bound.aries and. in
irregular patches"



zg

feldspar" rn a fev¡ sections it d.oes beeome prominent,
replacing large portions of the feld.spar. rhe pseud.omorphs

sf uralite after pyroxene are ln sone sections a mlxture
of amphibole needles and. s.mall quartz granules, rn a few

sections they are a roixture of anphibole need.les and oarbon-
ate grains.

-a.lteration of the plagioclase is by no neans as

conimon or intense as that of the pyroxenes u but even in the
freshest norlte an ipoipient type of alteration oeellrs at
the centre of the rarge ferd.spar grains. Rarery this alter-
ation becomes intense and the rarge feld.spar erystal is
packed with small crystals. The small erystals are eslor-
less and have good crystar bound.aries but no distinetlve
crystalline shape. They have very low birefringence and. a

hlgher index of refraction than the ferd.spar. lhe feläspar
tnvarlably roses its typiear brown color at the point where

these grains erystallize, suggesting that the exsess iron or
titanium causing the brown eolor is being used up in the
formation of a silicate mineral, lhe only mineral whic.h

would flt this theoretieal composition is zoisite. zoisite,
horruever, has srightly hlgher birefringence and usuarly
occurs as aggregetes rather than as s1ngle crystals.

Trith severe alteration, the feldspar rnay break d.own
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aompletely, lose its brown color, and the rook becomes a

mixture of clear alblto, êpidote, and. amphibole.

Calcite and. chlorite veinlets are present but are

rare,

Ïf " MECHAIVICÀL ANALYSES

¿{ series of four thin sections showing a complete

grad.ation in the degree of uraritization of the pyroxenes

\Ã/ere chosen f or ehemieal analysis, lhe purpose of making

analyses of such a serles was to determine whether the

ehange in mineral composition had. artered the bulk ehemical

composition of the norite,
ïIowever, a brief examination of a number of thin

sections showed an apparent erratic distribution of the

feruomagnesians. The a,mount of quartz also appeared. to
ehange from section to section. ff these appanent variat*
ions tvere rear, the results of ehemical anaryses might be

seriously affected., Before naklng chemlcal analyses,

thereforeo mineral analyses of the sections v/ere mad.e to
determine whether the totar ferrornagnesian content and. the

quartz content re.mained. constant from sample to sample.

RoelwaL analyses, Four sections shovring a com.plete

fresh to altered nsrite were selected. and.grad.ation from
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analyzed.e using an integrating stage. Wherever possible,

brank spaces in the thin section were added. in as the proper

mineral" Minor constituents, €og"u magnetite, biotite, were

neglected 
"

?he results risted. in fabre rr show wide variations
1n the mineral composition of the speciru.ens. The total
ferromagnesian content (hypersthene plus d.iarlage plus ural-
ite) 1s 26 per cent in the fresh norite but is only 19, zLu

and, zz per oent respectively in the three attered. sections.
The quartz content ranges between ? and. lt per cent in the

four sections. This may .raean that a large variation in
mineral eomposition from. specimen to specimen d.oes exist.
0n the other hand, perhaps a singre thin section will not
give a rellable analysis of a given sample.

To test the latter id.ea thoroughlyu seven thin sect*
ions ,tpere mad.e fro¡n one and. one-half inohes of sample by

euttlng the sections at the closest possible intervars. arl
the seotions were analyzed using the integrating stage.

lhe results ln lable III show conclusivety that an

analysis of a single thin section is not adequate for a

medium-grained rock, lhe a¡ount of plagioelase in the

seven sections varied. fron 55 to 73 per cent, hypersthene

from 9 to 20 per cent, d.iallage f,yom 4 to lõ per cent,
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ROSI\ryåL S,NAIYSES OF A

TABI,E II
SERIES FROM FRESH [O SJ,TERED NORITE

Constituents A

Plagfoelase

Hypersthene

!iallage

Quartu

Urai,ite

65

Lø

I
,l

7ø

,r

z

q

o

7A

I
t
Y

I9

6',r

7.

11

za

Lo
2"

4"

Slightly altered. norite,
Norite shor,ving med.ir¡m graite of alteration.Norlte with onty a few unattered. r"*uñ{s of pyroxeneoCom.Bletely altered norite "
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ROS]IVAL å,NALYSES
FROM A

T.ÀBLE III
OF CONSEOT'TIVE SECTIONS
SINGLE SAI'iFLE

Sarople Flag, Hyp' Diall " Qtz. Ural 
"

5-.A,

5-3

5*C

5-D

5-E

5-F

5-G

64

66

70

55

59

76

^4

l6

L4

L?,

z0

L7

v

14

v

v

4

Lâ

Lø

A

t0
,q

1t

7

q

I
't 2.

z,

4

r7,

ö

v

e

.Àverage 65 L4 l0Ê

5-4, 5-3, etc" lþesh norite,
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qlrartz from ? to l? per cent, and uralite from Z to 5 per

oent " -A.t least f ive analyses should. be averaged to get

reliabre values for the mineral conposition. The sections

used r4/ere about 300 se" m¡1o in area; therefore the total
area measured should be approximately 1500 se. ru¡l. lhe

average grain size of the sud.bury norite is about one se,

IIIO.

Planar anaryqes. lwo independent planar analyses of
sample no. I were made as a check on the accuracy of the

linear analyses. the thin section was projected. on to a

sheet sf brank paper and all of the rnajor constituents
except plagioclase vuere traced. on to the paper, the remain-

ing blank area representing plagioclase. îhe respective

areas of the different mlnerals \rvere measured with a plan*

imeter.

A nurnber of difficulties were encountered wlth the

nethod.' Quartz could not be easily distinguished. from

pragioclase on the sereen; nor could. the intimate mixture of
hypersthene and uralite be accurately separated. tr\rrther-
nore, the quartz grains were too smalr to 'oe measured

accurately urith the planimeter.

These difficulties are appareni in the results given
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in Table rv. The a.mounts of hyperstheneu diallage and. urar_
ite found. by pranar anarysis agree withln I or z per cent
for those found by Rosiwar anarysis" However, the arnount of
plagioclase found roy planar anarysis is g per cent flore than
that found by Roslwal analysis u and the amouni of quartz is
5 per cent less, indicating that much of the quart z nas b.een

estimated as ptagioclase in the pranar analyses. rf these
two constltuents are add.ed together, the result,s give a falr
agreement with the Rosiwal analysis.

GqC.Lp counting" Analysis by grain counting was

tried. in order to avoid the laborious procedure of making
four or five thin sections from each sampre for one anar_
ysis" -about thirty grarns of each sarnple 'rdere purverized in
a diamond mortar. Each sarnple vr¡as then sieved, collecting
the minus 60-plus 100, minus loo-ptus ¿00, and minus zo0
mesh fractions. The procedure of crushing and sieving was

stand.ardized as mu-ch as possibre, with the result that about
the sa¡te vreight of fraction of each samFle was obtalned..

Grain counts rtr'ere made on the minus lOo-prus zoo
mesh fraction. The grains vvere im¡¡iersed. in index oil
(n = r.55) on a glass slid.e and. the slide was run across the
field of the nicroscope in a straight line using the in-
tegrating stage " Onty those grains intercepti'g the
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COÌ'vIPARIS0N 0F

Î-ABLE IY

ROSII¡fAL *{lVD PLÀNAR AN¿,LYSES

0onstituents I*A l-B

Plagioclase

Hypersthene

Diallage

Q,uartz

Uralite

65

6

IJ

7

75

t0
E

ts\

E

rI4,

LZ

/1

h

1. Rosiwal analysis
1--4." Planar analysls
I_3. il rr

of slightly altered
by l. A. Oliver ofÌr H"D,B. T{itson tt

norite 
"

same thin section.
ftiln
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cross-hairs were counted.. counts riere made on three separ-
ate srid.es for each sampre; about õ50 grains were counted on

each slide, making a total of 1000 grains"

This method oould not be used. for determining quartz
as most of the quartz grains were not freed by the crushing
but remained atiached to feldspar grains. The percentage of
quartz varies relatively tittte from section to section, as

shown in [able rrr, so it was determined by making Rosiwal
analyses of two thin sections for each sampre. fhe hy¡rer-

sthene and uralite had to be grouped" together as they \Ãiere

not completely separated. by the grlnding.
rhe resurts of the grain counts are shor¡vn in lable

v' sample no" 5 is the same one on whieh the seven consec-
utive Rosii¡rar analyses i¡iere done. The resurts fron the
grain counts for this sample agree within I per cent of the
average of the seven Rosiwal anaryses. lhe crose agreement

ind"iaates the accuracy of the method of grain counting.
The results also shovù that the total am.ount of

ferromagnesians is almost constant in specimens of fresh and.

altered^ norite. The total content ot ferromagnesians varies
between 36 and 28 per cent. These resurts eli.minate the
possibillty of an erratic d istribution of f erro.nnagnesians in
d.ifferent speci.mens seriously affecting the resurts of
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TASLE V

¿,N¿,LYSES OF "ÀN ¿J,TERÀTION SERIES BY GRAIN COTJNTING

ConstituentsS6,fa

Plagloolase

Ilypersthene plus
uralite

DialLage

Quartz

64 6+ 64 61

18 ZL ?,ø ¿g

855
10 10 811

5" Fresh norite"
6" $tishtly altered norlte"
7. n n n 

"8. Completely altered. norite"
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chemical analyses"

III. OHEMICAL Aì{A],YSES

Analyses gf rqck samples-, Sa-urples Íroo 6 and g were

chosen for chemiear analysis. No. 6 is norite in which the
pyroxenes are unaltered or only srightry altered whereas

oo. I is norite in which arl of the pyroxene has been alter-
ed to fibrous amphibole. The purpose of anaryzíng these two

specimens was to determine whether the change in mineral
composition from pyroxene to amphibole had also changed the
chemioar ssmpositlon of the rock in any important respects.

The results in labte vr show llttle ehemlcal differ-
enoe between fresh and. altered norite; the d.lfferences are

so smarl that they may be within the range of experimental

error' silica and. arumina appear to be ad,d.ed. in the arter-
ed sampre, whereas there is an apparent d.ecrease of art the

other constltuents exeept the alkaries and water. These

d.ifferences are slight, however, and. may not be slgniflcant,
[he water content of both samples is surprisingly low, but

a redeterminatlon gave slmilar results"

åeparatiog of p_ute pine_ra,ls. The d iff erences 1n

coropositlon of the fresh and. altered rock are small, but

possibly sone of the differences are rea}. To deterrnine
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$ÂBLE VI

CHEIWIOÀL ANÂIYSES OF FRESH AND ÀLfERED NORITE

Constltuents I6

si0e

Atå0õ

Fe*0U

Fe0

Ca0

nde0

Na¿0

K¿CI

Eeo

59.90

17"60

e.8g

7,Lg

9 ,05

Þ"Ub

¿,59

r "ø4

o "zz

54,+Z

19.65

1" B7

6,07

I "V4

5,L5

¿,90

L "5ø

0 "30
lotal 100, l6 100.5ã

S. G" e,g'l a. Bg

6 u trþeeh norite 
"I " S.ltered. norite o
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whether or nst thls ts sou pure hypersthene, d.iallageu and.

uralite were separated. from crushed rock and. analyzed.,

fwo sanrples about f ifteen f eet apart ¡ oR€ fresh and.

the other altered^, were ohosen for the separation. pure

uralite was obtained. with ease from artered norite by separ-

ating the minus õÐ=plus 60 nesh fraction in Croriei¡s sorut-
lon. fhe flrst eoncentrate of uralite was purffied by two

further separations" Large magnetite grains were extraoted.

with a nagnet"

å test for purity was nade by iru¡.ersing part of the

eoncentrate in index oil and. oounting pure, mixedu and.

foreign grains, I\{ixed. grains ürere mostly uralite plus fetd.-
spar; foreign grains Trere mostry opaques and. a few apatltes,
The test showedl that the uralite was g? per cent pure.

lhe separation of hypersthene and. diallage was

complicated. by the fact that the specifie gravity of d.latl*
age is intermediate to that of hypersthene and. uralite.
Therefore, hytrlersthene partiatty altered. to uralite has

about the sane gravity as the dlallageo and theso cone down

together in the separation" By repeated separations in
clericirs solution about 1"5 grams of pure hypersthene was

removed, from the ¡aixture of altered. hyperethene and. d.lall-
age. This conceatrate u,¡as found to be gB per cent puree
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the foreign and. mixed grains being the same kind. as in the
urallte.

Fure diallage could not be obtained by this method.

for the reaÊon stated. above. coleman (tgzgi touna that the
monoolinic pyroxene (which they called augite) oould. be

separated. from the hypersthene with a Harrimond separator.
However, the magnetic separator available was not sensitive
enough to d.istinguish between the two pyroxenes " Due to
the failure of these method.s, the diallage was finalty
piolced by hand und.er tho binoculars"

rn thls method, fresh norite was crushed, sieved.,
and a concentrate of heavy minerals obtained by separation
in clericirs solution. Dialtage ïvas picked from the minus
g5*plus 60 and. the mlnus 60-plus r00 mosh fraetions und.er

the binoeulars with a two-haired brush whlch was then dipped.

lnto a smarl beaker of water, freeing the mineral" rt is
read.iLy distlnguished by its d.ark green color and. frat,
tabular appearanee whereas hypersthene ls pink and has a

stubby prtsmatic appearance. -a.bout half a grarn uras picked.
in thls nanner. The concentrate was further purified. by

separation in clerioits solution. rhe amount used. for the
analysis was estiuated. to be g5 per cent pure"

4,nalyses of the minerals 
" The mineral analyses are
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shown in Table VIf u along with the calculated formulae of

the minerals.

Only the main portlon of hypersthene and diallage

was completed., owing to the small anount of these minerals

available " Diallage contains approximately 3 per cent aore

alumina, l5 per cent more limeu B per cent }ess ferrous

lron, and. ? per cent less ftagnesia than hypersthene"

The analysis of uralite shornred 1t to be roughly

interrned iate in coüiposition to hypersthene and. d.iallage.

lhe f irst analysis of uralite sholved a d.ef icit of 4 per

cent" This was considered to be an analytical error but a

second. analysis gave slmilar results.
The nature of this analytical deficit in amphiboles

has been d.iscussed. by Jakob (f gf5, 19õ?), who found that it
is generally absent from asbestiform (one-d.inensional) var-

leties but never fron coiapact (three-dimensional) varieties"
The deficit \Á/as onoe thought to be.due to an excess of mof-

ecular oxygen but Jakob has shown that it is actually oau.sed.

by water given off above l0OOo C. lhis water is more or

less reduced to hydrogen by bivalent titanium" Hls views

are conflrrued by Heng Sheng l¿Vang (fgøg) who tabled Niggli

values of ninety-four hornblendes and found that the vary-

ing def icit is d.ue to the diff iculty in drivlng off water"
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ÏÀBLE VII
OHEX'rICAL AIVAIYSES 0F HypERSr]tEi[8, DTALLAGE, A.r\D URALITE

Constituents I 7, ó 4 5 6

Si0p 5e,Il 51.61 51.48 53.2L 52.3+
54.9

.â120g L.ZZ 4"L7 .',5.?8 +.24 5,01

Fe2og 1.65 ¿ "26 (z "26) ?, "26 r ^ AIö.+
FeO 19.96 11,48 lõ,04 (19,04) tõ "0+

Cat t"6U. 16"09 ?"õ9- 6.58 6,98 8"4

¡,f90 22,L6 L5,49 L4"46 15"65 15.06 l8.l
Na¿0

0"80 0"90 0.9
Keo

HpO 0 "7? 0,70 0. ?l

lotals 98"77 98,84 95"93 96.48 96,40 100"0

c/l 3Ar7Z^rylJô go c/o={ ¿êVl

1. "Analysis of hypersthene , trfg¿FeS i--,i1g "2, n rr d.iallage u ÇaZ(Mg,Fe)4516019,
6" Ir rr uralite, Ca(lvlg,Fe )bSig0Z¿ (0H)t.
4, Check analysis of uralite,
5. Average analysis of uralite,
6. Average of uralite recalculated. to I00 per cent by

taking ad.dition of slIica plus alu-nina and water' (inctuding the d^ef icit ) in*to account.
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-Another possibillty pointed out by Larsen (rgge) is that the
errors in analyztng amphiboles raay be due to the presence of
fluorine in the amphibol_e"

carcqratio.ns base_d on the_ analyses, rhe original
problem was to cletermine whether the uralitiza,tion was

acoompanied by any change in ohemical composltion, This is
norrir possibre by making simple calcurations involving the
constituents of hypersthene and diallage, and the ratio of
hypersthene to d.lalrage in the rock. The coltposition of
uralite theoretically calculated from the composition of
hytrlersthene and diallage should agree with the conpositlon of
urarite found. by chenical analysis if no changes in chemical
composition accompany the uralitization. some assumptions

and. ad.justments have to be mad^e before making the calcur-
ations.

rf the assumption is made that none of the constit-
uents except sirica plus alumina and water change then the
other constituents must be adjusied to tOo per cent before
a true comparison ean be ¡nade" The assumption that there is
an aetual gain in sitica prus alu_rnina agrees with the
results of the rock analyses, in which there v,¡as a total
gain of about fr per cent in these constituents in the
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altered rock. In the uralite there is a galn of õ"1 per

cent in silica plus alu-rnina and. 4.6 per cent in v¿ater

(includ.lng the deficit)r or a total of 7.? per cent. this
amount is split proportionally arrrong total iron, lime and

.@agnesia as shovun in Table VII. lhe ¡mount of total 1ron,

lime, and- magnesia in the uralite should be equivalent to
that in the tvro pyroxenes when the ratio of these two min-

erals in the norite is taken into a,ccou¡t, if the above

assumptions are valid..

The ratio of hypersthene to diallage vuas d.etermined

by making Roslwa} anal¡rses of three different thin sections

of the anaryzed norite. the average ratio of hypersthene to
diallage vuas equal to 1.6 to r. Grain counts gave a ratio
of 1.5 to 1. Ten other sections of fresh norite gave an

average valu.e of 1"8 to t" compensation should be made for
the specific gravities of the tv'¡o minerals since the ratio
found by these methods 1s a volume, not a ueight ratio. The

d.ifference, however, is v,ilthin the limit of error, the

valu-e finally used v,ras L"7 to l wh1ch means that 0"63 parts
hypersthene plus o.[5? parts diarrage for¡r ].0 part urarite"

Using this ratio, a silrple calculation shows that
theoreticallyo uralÍte derived fro;n h¡rpersthene ancl diallage
shourd contain 18,0 per cent total- iron whereas anaryzed
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uralite adjusted to 100 per cent eontains lB.4 per cent

ferrous íron" fheoretically, the uralite derived sorery

from the hypersthene and diarlage should cont,ain 6"g per

cent lime and 19"6 per cent magnesia; it actualry contains
8.4 per cent lime and t8.l per cent magnesia.

rf the above calculations are absorutery correct,
it means that in the urarite formed from the pyroxenes by

alteration 0.4 per cent total iron and. r"5 per cent lime
have been added, and 1"5 per cent magnesia has been rost.
However, when the nilnierous sou_rces of error e e.go, the
separation of pure minerals, the chenicar anaryses them-

selves, the d.etermination of the hypersthene to dlallage
ratio, are considered, the differences are probably within
the limits of error.

rhe conclusion is that the onry changes in chemical

coeposition in the uralitization of the Ëudbury norite are

a slight addition of silica plus arumina (which may not be

signiflcant), and. water" Frrrthermore, as the pyroxenes only
account for about one-third of the norite by weight, âtry

real changes in composition wlll give much smaller absolute
d ifferences in the rock analyses,
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IV" OSTIER FROPERTIES OF THE AN.I.LYZED I\.{INERÀLS

Op_t.L_qal pgqp_eq!_Þç-. Considerable work has been done

on the relationship betr,veen cornposition and optical prop-

erties of the pyroxenes and. amphlboles, lYinchell |ttg'ïT ) has

publlshed. graphs showing the relationship between the

indices of refyaction of these minerals and. their composlt-

ion and. other properties, fhe values obtained from his

graphs and the values observed. in hypersthene, diallage, and

uralite are compared. in lable VIII" The values agree fair-
ly we1l"

fhe qggrf'Þ:s- of X:gey woqk. Powder plctures of the

analyzed minerals were taken. The read.ings are record.ed in
lable IX. For comparatlve purposes the S,,F"T"llvï. card index

readings for hypersthene, d.iopside, and. actinolite are also

reported, The minerals agree well with those in the index.

Nature of the uralite, The secondary amphibole of

the norite may have a constant compositlon or two d.istinet

amphiboles may have been formed from the two pyroxenes. If
there are two, then the hypersthene and d.iallage merely

underwent hydration 1n the d.euteric alteratlonu but 1f there

is ohly one of constant corûposition then there nust have
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TABLE VIII

CO}/FARISON OF FROFER'TIES OF THE AN¿,LYZED J!ÍINERA,LS
WITH THOSE FI,OIVJ \¡'/INCHELL I S GR.{FHS

PropertieslZS4S6

Anount it[gO ?,? ?,8 l5 L+

rr FeO ZO t5 lt B

rr ,CaO t6 24

2Y targe 78o Large 600 ? g5o

Sirefring" Low "0012 IVfed" .025 Low-med.. "025

z c +Do 4Lo l5o 15o

s " Gn 9,47 ø "40 3 "A7 7 ,L0

I. Hypersthene from Sudbury norite.
Z" Hypersthene from Vfinchellrs graph for enstatite-

hypersthene system for ng = 1"699,
3. Diallage fro¡i Sud.bury noiite"
+" Dlallage from lïinchell i s graph f or the d.iopside-

hedenbergite system for nE = 1.710.
5. Uratite from Sudbury noriõe.
6. -Actinolite from lVinchellls graph for the tremolite-

ferrotremolite system for ns = 1,64ø"
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?A3LE IÏ

X*RAY INVESTIGATION OF THE åNAIYZED TdII\TERALS

IdId.I¿Id.Id.Id

1 ô,3+
t0 3.20
z 2,99
5 ¿"gB
z 2"72
7 2,56g 2,49
t ?,26
3 2.LZ
1 2.03
I e"00
l 1"96
I I"79
t L "'141 L.62
1 1 ÃOÅ LøV¿
,1^'a Lavp

5 T"48
t L"4g
4 I"3g

g "36ô,20
900

3"890
2.725
2.550
z "482z,293
Z.TLZ
z "026

1.95?
L "?84

I,599
L "527
1,496

l_ ,9 89
a4..n

t 4.50
t 4.L6
z 3"4L
5 g"z6

I0 ã.00
3 8.911z z,570

l0 ?, "523t 2"44L
z z,303
?, z.zag
5 2 "LZBö e.0õ8
3 e"010
4 I.BUB
7 L.7 44
z 1"661

t0 1.616
4 L"497
9 I "4L8etc.

2"
¿
¡,|.+'

zv
o
I

I
I
'1
I

z"
I

I
l0
t
I
I
I
I
t
I

IO

tJ
rz,

ñ

5
.L

A

A
=

6
5
x

ø.20
200
too
z,72
e "59

z "30
z "zz2.Lg
?, "oø

l.?6
L.6ø

L .42

+.56 I 4.58
4.19 Z 4.30
9.86 6 3.92
6 "ø7 6 3,42
6 "27 6 g.Z8
ø "Lg I g.L4
2"95 6 2.94

5 7. "792.6+ r0 z "70z"6L 6 2"59
?"54 I 2"54
z "-ó5 Y ?,ø2
2.28 8 Z "28z.L7 B Z.L5
?.06 4 Z "Qø? u.0l

?, 1"9õ0
I"8? 6 I "8814 l.g6õ
I"8l 5 1"906

5 1"679
I"65 I L"642
1.6õ ø I.614
1"59 I L,576
1.55 g 1,55I

5 L"57rl
l.5l I 1 "50?L"+4 t0 L,462

etc"

,2,

ø
I
I
2.

1. Hypersthene, chemically analyzed.
?" Hypersthene, A.S"IuM.o II, LL38"g" Diallage, ehemieally analyzed..
4" Diopside u A. S.t oM" , II , LbBó.
5 " ïIra11te, chemically analyzed..
6. Actinolite, A"S.T"M" , If , 1908.
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been an interchange of calcium, magnesiun, and. iron ions 
"

The optlcal properties do not afford much evid.ence.

The uralite formed from hyper.sthene does appear different
from that for¡red. from d.ialrage in slightly artered sections.
rhe uralite derived tvom diallage has slightly higher inter-
ference colors and. 1s finer-grained than thai from hyper-

sthene " The lamellar structure of d.iallage may control the

size of the alteration product, however. A¡other feature

in favor of the two-arnphibole idea is that the hypersthene

seems to be nuch more easily altered. than the diallage; some

sections show much of the hypersthene severely altered

whereas much of the diallage is still fresh, [his might be

an illusion due to the greater amount of hypersthene in a

section, ïn severely altered nori.te, all of the uralite has

the sa.ne appearance, suggesting a constant coÍnpositlon"

,As mentioned before, hypersthene occurs 1n euhedral

prisms whereas d,lallage has a mcst irregular habit " In the

early stages of alteration, the secondary arnphibcte retains
these distinctive shapes. It was therefore possible to
polish a section of rock and scrape out with a diamond point

enough of the iwo types to make povrder pictures of them"

'Ihe resulls in fable X are again inconclusive. The

two types certainly have the same structure as actinolite
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TABLE X

X.RAY COüIPARISON OF ÏIRÁ,LITE FROId BOTTI PYROXENES

I
1
I
1
I
1
I

ö
l
I

10
I
ø
I

I
1

I
l

5,09
4"56
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but the method may not be sensitive enough to deterrnÍne
slight differences in composition.

3'n attempt was mad.e to obtain indices of refraetion
on the tivo types bu-r, this was unsuccessfur due to the ex-
treme fineness of the material scraped. out by.the d.iamond.

point,

The above work indicates that there nay be d.iffer-
ences in the corlposltion sf uralite d.erived from hypersthene
and that d.erived from diallage; the nature and. extent of
any d-if f erences, hor,veveru could. not be d.eterrnined "



CHAPTER V

CONCLUSIONS

The conclusions based- on the above v¿ork appear

below,

(f) [he results of chemical analyses of fresh and

artered norite shov,red that no important ohanges in ilre

chemical composition of the rock occur d.ue to the process

causing uralitization" This fact was confirmed by analyz-

ing hypersthene, d.iallage, and uralite; the resurts showed

that water and. possibly a small amount of sllica and. alumina

are added in the formation of urarite whereas the d.iffer-
enees in the other constituents lrere within the timits of
experimental error.

However¡ rro samples of norite were anaryzed. in which

the feldspar had. been largery replaeed by the urallte or
late quartz" iviaterial of this kind. might be radieally
altered in composition.

(e) The results of the mechanical analyses sbowed

that the distribution of the ferromagnesian minerals and. the
interstitial quartz is fairly constant in fresh and. artered.

norite, i.eu¡ the percentage of hypersthene plus dialrage in
the fresh rock equals the percentage of urarite in nearby

altered rock.
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(õ) À Rosiwal analysis of one thin section will not

give reliable values foy the mineral composition of the

rock" ,Analyses of two thin sections from the så-ne sample

showed that the amount of plagioclase differs by as much as

18 per. cent, and. the other constituents by from õ to l0 per

cent, Four of five thin sections should be analyzed to

obtain reliable values 
"

{4) 0ther investigators using chemical and mineral

analyses of the norite have neglected the possible effect of
the arteration upon their results. This work shows that the

alteration wourd. not make mueh d.ifference as long as only the

pyroxenes in the samples were altered" samples in whieh the

ferdspar had been altered night not give results which could.

be reliably compared to those from other samples.

(5) lhe proeess of uralitization in the Sud.bury

norite appears to loe carried out by a residual riquid of
aqueous character, carrying small arnounts of silicao alum-

ina, and possibly fluorine. In the first stages of the

alteration simpre hydration of the pyroxene takes prace,

resurting in serpentinizai;ion or uraritization 0f the hyper-

sthene and leaving the d.iallage relatively unaltered. iririth

increasing alteration an interchange of calcium, nagnesium,

and. iron ions between th.e two pyroxenes may occur, resurting
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in the formation of an amphlbole of eonstant composition.

These points, however, are not definite.
(0) The problein of the dlstribution of serpentiniz-

ation and. uralitization in the intrusive was not solved "

The writer suspects that the serpentinization of hypersthene

is largely confined. to the bottom of the intrusive where

there is not as much d.iallage in the rock; an extremely

careful job of sampling the intrusive would be required to
d.etermine this noint.
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APPENDIX

SÁI'dPLE NÜ1WBERS USED IN THESIS WITH COBRESPONDING
CORE I{UMBERS
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