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MIKERALOGICAL VARIATIONS IN A DIARACE SILL
KZAR RILRGL, ORANITE COUNTY, MONTAKA

Faul Thomas Thiel

Saxples colleoted rron & disbase sill neer Nimrod,
Montana, were studled by means of the pstrographie nicro-
scope and X-ray diffraction. iineralogical compositions
and apprroximate ehemicel eompositions were computed for
rock samples in vertical traverses in order to deteot and
describe variations., Yet chemiocal analyses were also zsde.

¥ajor minerals present are plaglooclsse, elinoryrcxenes,
hornblende and unusually abundant iron ore {(averaging 8 per
oent). The absenee of orthopyroxene is attributed to the
orfginal high iron/magnesium ratio.

The parent magma is deduced to have been of ferro-
gabbrolo ccmposition. 1t was en iron-rich tholeiitis magms

slightly over-saturated in silica. The origin of the iron-
rich magma was probadly differentiastion from an originsl

tholeiitio magemm whileh followed a Fenner-type course of
dirferentiation with enrichment in iron and alkslis, but
with otherwise little change in oxide content. 2 very low
partial pressure of oxygen or & dedrease in Fpq during
differentiation, total eomposition reuaining constint, may
be the ceuse of an enrichmsnt in iron instead of silioca

v



during differentiation. This trend is noted in nom-oregenio
regions.

Yertical wvariations were observed., The plagiooclase
ranges from Angs &t the contect zones to /n,, in the coarsse
zone near the top of the sill., There is some iron-enrich-
pent in the later clinmopyroxenes. HNormal chemiez) vecriation
for diebase oocurred as the sill orystallized, except in the
course zone, where the residuals were eoncentrated and an
enrichment in iron, titaniua end slkalis took place,

The Nimrod diabase sill 1s simllar zinsralogleally and
chemicelly to seversl sills end dikes in the area east of
Xissoula, Montana, which intruds Irecambrian metasediments
of the :telt Series. Cretaceous defoarmation of the diabases
places age of intrusion between rrecaudrizn and Cretaceous,
The sills ere similar to other (Purcell) disbases which
intrude Precambrian seliments of northern Idaho, north-

weatern l‘ontana end southeastern Critish Columbia.
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GCrvTRAL CREOLOGY

The sill studied orops out near KNimrod, Kontana, on
the south side of the Clark Fork River for a distance of
approximately six miles. (8ee Figure 1). Lxposures are
usually poor, for although the sill erops out on steop
slopes, the vegetation (conifers, shrubs, and mosses) is
dense and talus slides frequently oconcesl the bedrock,
Extrusives cover the sill in seversl places. Iamples wers
taken froa spurs of bedrock Jutting out of the hillside.

The region has high relief (3,050 feet in the township).
Saddles have developed on spurs &s a result of differentisl
erosion of the sill snd the more resistant quartzite above
and below it. Two treeless slopes were observed where the
#ill crops out - one on the west side of Tyler Creek and the
other one mile to the west. The outerop pattern of the sill
as mapped by Joel ‘ontgomery (iontgomery, 1558, map in

1



folder) ha# bean aheokad end found to be accurate* figure 1
*how# thl# pattern and the location of sa“iple trarerses®
SaapléE were collected approzisiatelj every alz feet;
poeition# of aaaq™le# below the top of the #111 are Indicated
on text diagram# and In Table III, page 62 #

A Sample localities

Y  Thesis Amad.

figure 1. lag) 1of Nimrod sill in Garnet Range formation
g elt Series) and location map of area
oXter rontgomcry, 1970).

The #111 we# Intruded Into the bottom half of the
Garnet Range formation of Précambrien (Beltlan) age. The
Garnet Range formation here 1# a gray quartsite which
weather# pink* The formation a# a whole 1# approximately
4,000 feet thick and was described by Montgomery a# a thinly
bedded, greenish brown, micaceous, sandy quartzlte and

argillite with interbedded gray quartzltes*



3
The sill averages 470 feet in tLickness, vaurying fron

558 feet thick at the mouth of Tyler Creek to 374 feet at
the western extremity. It strikes rouchly 580%:. and dips,
on the average, 32°;. Eeveral Joint orientations are
presont in the gill. In one system two sets of Jjoints were
developed, one roughly perallel to the contscts and one at
60° to the contacts, striking K209, end dipping 73°z.
Eeczuse these sane sets sre also present in the quartzite,
the origin of this joint syatem is interpreted to be
tectonio. Other joints, which are econfined to the 8ill, are
perpendiculsr to the sill contacts and vary extrenmely in
strike. These ;robubly constitute imperfectly formed
coluunar jointing, developed by shrinkege of the intruded
diasbtase during cooling.

The fresh diabuse 18 dark gray in color. Chemical
weathering, primarily with limonitic alteration of the
ferromagnesisn winerals, usually extends sbout 3 millimeters
into the diabase. The rock bas slso been weathered along
the many fractures which ocour in it. ixfoliation was noted
in the diabase nesr Bateman Creek.

liydrotherual .ones

Several hydrothermal zones ere found in the diabase,
primarily near the mouth of Tyler Crsek. These zoues are
pods of caleite and/or ampnibole {primarily horndlende, with
some actinolits). The pods are 20 to 60 feet in dismeter

end may be connected, beczuse veins of oxlcite and quartz
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ere found in the areas where the hydrothermsl pods sere found.
The pods grade into normal diabase. The a;teratian of the
diabase msy have been a rearrangement of the elements into
emphibole and caleite with the introduction of volatiles,
principally water and carbon &ioxide, snd removal of silies,
Chaleopyrite 1is sometimes found in the calcite of the podla,

The hydrothermal zones a&re quite coarse in the upper
part of the s8ill, where hornblende crystuls three inches
long were found. The c¢aloite in the upper part of the s8ill
is often quite massive and polysynthetically twinned. In
the lower part of the sill an altered zone was found
oontaining fine grained calcite replacing pyroxene; plagio-
clese is more ebundant than calcite in this zone. The
abundant calcite (hence introduction of COz), the eoncen-
tration of the zones neer the mouth of Tyler Creek, and the
presence of a onlolite-plagioclase zone near the lower sill
contect indicates a hydrothermal origin for the zones rather
than a deuteric origin. UVere the zones deuteric they would
likely Ve more general throughout the coarse part of the
diabase.
Contacts

The coantacts of the diebase with the quartzite are
generally very sharp. The dlabase at the contact is of
basaltic texture with small plegioclese laths in a glessy
groundzass. Larger plagioclase laths snd clinopyroxene

grains ere present as pheoncrysts (see Figure 2). A study



of th# quortzlte at the contact (see Figure 3) revealed a

layer of plagioelaae about 5 Mlllmeters thick Imc;edlately

adjacent to the diabase. Fuhedral hornblende was introduced

aa far aa two Inches into the qu”rtzlte.

However, on the

whole, the quartslte, with its already autured grain#, waa

little affected by the Intrusion of the diabase. Come

quart%Ite fragmenta found in the diabase were remarkably

unaltered.

contact

Figure 2 ' hotocicrograph
of diabase at
lower ccntect.
(70X and crossed

nlcols).

contact

Figure 3.

Photomicrograph of
quartz!te at upper
contact. Hote
plagioclase laths
introduced into
quartzite near
contact and sutured
quartz grains. (25X
end crossed nlcols).



General ruineraloicy end Texture

The diabase Bill near Nimrod is a medium-'grained, basic
igneous rook* Its major constituents are pyroxene and
plagioclase. However, in the lower part of the upper half
of the sill, hornblende 1a more abundant than pyroxene. The
hornblende resulted from deuteric alteration of the pyroxene.

Grain size i1s smallest in the chill zones, where the
intruding magma was cooled rapidly by contact with the
quartzite. Here the rock is basaltic (fine-grained) in tex-
ture with small phenocrysts of pyroxene and plagioclase
(phenocrysta are leas than ) per cent of the diabase here).
The grain size increases rapidly away from the chill zones
and then increases less rapidly toward a coarse zone roughly
100 feet thick, Ill&ximum grain size 1s reached in the coarse
zone located 50 to 150 feet below the upper contact of the
450 foot thick sill (see Figure 4). lyroxene prisms are

much larger tnan the enhedral «rains of pyroxene.
Coarse zone

‘Euhedral Pyroxene

Plagioclase laths +
0
Anhedral Pyroxene e

+ o+ v 7
#
400 300 200 100
lower upper
contact Depth from upper contact contact

Figure 4. Grain sizes of major constituents.



The follcwrlnc arere” lengths were found for the rlner-

els in the sill:

risgioclase 1.0 'I2 Ore 1.5 ma.
Clinopyroxene #9 ma. uarte 7 tm*
fornblonde 1.2 m. Biotite 1.1 mm
lAyrmeXite 1.4 am. Apatite 1.3

In ooaparing the per cent of the major minerals in the
sill (Stie figure it Is observed that the plegioolase
content Inoreesece steadily toward the coarse zone from both
eontaets then decreases suddenly in the coarse zone. The
pyroxene content is at a maximum close to the chill zones and
decreases rapidly toward the oocrse zone. However» the con-
tent of hornblende must also be considered, because it is aa
alteration product of the pyroxene. The two ferromagnesisn
minerals are also plotted together, along with biotite.
iiite that there is still a decrease in total ferromagnesiaa

content toward the coarse zone.

Coarse zone

o T ++ 550 Per cent
mj.++ + 0 0 0 o0 40 of
o
*Plagioolase-p 30 total
Total FeMg o

-20 mineral
Pyroxene a a o

.. Amphibole 10 content

0
4
lower upper
contact Depth from upper contact contact

ligure 5% Vertical variation in nlneral percentages.
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Pli"loolaae and pyrozene were the first tvwo ninerels
to oryetailia®* from #tm mmgma. The other ndnerala, with the
exoeptioa of apatite (see page 10)« occur as alteration
products or as cryetallization products from the residual
melt. It may be inferred from the apparent piercing of
Glinopyrozene grains by plagioclase laths (see 1%igure 6}
and conversely# the pierceisent of the laths by the anhedral
grains of pyroxene, that the two minerals crystallized
simultaneously from the magma. Interlocking grains of the
two minerals ere found# end# more rarely# ophitio texture
is soen# with plagioclase laths enclosed in a pyroxene grain
and vice versa. The diabasie texture thus supports an early#

simultaneous crystallization of plagioclase and pyroxene.

Figure 6. Fhoto”aicrograph of Figure 7. rhotordcro”rsph of

plagioclase laths hornbiendo (dark)
piercing large ri&LzIng pyroxene
pyroxene crystal crystal (7JZ end
(25X end crossed 'g'kri 11"ht)

nicols)



9

It is quite comxmon to f£ind hornbdlends rims around
Fyroxene grains or eggregates of pyroxens (see Flgure 7).
Horablende is adbundznt in the coerse zone, where large
interstices xight easily have held the residual melt wi:ich
reacted with the earlier formed pyrcxene to produce horne
blende. iornblenfe has replaced so:me large, alrogt euhedral
crystals of pyroxene in the coesrse zone. The hornblende
also ocoxwonly occuples interstitisal positions. The evidence
cited above would place sornblende luter in the sequence of
erystallization then pyroxene and conseguently later than
plagloolase crystallization., i fter complete crystallization
of pyroxene and plaglioclese crystuls, the residusl iselt
oocupied interstitial positions. ITornblende cryestallized in
the interstices wud as a recction of the residual liouids
with the pyroxene.

Biotite und chlorite, where present, coften ocour es
recction rima around the hornbdlende, indiceating the lster
erystellization of the two phyllosiliocates. Ore sometimes
oceurs along biotite ocleavaze planes; these blotite oryetals
preceded the ore. I[owever, brown biotite (s highly colored
variety, lepidomelane) often rims the lerge skeletsl ore
mnsees, indicating thet this biotite is later thsn the ore.
2120 leter than the ore are sphene And leucoxene, which

oceur es alteration products of exsolved {lienits.
dyrmekite is later in orystallizetion then plegioclase,

It ocouples interstitiel positions and soxzetimes oocurs in
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plagloclase-liic© loths (rifurc . Tlils rurgoato resorption
or the plogioclr.se by the residual melt, "nucsurltlemtloa
dorlnctod by roricltlzatlon probnbly occurred et this rtage
(deuteric), ond isolated *u”rt% groins I'or*d in the
interstices* Apatite crystals pierce plsgioolase, cuartz,
pyroxene, end hornblende Indiscrininmtely (see Figure 9),
indicating thet apatite possibly forw,d first with the other
Klnerole crystallizing «round the slender apatite needles*
jlowev~r, apatite is most cbimdant in the coarse Interstices
which cryetnllized lete. It is probable thet a% " tite formed
early at any one place, but was concentrated in the latest

foming phases*®

Figure 8. i hotoi*lcrograpU of Figure 9# Fhotojilcrograph of

plagioclase laths opntite crystal
apparently resorbed piercing several
by niyreneklto (70X other grnins. Teri-
and crossed nicols). cltizf»d plngioolase

im speckled white,
yroxene is uark
(r&y. (70% end
crossed nicols).



Plagioclase
Plagioclase {s the most abunuunt mineral in the diabase.

It averagoes 45 per cent of the minerals in the sill, vaerying
from 38 per eent in the chill zone to 53 per cent in the
eoarse zone. This averaje is lower then the 50-60 per cent
nornal ecntsnt of plagloolasze in a diabase, according to
Turner end Verhoogen (1960, p. 211).

This plagloeluse occurs ss subhedral tdteuhodrnl laths,
twinned and elightly zoned. 1lost of the laths are twinned
eitler 1n accordsnce with the zlbite lew or the Carlsdad
low., {lmple Carlsbed twins in combination with albite twins
are conzion. It is slgo common to find pericline or aocline
twinning {(cemposition plere iooig ) et alnoat right engles
to the slbite twinning (corrosition plene 016 ) in a
net-like pottern. /ll the plagioolese 1s 2oned. The
wonring rresent i1s continuous &nd normal, ocsusing the
extinction to cdévence rupidly frem the center of the loths
outwurd us Lhe stinge of the yotrograpkic nicroscope is
turued., In ike coarse zone, where esscelated with the
uyruekite, undesine is often re}leccd by rectzngular énd
elongate blotches cr.albito {seo Tlgure 10). This partisl
replacewent a,,ozrs to have followed clsavege rplenes,

A normal variction 1s found in ‘he plugloclase in verti-
cai sectlons of the =1ll., It ranges froa ngs in the chill
Zones to Anyg3 in the course zone, ‘Taus, as plnzloclnse

crystallized in the sill from the chill zone 1awerd, 1t
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b#o&a# progret»lT«ljr more eodic« efianglng from ealolo labra*
dorlte to aadeaine* Absent in the ehill gone, abundant in
the eoarae gone, and ewsmon in the sill proper ia nyrmakite,
a worm¥like intergrowth of aodie plagioelaae and quartz#

The plagioelaae aaaoolated with and in the joyrmekite ia
albite (eomposition about Any)# The anorthite eontent of all
plagioelaaea was determined bgr means \>f the indioea of re*
fraction and optie sign, aa well aa by the eztinetion angle

of albite twine, when present, using the Kichel*Levy method.

figure 10. Photomicrograph of figure 11# Photomicrograph

rectangular and of aausauritiza®
elon%ate blotohea tion of plagio-
of albite (black) clase. ote that
replacing andeaine twinning ia still
(white)# (70% apparent in the
and crossed plagioclase# (25%
nioola}# and croeaed

nicols)#
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The plegioclase 1s altered in the coerse zone to ssus-
surite (Figure 1l), in which sericite ie the most comumon
constituent. The very sodiec plagioclases essociated with the
myrmekite are altered little, as are the caleio plagiocluses
toward end in the shill zone. Even in the coarse zone seri-
¢ite and other xminerals form leess than 5 per cent of the
plagioclase. The sasussurite fogs up the rlagioclase dbadly,
but where grains are oriented perpendicular to the cleavage,
it oan be seen that the plagioclase 1s altered only along
thin clesvage plunes. ZX-ray diffraction patterns of sepa-
rated plagioclase falled to indicate the preacnce of any
other minerals in the plagioclase {peaks of guartz from the
myrmnekite were, of ccurse, present along with the albite and
more oslele plagicelase psaks),

X-ray airfrection was also employed to deternine the
modes of fornation of the sodic plagioelases, A graph of
exact mole per cent anorthite against the difference in
20 values for the 131 plene end the 131 plene, according to
the method suggested by Smith and Yoder (1956, pp. 632-645)
has been used to deternmine whether the albite wes & high-
temperature or 1ov-temporatu}t polymorph. The results
(see Figure 12) show that the albite is the low temperature
type, indioating either s deuterie or hydrothermal origin
for the sodio plagioclase. The andesine-ladradorite fron

\
the sill plots on the curve for shallow intrusives.
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2.50
curve for high temperature
and synthedlzo6d plagioclases
20(131
2.00 ( )
minus
curve for plutonios  20(131)
(shallow intruslves .
1.50.. slightly above) (in
degrees)
+ Samples from Nimrod sill
1.00, 40 60 100

Mole per cent Anorthite

Figure 12. Curves for determining mode of formation of
plaji*laeee (from Smith & Yoder# 1956#

pyroxene

Clinopyroxenee ere the only pyroxenes present. On the
average the diabase oontains 35 per cent pyroxene# varying
from 49 per sent in the ehill zones to 8 per sent in the
eoarae zone. Over 90 per cent of the clinopyroxene is
pigeon!te; the other 10 per cent or less is augite. The
auglte/pigeonite ratio inoreaaes slightly in the eoarae
zone# but the dominance of pigeonite with its low 27 is
striking throughout the sill.

Augite and pigeonite are diatinguiahed from each other
by the difference in the optie angle values and by the

different orientation of the optic plane; for pigeon!tee
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the optie plene is perpendicular to {016&; for augites the
optie plane le parallel to 010{. I transmitted light both
appear as anhedral greins of high relief with a pinkish brown
tint. The elinopyroxene grains ceeur in large irreguler
masses resemdling glomerporphyritic aggregates, often sur-
rounding plagloclase laths in e subophitio texture. In
these masses the boundaries between pyroxene grains are
indistinguishsble except under crossed nicols, where the
diftferent optie orientations are obvious (ses Figures 1) and
1k). In the coarse zone of the sill pert of the elino-
pyroxene becomes alxost euhedral; the rexeining elinopyroxene
occupies interstitial positions as Joined anhedral grains,
as in the sill proper. No minerslogical distinotion cean be
made here betwesn the large euhedral prisms and the anhedral
grains, for both pigeonite and sugite ococur as anhedral
aggregates and as eubedral prisms,

Simple pinacoidal twinning on the {xod} plane was
observed on many of the olinopyroxene grains. Continuous
zoning ocours due to progressive enrichment in Sron at the
expense of megnesium from the ocenter of the grain outward
(Moorhouse, 1959, p. 166).

An approximate chemical composition of the different
pyroxenes was obtained by plotting the index of refraction
(Ry or lx) against optic angle values on the ternary diagrem
of H. H. Bess, (19541, p. 585). The resulting dlegram shows
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flgur# 13# Pbotooiorograpii Figure 14. Photomlorograph

of gloMroporphyr*» of earn# area ae
itlo Eyroxene (]f)x). Figure 13 with
Kote high relie nleole orosaed.
of pyroxene# (2fX Note dITlelon of
and plain light) pyroxene aggre«

gates Into sepa-
rate grains b
polarised light.
(25A and crossed
nleole}e
an enrichment of the pyroxene In Iron from the chill zones
to the coarse zone# The augite approaches a ferroauglte In
the coarse zone# The curves are compared to those of
H. H. Hess for normal crystallization In pyroxenes (Hess,
1949). Bee Figure 15#
Aulr (1934» p. 334) states that the pyroxenes do not
form a complete solid solution relation with a minimum
eutectic point, but the ferroaugltes associated with

pigeonltes become progressively more lime-rich as well as

more abundant In the coarse zones of diabases. Note that In



CaresiaCe

Ca.ig31206

Hypersthene ¢ ™ . 2
inversion

¥g5103 : Fe103
T upper contact

73 e, location of pyroxene rairs in sill

\/4\\/ e (UKFG treverse). Nos. 10, 11, 12,

NSy 5 and 1) roughly eorrespond to los. 8,

SN 3 41 6, 3, and 1, respectively.

\

: lower ocontact

figure 13. <Samples from Nimrod sill with tie lines connecting
co-exiating sugite and pigeonite plotted on a
¢legram of the normel crystullization ocourse in
prroxenes {after Hees, 1941, p. 585).
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Figure 15 points from the !'irrod £1ll ¢o not €};rosch & min-
inum eutsctiec ;cint. There is & 2li;:ht increuse in the
eugite/rigzsonite retio 4n tae cosrse zone of the ~imrod eill.

The absence of a&n inversiuvn of pigoonite to orthopyrox-
ene in the rimrod sill {s unusual, for ia most diabases
erthopyroxene is a major constituent fn the gzones crystale
11zingz esrly (Turner & Verhoogen, 1950, p. 211). Yo ortho-
pyroxene has beean found in this 5411 or 1% the seversl
iron«rich disbases in the 2rea erat of I issoula. “ieenbels,
in his work on the “illtown I'wa s8ill, cuggests th=t the
original high iron/magnesium ratio of the pigeonite prevented
the inversion cf pigeonite to orthopyroxene &nd augite even
in tke early steges of crystallization (Hisenlelis, 1958,
Pe 24},

tocoording to Farth (1$52, p. 109) pigeonite in hypa=-
byssal rooks which crystallized at a texperature zbove, at,
or slightly below the inversion teoperuture for c¢linoryroxene
to orthoryroxene (see Figure 16), will invert tc orthoryroxens
with augite inclusions. This i3 true for pigeonites rich in
nugnesluws or even with relatively egual emounts of iron and
magnesiur availsble for incorporation into the pyroxene
latticc. liowever, in {ron-rich mugres, the orystallization
will concience &t the right Lend side of the dfiagram where the
tesperaturs of the mngmn at orystallization is considerably
above the inversion roof. . igeonite will orystallize out,

graduully being enriched in iron. i'owever, until almost all
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of th# m&gm hAB oryatalllyea# the teaperatore ot the hype-

hyeeal body &y be kept relatively oonet&at by the coritinual
ftdditicm ot heat to the aaaa by the heat givea ottt by
formation of the eryetele# Keat lose oceure eonataatly» of
eouree, loto the eurroundlug cooler rocke* Finally® with
alaoet complete eryetalll& atlon, the temperature may drop
euddenly peat the invereion temperature®* The pigeon!te,
chilled relatively rapidly, does not invert, and remalne am

¢ metaetable phaae* Euno (pereonal eoimunleatlon# 1961)
etated that even In eowe plutonlee where eoollng le relatively
elow, pigeon!te will not invert If the Iron/mgneelum ratio

le high In the parent magma.

1150
1100 ..
°c
1050 .
1000 -
100
Percent FeSiO FeSi0.

Figure 16. Inverelon roof traoe eoopared to tes”rature
of magma (Barth, 19)2, p, 109# adapted from
H, H* Heea, 1941, p*x )*)).
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Aaphidole

Several varieties of emphibols &re present, of which
hornblende i the most c¢oawon. ilornblende occurs throughout
the #1li except ia the ohill zomes. Lowever, it 4s only a
us jor constituent in the coarse purt of the sill where the
pyroxene hss been partialiy aitered. Lorublende was identi-
fied Ly its Eilds ¢leavage, negstive sizn, large optioc mungle
(averaging 75°) and indices of refraction (Nz ® 1.679). It
is pleochroic from dark olive green {(Z) to a very light
green~-yellow (X), and the extinoction angle 2AC, eaveruges
23°, 7he ayproximate ocomjosition of the hornblende
(Cay, 400,61 1481792, 10, 8) 517,870,202 Mg vas found
by using the curves of :‘oorhouse (1959, p. 78) for vari-
ations in 2V and in Nz. This 18 & very erproximats estimate.

Severel other smphiboles were identified. Cne, sctino-
lite, 1s &s adundant as 8 per cent in the lower part of the
coarse zone, It ococurs es fibrous ncedles in radisting
clustsrs. See Tigure 17. 1t was identified by Y-ray d4if-
fraection snd by petrogrephic mesns, The optical properties
of tae astinolite {colored gresa) sxre too siziler to those
of horablsnde to dlstingulsh it, excert ;o3sidbly for its
lower extinotion angle of 14%, Solle amphitole was detected
by & very blue eoloration graling into the more clive color
of the hornblende. It occurs in interstices in the coarse

zone of the 81ll. The XAC enzle of ebout 20° znd the bright
turquolise dblue (X) to dark olive green () pleochroiam
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R ffvi#te#oait## U #us hlbol# * iiow«Ver ji tH®
Ol@oV8&@ iadlsiinoti wo thu% tbe detor”ilnatlon w”a not

definite.

flgur# 17. PbotCBiilorogr&pa of
fibrous «ctlnollis
crystals in radiating
slumtora* (70X and
oroassd niooXs]«

Biotlts and ChXorito

Blot&to oecours In minor amounts in th# eonrs# part of
tn# sill, Ooessionslly Isrg# mass## of tM h%hly pl«oohroio
biotit# srs prsssnt. To# plsoshroism is from faint ysllos
(X) to dark rod-brown (Z). 7hs biotits whisn oftsn rings
or# is very dark. It shows no pisochroisn®* and Intsrfsrsnos
fi&urss srs difficult to obtain. It 1# Ispidoaslsns, whieh
forms from a rsaotion of th# rssidasls with or# and

charaetsristioall/ anolrolss or# (F#nn#r, 1929# p. 246),
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Chlorite is much less cormon then blotite in the sill.
It is sssooliated with actinolite most eom:only, both being
products of late deuterio alteration of pyrnxene and horn-
blende. The chlorite e recognized dy its lower 2V
(differsntiating 4t from the green hornblendes) and by its
lower birefringence and green color (Qirffersntiating 1t from
blotite). +in anomalous dlue interference color is often
obssrved in the echlorite.
Ors

Ore in the sill is most adundent in the chill zones
and in the conrse zone. In the lamtter the ore content
exceeds 10 per cent. The ore has been found by X-ray
dirrraction to consist of epproximately 60 per ccnt magnetite
and 40 per e¢ent llmenite by volume. The ore oscurs as largo
skelete]l mnrsses. Cften en alignnent of many lineer plates
or triangular-gheped bodles of ore is secen along cleavages
of biotite, pyroxene or horndlende. These phenomens are
attributed to the deuteric astion of on iron and
titanlua~rich residusl liguid on the eforexentioned ferro-
megnesian minerals (Moorhouse, 1959, p. 169).

lore rarely, many olosely=-spaced parallel plates of
megnetite can be acen; sometimes two sets of rlates cut
adross each other at &n angle of adout 120° (see Pigures 18

and 1%9). The material betwcen the plates 18 either sphons
or rutile, alteration products of i{lmenite. The thin
plate-1ike grid structure is due to exsolution of eriginaslly
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boftogentfous ore with eli(?:m&eat of magnetite pletea perellel
to the oetehedrel plane» of magnetite (Mn”dington# 1955#
p. 499) The Intervening i1la»90ite then altered to #phene and
rutile. Aoeording to Buddington (1955# P# 527?) a high TiOa

content of ore ie indicative of deuterio aotivitjr. The ephene
and rutile in the grid etrueture of the h'iarod eill would#

therefore# be late deuterio.

Figure Id. Thotomierogreph Figure 19. Photomlcmﬁraph

ehowing relation latelike grid
of plate”lihe grid in higher megnifl-
to unaltered ore. cation. (300% and
Magnetite and un« plain light).

altered ore are
blaok. Bphene end
rutile occupjr the
lighter pert of the
grid.

TPhene
[phene ie precent in fairlf large bodiae (1 eua. or ao)

aacoelated with the ore. It occur» next to an ore bleb or
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«* a naat in which email ore bohiee are disseminated in a
seai*parallel alignment. It is recognized by extremely high
birefringence and relief# a positive biaxial interference
figure# relative transparency# and frequent «edge*like form
(see Figure 20). According to Kuno (personal communication#
1961) the association of ore with sphene and rutile (often as
leuoozene) 1s not uncommon in diabase sills. KUno attributes
the origin of both the rutile and sphene to deuterio

alteration of exsolved ilmenlte.

Figure 20. Photomicrograph of
wedge-shaped crystals of
sphene associated with
ore. Kote aggregate of
wedge-shaped crystals sur-
rounded b}y; ore. (70X and
plain light).

Rutile
Rutile was recognized by its uniaxial positive inter-

ference figure# a deep red-brown color# and high relief. It
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occura as cloudy trown masses between uucnetite plates

essocianted with ephene.

uartz apreara intergrown with sodic jplaglocluse in
oyruekite or, less commonly, us Isolated enhedral grains.

It is recognized by its low relief, rositive uniaeziel inter-
ference figure, and o mnoxiazum interfcrence color of first
order yellow., The quartz is unaltered.

fpatite | ’

Lpatite is ubiquitous in the sill. It beoomes wmore
common in the coarse zone, eprprosehing 2 per cent of the
mineral content in some thin eections of that zone.

Apatite occurs anllong needles of Lhexagonal eross seotion.
It appears es inclusions in all of the silicste minerals,
most comuasonly in plegloclase and quartz, and long apatite
needles ney penetrute severzl difforent e¢rystels. The
teruinations afoArarely woll developed and often teper to

8 point; the hexegonal bussl section 18 sharp end

decidedly euhelral. The epatite wus identified by its
uniexiel negative interference figure and {ts low
birefringence. Suall eretite peaks were found on 4if-
fraction patterns of the non-magnetloc minerals of the coarse

zZone.



PARENT MAGHA

The composition of the parent megzma of the Nimrod sill
was approximated by ueing s "wet™ chemical aneslysis (Table I,
£1) and the average shemical oomposition from modes (Table I,
§2). T7The "wet™ chemical snalysis was one of three performed
by Teohnical Service laborstories on eamples from the Nimrod
8ill. A sample of chilled dlabese, 3 inches from the lower
ocontact, was used to approximmte the chemical oomposition of
the magma before frasctional orystallizatiun changed the
composition.

Froa ths modes of samples of dladbase the approximate
chemical compositions were found. :iinerals have been identl-
fied by petrographie and X-ray means, and approximate chemi-
eal ocompositions of the individual minerals were found using
different curves of chemiecal variation as a function of
optical properties, as cited in text (see pages 15 and 20).
tiineral volume percentages were obtasined by point count
methods. The weight percentages and chemical ocompoeition of
the rock as a whole were then osleulaeted using the =ethod
suggested by Vahlstrom (see page 56). The average chemliocal
composition of the sill (Table I, §2) was computed by
aversging the cocposition of equidistant points along
traverse LZIXNG.

The ohemlical analysis and coumposition from mode agree
favorably (see Table I). Ceveral dlscrepencies can be

expleined. 7The higher percentage of iroa and magnesiun end
26
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TABLE I. Chexical compositions of Iron-rich Tholeliitie Rocks

41,04 1h¢23 12,61 13.69 Llbhed 14,68 10.66 14,07
Fe0 1b.)3 15.81 15.12 15.0 15.8) 15.59 9.00
?.203 2.97 h-&l 600‘ 306 2.8’ 6.11 2.88

Mgo 3.27 5.52 7.60 b0 h.28 3.50 6.34
Ca0 9.0  7.56 6.15 9.5 8,38 8.28 10.42
Ka20 2,00 2.6 2,20 3.00 3.71 2.8  2.2)
K20 0.71 0.32 0,70 0.A0 0.27 0.96 0.82
T104 2.90  3.25  2.4) 2.65 3.90 1.89 2,03
H20 0032 0.56 0. . 0.55 .65 0.91
P20s 0431 0.23 » 0.50 0.09 1.70 0.2}
MRO _0.19 » * _0.20 _ 0,22 __* 0.18

Total 99.7h 99.70 99.70 99.73 100.39 100.05 99.94h

1. Chemical analysis {by Technical Service Laboratories,
Toronto, intario) of sample G-3L4 taken ) inches froa
lower contact of Eimrod sill (location given in Figure 2),
page 63). Prodabdly close to coxmposition of Kimrod sill

magna .

2. Aversge chemical composition of samples from Nimrod sill
as ealoulated from 20 modes.

3. Average chemical composition of sumples from iilltown Daem
811l as ocaleculated by Elsendeis (1958, p. 38) from modes.

4. Composition of tkaergaard liquid at xiddle point of zone
L.}MZ where 83 per ocent of magma had already solidified

5, Ferrogabbro from Skaerguard intrusion ("ager,1960,p.370).

6. Iron-r}oh disdbase, Beaver Bay, Uinnesota (luir, 1954,
Po 285 [}

7. %orld a}oragc of normal tholeiitie bassalt (MNookolds, 195k,
p. 1021},

* Kot given
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lower peroentage of calcium in the esloulation fron the xode
(#2) oompared with the chemiocal analysis (/1) wmay well de
pertly due to errors in the mode pigecnite/augite ratio. The
elinopyroxenes were indistinguishabdle under the petrographie
microscope except for those grains oriented such that 2V
measurements could de masde, Only one-fourth of the greins
ocould thus be distinguished. Determination of 2V on the
universal stege was even more difficult, as the high

dispersiocn of the clinopyroxene greatly limited the number of
grains that could de used. Caloulation of the norms from the
chemicel analysis (see Table II) indiocates the single clino-
pyroxene Wozkxnzgrlks. The average single clinopyroxene
present using the 85/15 pigeonite/sugite ratio from thin
sections 1is ¥o) ER3gFsg . A 60/4L0 pigeonite/augite ratio
would result in a single pyroxene gquite olose in ecomposition
to the normal pyroxene calculated from the chemical analysis.
The pyroxene ratio cen thus partly ascovut for the lower
Ca and higher ig and Fe in calculations from the mode. The
common substitution of aluminua for silieon in pyroxenes and
the substitution of Hﬁ*z. Tf+2. end Fo+3 in the pyroxene
lattice also contribute to the 4ifference between calcula-
tions froa mode and chemical anslyses. The higher K30 and
lower Na20 in the chemical analysis than in calculations
rfromn the mode may be partly due to the presence of ortho-

clase noleoules in s0lid solution in albite.
The acouracy of ehomical calculations from modes is not
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high (see page 57).. Therefors, reasoncble differencss ars to
bs expected between culculations from modes and chemical
anslyses.

The ohenical composition of the Nimrod sill is compared
to the ooumposition of other tholeiitie type roocks in Tadle I,
The liilltown Dam sill (Table I, #3) is an iron~-rich disbase
100 feet thick, whieh intruded Precamdbrian Belt metasedixents
twenty miles west of the Kimrod sill. FNote the similarity in
chemical oomposition. The mineralogy of the two sills is
strikingly similar (see pagze 51).. The two sills are probably
genetiocally related. A striking similarity may be noted
betwesn the oxide peroentages of the Nimrod sill magma and
those of the tkaergeerd 1liquid et zone L.MZ (Table I, #4).
This Skeergaard zone represents the composition of the resid-
ual mague after 88 per cent of the initial magma had erystal-
lized. ¥ager (1960, p. 386) estimated the composition of the
suocessive residual magmas formed as a result of the orystal
fractionstion of the initial Ckmergaard magmm. The rook type
wvhich most olosely follows the chemical composition of the
residual Sksergaard liquid at L.K7 stage and the lilnrod megaa
13 a ferrogabbro. The ferrogabbro from the lkaergaard
fatrusion whioh most closely follows the chemical eomposition
of the Xizrod magna 1s cne which orystallized froa the liquid
left after 96 per cent of the initial magnma had orystallized

(Table I, #5). An ironerioh diabase ia linnesota (7able I,
#6) 18 also compared to the Nixrod sill maguma,.
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Comparing the Nimrod, iilltown and Beaver Bay diabases

and the lntef Skaergasrd residual magma and ferrogabdbro with
the world-wide averags for normsl tholeiitic basslt (Table X,
#7), one can observe a pronounced difference in the FeO and
E10y content but otherwise general concordance in composition.

The 5 per oent difference in iron ozide in tihe iron-rich
diadbases 2nd the later Ckaergaard megua compared to eversge
tholelitioc diabases is bclernced, on the sversge by a lower
£10,, Mgo, and Ca0 oontent. The high Hy0 content of the
Beaver Ray dlabase is due to later alteration (iulr, 1954,
p. 286). The iron-rich dilabases &nd the ferrogabbros of the
Skaergaerd intrusion are thought by Mulr (1954, p. 376) and
nagoer (1960, p. 364), respectively, to be derivatives of
tholeiitic megua. Caloulations of norms of the MNimrod magma

support the presence of normative quartz (see page 48),

despite £10, oontent lower than normal tholellitic magma.
Because normal pyroxene and caloiec plagloclase with slight
Si102 excess are the principal wineralogicel festures of
tholeiitic normative caleculations, I would consider the
perent megne of the lifmrod sill to be un iron-rich tholeiitie
nelt.

Fenner (1929, p. 245} bellieved that the result of
orystallization of btasalts was a final 1liguid rich in iron
and alkalis sxd poor in silieca, magnesia, &nd line. This was
contrary to Bowen's earlier hypothesis of evolution of

tholeiitic magma into rhyolitis and granophyrie



l
differsntiates (Bowen, 1928, p. 318). “ager (1960, pp. 382-
387) has shown that the successive residual magmas of the
Skaergaerd oomplex become ineressingly enriched in alkalis
and iron oxids (reaching 30 per cent total iror oxide in the
late UZ zone), with 5103, 20, end Cad stesdily decreasing.
The close chemical erffinity in couposition of a late residusl
Bkaergeard magma and the parent mazue of the ¥Nimrod sill has
already been demonstrated. The Himrod perent magmas would
then seemingly bave been derived from an original tholeiitic
uagas which, by frectionel oryatallization, followed a courae
of differentistion aimilar to that followad by the Skaerzaard
intrusion, that is, an iron-enriohment, Fenner-tyre course.
The residual maguma (Nimrod parent magua) was tepped at a
stage where probably 90 per cent of the original normal
tholeiitio magna had orystullized.

Eeanedy (1955, p. 501), by remelting and erystallizing
natural basalts in crucibles, disoovered that the same basalt
oould be made to follow a Bowen trend of differentiation
{eurichwent of residual liquids 4in alkells end silica), or
follow a Fenner trend with iron enrichment, depending on the
partial pressure of oxygen under whioch the melt is oryetal-
lized. If the basalt orystallized under a modest Poz much
of the iron in the melt would be converted from Fe'2 to Fe'2
and the first phase eppearing would be spinel, Spinel
crystallizes eerly and in great abundance, tLus impoverishing
the 1iquid in both Fe &and g, consejusntly enriching the melg\
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8105, The basalt thus differsntiates toward a diorite and
granite (Rowen-type differentiation), If the baszalt has en
extremely low Poz. the Fe( is not oxidized, and spinel dces
not form. The rfirst phases to erystallize are !g-rich
olivine and anorthite (Mg-ricp‘diopsidn oould also appear);
conseguently very little iron is extracted dy the early
forming phases, and thus Fe is ecnoentratsd in the residue
gagea, The trend toward produection »f an iron-rich
{Skaergeard-type) rosidue is estabdblished.

Kennedy emphasizes the Fed/Fe;23 ratio as the deciding
factor in the trend of differentiation (whether or not spinel
appears in abundance as zn esarly forming phase)., <Csbhorn
(1959, p. 609), emphasizes the constenoy of watesr pressure
and thus of P, in deterazining the trond of differentiation.
Viith frastional orystallization occurring at constant total
ocomposition the 1liquid moves towerd and finally &own the
megnetite surfaoe in the quaternery system,)p0-rFe’=rey03~010;.
The 1iquid decreasss in amount and its iron oxice ocontent
inoreases relstive to other components, with megnetite as one
of the orystallizing phsses. .t the saue time Py, deorecses.
¢n the other bsnd, with frectionel crystallizetion at
oonstant oxygen partial pressure, the liquid must remain on
the isobaric surface and change in oomproesition when magnetite
begins to oryatallize. The liquid moves slong the megnetite
surface increasing in £102 snd decreasing in Fe0 until it

reaches the pyroxene-megnetite-silica univariant line where it
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completes its occurse cf crystallizstion. The initial
¥e0/Fe203 ratio does not affect the direstion of differen-
tiation after the magnetite surface 1s reached.

Caborn also distinguishes the two courses of differen~
tiation by environment of 4differsntiation (1959, p. 645).

The "Bowen" course of differentiation occurs in ean orogenioe
Tegion where the magma pilcks up weter easily from geosyn-
clinal sediments to maintain a constant partial pressure of
oxygen, end becsuse of depth magma differentistion can ocour
nore readily due to the slower rate of cooling. The basalt,
andesite, daoite and rhyolite sulte ocours in orogenio
~regions es & result of the increasing content of silioa in
residual megnas with differentietion. 1In non-orogenioe
regions the partiel pressure of oxygen decreases asa the total
magna gomposition remmins constant. There would generslly be
no eontinual source of water to msintain a oonstant *, as in
orogenic reglions, The trend toward iron enrichment with
little changze in total silica as differentiation proceeds
results in the production of ferrogabbro-type magnas, as in
the llimrod sill.

The Nimrod aill was probably emplaced in a non-orogenie
environtent prior to the late Cretaceous orogeny of ths
roglon., [leformation of a aimilar eill near Clinton (dintzman,
1961, p. 12) end teotonic fractures in the diabese indicate

that these sills were emplaced prior to the late Cretaceous
orogeny whioch produced the major struotures iz the region.
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daxwell (1959, p. 1783), noting differences in bedding roint
dlegzram patterns between Delt snd Pelecozole rocks, suppects
that the Belt reries near Irummond, Montapa, was tilted &nd
warped prior to depositicn of Cambrien sedixents. The age
of tilting end tectonic Jointing in the Nirrod si{ll may thus
possibly be late Irecamdrian, Cretaceous, or both. There are
oxtrusive bzsalt, Cactite, and rhyolite flows in this regiom,
whioh covers the 8ill in ;laces. These cxtrusives are
Tertiery in ege according to Mcntgomery (1958, p. 58). This

extrusive rock suite is Osborn's orogenio tyrpe.



CluufICaY, VARL TIMS #ITIIN THT SILL

A oouplete traverse (IWFC) was taken perpendicular to
the attitude of the sill, rmalnly to discover if there were
any vertiocul chemiocunl variations in the re=aidual melt as the
811l crystallized from the chill zones inward. Thin sections
and pineral gruins frouw traverse C and traverse if (located
one-htlf and two miles sast of LUFG resjectively) were cou-~
pared to the DTG modes to see 1f there were any sisnificant
lateral changes in the sill. =Zignificant lateral variations
were found only in saress of hydrotherzal pods descridved above.

Figure 21 shows percentages of separate elensnt oxides
plotted against verticul position in the sill along traverse
rr#G. The left hund slide of the diegram represcnts the lower
oontact; the right hand side represents the upper ocontect,
The middle of the coarse zone would be located cne-fourth of
the way down from the top of the sill, henoe one-fourth of
the distance froa the risht hand side of the disgran.

Crosses represcnt oxlde per cent as c¢aloulated fron modes,
(1.125 inches on the chart represcnts 100 fuel measured per-
pendioular to attitude of epill). Cilroles with centers are
averages of two wet ohecmlcel analyses on each of three
sazples. (Lee Table IV, page 63 for the analyses performed
by Technical Uervice Laboratories.,) The chemlcal analysis
of a sanmple at the lower contact is eonsidered roughly the

average oonmposition of the sill. A dashed line is carried

35
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from the per cent valus of this znalysis wcross each chart.
A rough curve could be formed by connecting the croasses. The
erea belween the curve tnd the dacshed 1ine 12 considered a
positive srea if above ths ourve, negative if bslow. The
algebrale sum of the posltive und negetlve areas for & given

chert 18 herein designated the erev difference., Y ien the

area difference is significant a consistent orror in calcu=
lating composition froam mode wey exist. GLe wmost obvious
explenation would be an error in the assuwed composition of
one or several minerals,

The following generalizations eay be noted from the
vertiecal ohemiceal variations:

The £1C, content inoreases from eontacts toward the
coerse zone due to &n inoreese in the pur cent of plagiooclsase,
quartz, &nd horublende and reduoction in pyroxene, wiich 1is
more £i0g-poor, and iron ore. 1In the ccarse zone itaself
the 540, content is low. 7%his ie Cue to the lower content
of pleglioclese snd othur silicates and the quite high ore
eontent., Yhe ereca Cifference ig approxiamtely zero.

ihe Al203 eontent inorezszes from the ocontacts towerd
the coarse zone, and drops suddenly in the couree zone. Its
path roughly parsllels that of £102, and is @ gosd indlcator
of the veriation in plegioclase becasuse it is only a xinor

coustituent of the ferromagnesisn mincreis comparsed to £iGj.
Tue area ¢ifferencs is negative. Alyly in pyroxene wus not
caloulated, altiouch soze is certainly in the lattice.
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The exact eontent eould not bte determined by petrographie or
X-rey meeans., Hence, the #1105 content from modes ie lower
than it should be.

The Fez03 oontent is an imrmediate indicetor of ore
esontent because it was only calculeted from ore. It de~
crecses from the contacts, then increases to over 7 per cent
in the coarse zone where the extremely iron-rich residual
liquids concentrated in the larger interstices and finally
erystallized, producing large skeletal masaes of ore. The
area dirfference is positive. In point counting thore is &
tendency to term rost cpsgue substances "ore™ whereas sons
may be highly colored lepldowelene (oOpague at times) end
rarely sulpbides,

The FeO content decresses frox the eontacts as ore snd
ferromagnesian ocontent decransed, It 1s high in the eourse
zone due to high ore content there. 7he area difference is
positive. Irooubly less Fel and more Cs0 &nd Al203 should be
calculated froa pyroxene because of discrepancies in augite
composition and eontent.

The ‘g0 oontent deorcases from the contacts toward the
coarse zone due to the deorvasing amount of ferromagnesian
ninerals toward the coarse zone end the increasing Fe/Mg
ratio which exizts in the pyroxene orystal lattices es the

2

temperature of crystallization falls. g “ hes the greater

d+2 has greater
+2

lattice energy at higher teaperatures, while ¥

lattice enorgy at lower temperatures. “herefore, Fe
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Figure 21, Vertical varictions of element oxides in Nimrod

sill.
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Figure 21 (econtd.) Vertical veriations of elexent oxides in
Nimrod aill.
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Figure 21, (contd.) Verticsl varistions of elexent oxides in
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inoressingly substitutss for i 2 88 temperatures of orystal-
lizetion fell, "“he earea &ifference 1s positive., The excess
KglC accounted for in cslculaticns frow mode may well ve due
to an error in estiumating the retio of augite to pigeonite
(ace page 228) as well es errors in detsrrxining the pyro.ens.
In the ferroaugite fleld fairly exact determinations by
optical properties are difficult becuuse of the smull dif-
ferences ir 2V in those pyroxenss. The averago pyroscnes
mey well be uuch more e¢szleic, less ferrous, and wnuch less
megnesiunecontaining than assumed for calculations.

The Ca0 content decreases from contacts to coerses zoane
due to a deorease in the anorthite content of the plagioclase
ant a decrease in ferromagneesian ninerels. 7The area differ-~
ence is negative. Xigher Ce0 content in pyroxenes than was
essuned for celoulations from the mode would pertly acoount
for the difference.

The 1'a20 content incresses steadily from the contaets
toward the coarse zone. JIn the coarse zone it 18 somewhat
lower than in the dlabase above and below it. The increasing
per cent of the albite riolecule in solid solution in plaglo-~
clase from the ecntact to the coarse zone and the decreasing
emount of total plagloclese in the coarss zone woull sccount
for variations. This veristion mey also be partly cus to
rresence of the orthoclase molecule in aldbite of myrmekite.

The area difference is somewhat positive.

The K20 content increeses somewhut toward the coarse
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zone due to &n increesing emount of biotite and sericiti-
zation of plagloclages townrd the coerse zone, The area

dirference is somevhat negative. /&ditional Y20 not used in
caloulations ney be socoounted for by the pertia) substitution

of the orthoolase mclecule for the albite molecule in the
ayraekite and the greater per cent of opsque lepidomslane
instesd of ore.

The T10, econtent decreases somawhat towerd the cozrse
zone then increuses in the coarse zone, again due to the
deoreage in ore toward the coarse zone and Ligher ore content
in the zone itself. 17he area difference is ap;roximately
z6ro.

The 1,0 content greduslly increases toward the scoarse
zone. The higher content of biotite, sericitization of
plegioclases, and alteration of }yroxene to horndblende toward,
and in the coarse zone would zcaount for the increasing !.20.
The area éifference is positive. <[ericitization in the
coerse zone wey have been over-emphasized in caloulations
from wodes (see page 13), lowever, chemical anslyses of the
ferrogabbros indicate an even greater smount of water. If
these anslyses &re ocorrect, then the average in the limrod
sill zust be too low.

The Pz0ccontcnt increases gradually and becoues high in
the coasrse zone. TLis 1s attrituted to the inoreasing amount
of I'z05 in residual 1liquids in the slll end the final con-

centration of these residuals in the larger interstices of
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the coarse zone. tager (1960, p. 385) usea the 275 content
es & wneans of estimating the proprortion of trapred 1iyuid
to the rest of the materiel of the rook. The more trayped
11quid, the greater the deuterie action. The great deuterie
agtivity in the coarse zone of the dicbese (serficitization of
plagioclase, alteration of pyroxene to hornblende, and the
larger ore and myrrekite oontent) attests to the valicdity of
using ineressing ;05 ocontent as & meusure of deuterie
activity. %he area difference is approximately zero.

It uay be obaeorved thet the above varistions follow the
noruasl trend for dlebases from the chilled zone toward the
coerse zone. According to Fulker {1942, pp. 1067-1076),
Turner and Verhoogen (1960, pp. 209-217)}, ond lleas {1941,

Pp. 584~591), during the normal course of crystellization of
a bapult the later formsd cryst:ls of pyroxene have a greater
F;/Eg ratio than the earlier formed crystals near the ohill
zones, and the later formed rlagioclese {eccording to ‘"alker,
and Murner and Verhoogen) is enriched in eodiuwa relative to
caloium. Tuie latter two sources slso point out that plagio-
clases increase and ferromgnesisn winerals decreuss townrd
the coarse zons. Such xinsraloglcel trends would tend to
ceuse chemical variations as found in the Wimrod 2111 from
the ocontact toward, but not in, the coarse zons.

In the cozarse zone of the lilwrod sill, the decreuse in

gilics 2nd general ceorcase in other oxides, except iron and

elkslis are deviations from the norual crystalliization in
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diabases acoording to the mbove authors, This sucreats a
Fenner-tyre trrnd resulting from the greater size and smount
of interstices wkere the final resiédusls were concentrated
and then orystallized us {ron ore, ryrmekits, ampratite,
Liotite, and hornbtlende which occurs also es en slteration
of ryroxene.

lotting a Fe-i'g-nlkall diegrom (cee Yigure 22) one
notes thet owing to the greater iron content of the diadase
it Coes nuot follow the diudase to grenorhyre curve but runs
parelliel to it. In that position it follows the trend of
Cifferentiation of the Skaergnard intrusion wiich tended
toward iron enrichment, except in the very last stages,
Note that point -, the epyrroximmte coujosition of the magma,
lies bLetween points B und C. .oint B is froum differentiated
diabase in the lower hslf of the sill. Toint C {9 near the
coarse zone and represents e later staze of differentiation

than point B.
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Fed & Fo20)

ka0 & K0

Flgure 22.

“¢0

Veariatlion in Skaergaard ferrogabbro series
£5) end in Giabase to grsnophyre series (D).
tumbered points 1 through 13 represent
chemical calculations froam modes of sauples
D=1 through G-3]1 resapectively (see page 62j.
Points 6 tarough 9 sre from the coarse zone
of the sill, 1 is near the top of the sill,
and 19 1s near the botton of the sill.
Point A 1s froum a cheuical annlysis of the
ohilled conteot (G-34); point B is a
caemiocel analysis of G-ll (point 1l4) und
point C is a ehemiosl enalysis of /=ll
(point 5). Curves are from Turner end
Verhoogen, 1960, p. 234.



YOLATILE L

The temperature a2nd pressures of volatiles of the limrod
nagua at oryetallization cen be estimested. MoFaurlane's work
oun the metamorpllsm of eozls by sills in Colorado suggestis
that the temperatures of besaltie (diasbase) intrusions wes
above 1000OC, (:oFurlene, 1929, p. 11). +ceording to
lovering (1955, p. 262), the teaparaturs of disbase could
well have been st essentially the texpersture of busaltie
lavas on exirusion at the surface. Measured teujperatures on
the eariir's surfuse of crystallizing dasalt are in the renge
1050°C, to 1200°C, 4Yhe probable temperature of the 'Imrod
mogma &t orystallization 1s eonafdered to be within this
range, sad prouably close to 1150°C.

The pressure of volatiles was computed usinug Fennedy's
work on ejullibriuw vetween volatiles und iron axides
(Kenneldy, 1748, pre. 529-549). The retio of rell3/Feé' 2 depends
on Fg, with which the melt 1is in equllibriuwx. Ia the eguation

2rex03 == 4Fe0+Cp
the Aiseccistion constent (K3d) is egual to the activity of

the risht hand side divided by that of the left hand side:
(4rec)® {40,

(uie303)2

For solutions dilute in iron the motivities of moleculss 4n

Ka =

the melt ure proportiornal to the mole fraoction. The rctivity

of C2 13 dclreetly projyertional to the external precaure of
02+ The valus of I, £ay then be determined using the
L6
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revised equation below, the valus of K& et verious tewpera-
tures having been determined experimsntslly for iron oxides in

a melt of basaltio composition (Table in Fennedy, 1548,p.538).
(mole frae, Fe0)% (Pazj
Kda =

{mole fraoc. !'0203)2
Because the partial pressure of 0, 13 a funotion of total

volatile pressure, total volatile pressure can be computed
extrapolating in Xennedy's table of jartial pressure versus
total volatile pressure {Kennedy, 19.L8, D. 547).

Calculations wero unde using the abvove formulas on the
iron oxide content from chemiocal analyses of two fresh samples
of Kimrod dicbese. The saxple (C-3L) from the shilled contact
indicated a pressure of epproximately 30 atmosphores. A Saa-
ple (G-11) 135 feet adove the lower contact indlioated & pres-
sure of 250 atmospheres. Cample (I=11) was not used because
it contuins & large smount of ore and pyroxzens whiecl orystal-
1ized under different conditions. It would tiaus be inaccurate
to use Fel/Fey03 total ratios, as the individual ratios would
be quite different. Teuperaturss assumed were 1150°C.
Kennedy (1948, p. 548) eztinsted the pressure of frsah gabbro
from southern California to de of the order of 250 atmos-
pheres. ilthough C=1l is not gadbroiec in texture,it is fairly
cocrse grained diadase. ‘Locording to Kennedy (1548, p. 54%),
errors in chemical snalyses of iron oxide are common due to

oxidation of Fe0 to Fe203+ o generalization could be made
concerning the depth of corystallization due to the great dif-

ferences of totel volatile pressures within the sill.



NORM CALCULATIONS

Norm caloulations were performed acoording to MNiggli's
modifieations of the CIPY method (Barth, 1952, pp. 76-82).
Table IXI consista of norms from different parts of the sill
caloulated fron chemical sompositions obtainad by "wet™ chem~
ica] enaslyses and by caleulstions from modes., These rre
compared to the norm of the world average of ncrmal tholel-

itio bapalt snd dolerite. Note that despite the low 8102
content of the slll, i1t has normative quartz except in the

lower part of the sill. KXo modal olivine was found; however,
uo€al olivine and probadle norzative olivine sre not unconmon
as a minor constituen in the lower part of differentieated
diabase sills (Turner snd Verhoogen, 1960, p. 210). The
parent msgua, although iron rich, was thus £lightly over-satu-
rated in silioa. “he high iron content is used in ore and
ferrosilite rather than in fuyalite. In the coarse zone the
ore i{s quite abundant. %Uherefore, duspite a silica content
in the coarse zone lower than wost &lkall olivine bLasalis,
no norsative olivine is found (see Tadle II, #5).
Iisorepancies may be noted between norms frowz: "wet”
chemical analyses and from cealculations frou modes. The
orthoclase and enorthite contents sre higher cus to higher
K20 and 41203 percentzges in the chemical enulyses. This is
partly due to orthoclase in =0lid solution in uldite, a
probahle higher content of lepidomelune (Lo wccount for more

K20) and the presence of the 11203 rolecule in pyroxene.
48
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TABLE JI. KNorams of liabase

Apatite 0.6 Ced .8 Oob 0.9 Cob 0.5
Ilmenite ho5 hoe2 bob L.8 7.2 heb 3.8
Crthoclase 1.5 be5 1.8 6.0 2.5 1.5 5.0
Albite 23.0 1%.0 29,0 23,0 27.0 17.0 18.9
inorthite heb 29.0 25,5 3.9 24,0 22,) 25.9
liagnetite S 3b k2 b8 B 6.6 4.2

¥ollastonite 6.2 8.6 3.8 3.8 4.6 8.2 10,3
rnstatite 17.5 9.8 12,0 6.8 10.0 19.8 15.8
Ferrosilite 15.7 16.8 4.k 1l.6 13.8 18.6 11.2
Juartz 1.1 bel 3.1 7.2 l.é - 3.5
Clivine - - - - - C.9 -

l. %orm from sverace of Nimrod sill cheulcel composition s
caloulated froa modes,

2., Norm from essumed Vimrod sill magma (from "wet” chexical
snalysis of saxple G=34, taken 3 inckes adove lower
contact)

3. Norm from average uiedium grained diabesse high in the sill
8 culculated from cow;osition froa modea,

b, !Norm from "wet"™ chemical snelysis of sample =11 which is
included in #3.

5. Hhora of course zone of diabase culculated froa composition
from modes,

6., Norm of averzge fine grained diszbase; mid-point 30 feet
fron lowsr contact., Froa coaposition bvased on :.0des.

7. lora of world average of normal tholeiitio bhasalt and
dolerite {(caloulated by iiockolds, 1954, p. 102l).




£0
The lower content of uldbite snd enstatite in norms from the

chemicel analyses is due to lower sgodlun and magnesium in

the analycses then in conpositions frow modes (ece peges 37
end 41). Note in the norms the difference between the iwmrod
811l and noraal tholeiitic magma in the ferrosilite/enstatite
ratlo. isccording to tke noras sost of the excesz iron in
the iron-richk silil is tzken up es ferrouugite. 7his 1s only
partly true, Lectuse the sill hus an unusually Ligh ore
content, averszing 8 per cent, end verying froa 3.9 to

13.7 per cent.



FFLATIOY TO (IMILAR INTPUCIVES

The Kimrod diahbase s1ll 1s one of several siidler dia-
baeo silla end dikes in the aresa esst of !issoula, .lontuna,.
These rocks intrude Frecambrian metasediments of the Belt
Series. The Himrod sill is similer ehemically and aninsralog-
fcally to a 811l 20 niles west stuldied by Tichard Eisenbels
(Eisendeis, 1958). This latter sill, located et the "illtown
llam near Donner, ii1ssoula County, lontzne, hes a high totel
iron contsnt (sece “akle I, /3), and is, therefore, quite
hich in ore conteant; its uajor pyroxene is plgecnite. The
811l intrudes argillite of the lclumara formation.

L brief study was made of thin sections of a diadbuse
08i1l1ll 6 miles northwest of the western extremity of the
imrod sill. The minerslogiousl composition snd texturs of
this 3111 in the Clinton area, described by Hintzusn (1961,
po 26), leads the writer to conclude that the sill is very
sintlar to the Himrod sill. It is 500 feet to 1500 feect
thick and has a high ore csntent in the fora of larze
skeletzl masses. The plagloolese is zortially altered to
eericite in the cosrse zone, end pyroisne is almost wholly
sltered to hornblende in thet zone. Eoth pigeonite znd
augite were found in ell thin sections, but orthopyroxene
was not found, The sill intrudes the lower rart of the
Carnet “zage formetion. Although & cowplete study of the
sill should be maae befors v:11d conclusions cuu be druwa,

{1t is not unlikely that the sill is a western eit-nsioan of
£l
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the Limrod gill sinoe it is quite tiiok &nd also iotrudes the
lower Garnet iange formation. Lxtrusives and erosion could
heve covered or reioved the sill {n the interveuning area,

3be 8ill in the Clinton area described dy iilnteuan 1is
folded eand the Limrod eill has tectonio Jjolnting, indicating
thut the sille were present in the ielt rocks at the tius of
late Cretaceous or late irevumbrien tectonie activity in the
region. Therefore, the dlabases mny be Frecanbrian to late
Crotaceous in ege.

ittempts to correlete the iilmrod silli to diebuse sills
in the Cretaceous Colorado formation near Carrison failed.
& #ill whioh erops out three niles cast of Garrison, ldontens,
on United Liates Highway lio. 12 was briefly studied. It is
low in iron ore content (less than ) per cent) snd 18 con-
eistently porphyritio with sugite phenocorysts, OGlomeroror-
phyritie pyrozene is not comizon, nor sre large skeletel
sagses of ore, 'ike plagioclase laths in this sill seen
crushed znd borders ere somewhat "“fused,” whereas the plagio-
olase Jaths in the Nimrod sill sre strikingly euhedral in
comparison. Jecause of the differences of tiis slll ia
minerulogy end texture compared to the Nimrod sill, it 1is
impossible to ixply a direct genetle reletionainip.

The iissoula area dlabases (liimrod, Clinton, and
#4{1ltown dem sills) sre distinotly iron-riech, avernging

nearly 20 rer ceat iron oxide. The sxcess iron is found in
the fora of ore, which uvere.es & per eent of the rock and
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in the ferrosilite xolecule. The hizh iron c¢ontent in the

original tholeiitio melt &5 thought to account for the leck
vf a plgeonite to orthopyroxene inversion in the dimbuszes,
Flgeonits i3 the dowinant pyrozxene {cccurriang with sugite)
apd orthopyrosene is sbaent.

Cther diabeses occur in the Tocky -ountain area several
hundred xiles north of idssoule in llecler idetionel laxk, in
northern ldeho, snd in the lootenal area in £ritish Coluambia.
ross (1959, p. 56) describes gabbroloc #ills unc dikes
largely confined to the £iyeh formetion (middle Balt Ceries)
in Clacler Kutional Perk. %Zhe £ills and dikes consist of
titanifercus sugite larcely altered to horndlende, zoned
rlegloclase which is decidedly eelcle, and interstitial
aioropegnatite. 1023 belleves there is a genetic relation
between the sills end the Purcell bassults., Virkhenm end
71lis (19256, p. 33) describe dislLuse 8ills eltersd by
urslization to a dioritie type in oundary County, Idaho,
These silla were intruded into flat lying Telt (" urcell)
Caries rocks snd have sudge uently taken pert in «ll the
orogenie moverents which dbuiit the Cadbinet end Turcell
ranges, KXKirkhom end Ellis oonsider the parent mogme of the
sills to have been produced in the 2mae reservoir as tho
Furcell lava magru with some differentiation. <Une Purcell
lavas, which consist of mltered besalt und andusite flows

of late I're¢.umbdrien to early Csxbrian are, ocour in the
seme region as the sills. Kice (1937, p. 18) oconsiders
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thet the 2lebase £1l1le (21ltered to diorite) and the ™urcell
laves in soutbsest Pritish Coluubia are relested., e cltes
ag evlidsnee the sisiler conmposlition, the eb.cuce of zille
or 23kes of thet naturs shove the laves, ind the grruster
coarsoness of ®1lls in older (rence deepsr buriel) scii-
ments, Tork by unt {1950, p. 1893) inifestec th-t the
sinimun sge of two Turcell sills In southesstern Tritish
Colasdis fron L“O/KLO of diotite {8 £58 to €467 211lion
yozrs, iadicating th+t they esre §§$g§§;y older tiun late
Cretacsous; he odtulrned a meximuz zge of £35 nillion years
for oas of the sills,

It epresrs ;ossicle that the MNixmro¢ sill =zl #isszoula
area iron-rich disbases belong to & zajor tesic intrunlve
epoch that affectsd the Telt ."erlies i{n the northesrn Pceky
ountain area during lete Yrec.ubrian to early Caxbrian

tine,



APUELTIX

The himrod diabase sill was studled uslng sauples from
several traverses perpendicular to the attitude of the sill
(see Plgure 1). Cfamples frox the upper to the lower contact
were obtalned caly from traverse LZfG., Traverses . &néd B
&re across hydrothermsl pods. Traverse i 1s across the
lower half of the 811l snd traverse C is maoross the upper
two-thirds of the sill. Both ! and@ C ers perpendicular to
the sttitude of the sill.

Thin eectlons were mmde of the ITFG traverss and of
traverse /.. Thin eoeotions from traverse !l made by Montgomery
for his work on the sill were used to correlate with treavorse
LEFG. o apprrecladble difference was found in rodes fron
egulvalent points in the two localitles.

ifter minerals were i1dentified using the petrographic
ujeroscope end Xe-ray diffrsotion, the modes were oalculated
using a point counter, counting 500 to 1500 points per slide
derending on the uniformity of distribution end gruin size
of the minerals.

70 obtain uore acourste estimates of the ohe:udcal con-
position of the wincrals, rock saxzples were cruched and
scrsened to obtain particles of 60-120 mesh. 7hese ware
optimua sized rurticles, large enough to be identifled by
use of the petrographic microscope and small enoush to be
alrost zonomineralie. Magnetio constituents (ore) were

55
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first separated by using a hand magnet. The non-magnetioc
minernals (plagioolase and gusrtz) were separated from the
peranagnetio ferromagnesian minerals (pyroxeae, hornblende,
and biotite) by using the Frenz lagnetio Fepurator.

The oomposition of the plagloclass, pyroxene, and horn-
blende was determined by using immersion oils to find the
indices of refrsction end the appropriate dlagrams on which
index of refraction is plotted in relation to chexical con-
position (for plegioclases, “ahlstrom, 1955, p. 118; for
pyroxenes, “*shlstrom, 1955, p. 160; &nd for hornblende,
ioorhouse, 1959, p. 78). The mineralogie composition of the
ore was found by using the X-reay dirffresotoretsr. lagnetite
and ilwenite pesks were found, end the relative intensity
of strong naghetite leaks were compared to strong 1lienite
pesks to cdetermine the relative percentages of the two
minersls. _tanderd peaks of 100 per cent magnetite and
100 per cent ilrenite were used to determine the ratio of
intensities of a 100 intensity magnetite peak and a 100 in-
tensity ilmenite peuk,

The epproximate ohealcal compositions of the different
saxples from the sill were computed by using model analyses
of thin sections. A semple calculation is shown below.

The volume peroenteages obtuined from polnt ocounting of the
thin sections w~ere converted to weight percentsges by multi-

rlying volume percdentaye by mineral density for the separate
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minerasls and then computing the rineral percentege by welght.
The separate oxide percentages of each iineral were then
multiplied by welight percentegs. . ineral compositions had
been determined dy optical meeans -(index of refraction, 2V,
eto.) (¢(xide totals for the rock were then tabulated.

The sccurecy of the chemical cumposition caloulations
is rather low due to several factors. Variaticns occur in
ohexical composition thet ounnot te deter.:ined by opticsl
means; extenzive s0l1d solution is common in elmost ail of
the minerals encountered. Albite invariabdly contains some
molecules of potassium feldspar. Mognetite and ilmenite ray
not be completely exsolved. The ferromagnesian minerals
have some msngunese in thelir crystal lattice (see Table I).
lornblende composition deterxzinations ere rather inacourate
owing to the possibtle percentage variations in the several
cations that mey be present. In the coarse zonv, especlally
where hornblende mtiy be abundsnt nnd plagloclase and
pyroxene are partlally altered to cloudy uggresutes of many
ninerels, chenicel cowpoaltion calculaticns are not to be

considered totally valid,
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Caxrple Chemiosl Culeulation

Thin section C-24 from dlabsse sill

59' stove lower contact:

Xode :’ineral artial “eight
tinerel Volur:e ¥ lensity “ensity S
Plegloclace 40.1 2.7 1.08 33.1
ryroxene Lok lob 1.60 48.5
Kornblende 2.7 3.3 «10 2,8
Elotite 0.5 3.0 .02 005
ore 807 5.0 ok’ 1307
‘-;uul’tz 1.3 2. 7 003 lol
Apatite 0.) 3.2 Ol o3
Tenglty of G-24 3.26
Plagicclase - 33.1-% # 0,3 Rge
“b® 2Nal 1140
“ 451308 % oxide
in rook
' te - " xbe 4N A contributed
Gxide Grumas/mole of oxldes rleg, Tlacz, by /b
Kapo 62 1.8 X 43 x 33.1 = 1.68
ﬁleg 102 1905 p 4 ‘3 X 33-1 = 2.77
6°102 369 63.7 «x L3 x 33.1 = $.77
52L gus for 1 mole b,
in® Canlzli208
% oxide
in rook
Tte <% sn. in A contributed
Cxide ‘' rawus/.ole oOf oxides Fleg, rla-~, by n
CaQ 20 22.1 x 57 33.1 = 4.1%
A1z203 102 5.7 x 57 x 33,1 = .92
28402 121 43.2 x 57 33.1 = 8.15

279 gxs for 1 mole in,
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Pyroxene - 48.57% 157 iuglte W032En36F332 cg32:ngF.325103
85 . rigecnite %0337 F8,5 Ca)q¥&, ol'e, .10,
Auglte , 0xide
“elght in rock
Vgl. “rec- Tt, 7 ’ contributed

Oxide % Grs/cele tlons  of oxides ﬁ&g X by hugite
C&d = .32 X 56 = ,179 15.3 x 15 x 4.5 = 1.11
0% W36 x 40 = 14 12,4 x 15 x 48,5 .90
Ffe0 = ,32 x 76 = 2.3 20,8 x 15 x 48,5 = 1.51
£10g= .00 x 60 = 60U 51e5 x 15 x 3.5 3.75

1.166
I'{zeonite % oxide
‘elcht ia rock
Vol. Fruc= “t. % < X coutributed
Oxide sl G:.a/uole tions of oxldes "ic 'x by plpeonite
Ca0= ,13 x 56 = L0758 He8 Z 5 x LB8.,5 = 2,86
MED T 2 X WU = 168 14,0 x €5 x LB8.5 v 5.47
FeO 2 45 x 76 = 342 25,9 x 25 x 48,5 = 10,90
€402 1.00 x 60 = L6060  50.7 x 85 x 4B.5 ® 20,90

1.183
Lornblende « 2.8 ‘ .
‘C“l.auao.é"VE2.1F°2.1AIQ.3) ;iy.sAia.zﬂzz(Cﬂlz

¢, oxlde

neight G in rook

Fruo- ¢ oxide lorne contributed
Oxide Cizs/mole tion 4n Iib.  blende by hornblende
Cal 56 x l.4 = ,078 9. 2 2.8 = C.25
Nag0 31 x G.6 = ,C19 2.2 x 2.8 = 0.06
Vg0 40 x 2,1 = ,08, 9.7 x 2.8 = 0.27
Fel 72 x Z.1 = ,151 17.4 x 2.8 = Vel
+1263 51 x 1.0 = .051 5.9 x 2.8 = 0.17
.‘.1(}2 60 x 7.8 = 468 53.% x 2.8 = 1051
HZ\J 9 X 2.0 = 0012; 2.1 X 2.8 = 0006

.869



Elotite « 0.5x

60

*0iey, g7, 580,60 (513,780,350 Oy 191,

< oxlde
Velght in rock
¥race i oxide o ccatributed
{xide (ms/mole tions in RBiotite iotite by biotite
KaU 47 x 1.0 = ,CA7 »100 x 0.5 = 0,05
L KO x 0.9 = ,036 071 x CeS = 0,04
re0 72 x 1.5 = ,108 429 X Ve 3 (.11
A1203 51 x C.9 = .046 «£98 x Ce5 = 0,05
10 60 x 3.7= .216 W59 x 0.5 = 0.2)
1120 9 X 2.0 L :Ulg 0038 X 0.5 = 0002
471
QI'. - 13.7,3}
lagnetite Fey O, 60,
2 © oxide
Valight tag. in rock
Frace Wt. % in ! contributed
Oxide (.i8/mole tion of cxides ore Ore by urnetite
Fel 72 x 1 = 172 31.0 x 60 x 13.7 8 2.55
f6203 160 x 1 = 160 69.0 x 60 x 13.7 = 5,67
232
Iluenite Pe?iOJ 40 4 )
“ » 0X1de
'elight ilienite in rock
Freg- Vbe T in @ contributed
¢xide Cus/mole tion of cxldes oreg Ore by ilrenite
Fah 72 x 1 = 72 k7.6 x 40 x 13.7 = 2.60
152

uertz = 1.1%

G102
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oa ‘ not consideroad
Apatite - 0.3. Cag (PO,)y (FyC1)

veight ?noiggz
Jxide Gms/mole i{ﬁﬁ’ ogt;xféee Lpa%ito 2;?2;3:?2;2
Ca0 56 x 5 = ,280 o568 x 0.,) = 17
F205 7 ox 3 = .23 A32 x 0,3 = .13
«h9)

Total oxlde % to nesrest 0.1%

(xicde

£10, Lo.bed b5.4

AlaC3 10.91 10.9

FeO 17.76 17.8

Fe203 5.07 57

g0 6.48 6.5

Cal 8.68 8.7

Rag0 1.76 1.7

20 G.05 0.1

T102 2,28 2,9

10 .08 0.1

P,0s .13 0.1

99.89 99.9
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TABLE IIX. Modes {Volume Fer cent)
=====ug::::==================~r-== =z Ty
from
“con-
fample tect :laz., Px. Hb, iet, Blo, Cre :tz, *p., -ph, Che
L=l 2' 39.8 4bbh 3.0 -~ 0.5 10.1 2.0 0,2 = -
L3 12' 42.7 33).1 6.2 - 1,1 8.7 7.3 0.3 - -
Dw5 22 46,2 29,0 8,1 0.1 1.8 7.5 6.9 0.4 - -
D=8 36 50.9 24.6 8,2 - 1.3 6.9 7.6 Oube 01 =
D=1l 53" 5042 18,0 12.0 6.1 1.0 5.2 5.4 0.8 0.7 =
Lel6 B2' b2.4 3.b4 16.7 8.0 6.6 11.9 4.7 0.8 0.5 =
L=-20 1C5' 41.6 18,2 11.5 3.1 3.5 12.2 8.4 0.9 0.6 -~
L=25 13)* 40.8 21.3 10.6 C.1 2.9 12.8 10.8 0.5 0.2 =
F=5 168* 41.2 15.1 31.7 Ok 2.8 4.0 &.5 0.3 = -
F«l0 196* 46.3 14.8 28.0 0.5 2.3 4.5 3.6 0.7 .2 =
Fel 224' 50.6 31.9 5.8 <« 1.8 6.1 3.0 0.5 0.1 0.2
Ge=1 251" 52.9 30.1 4.5 0.3 0.5 6.7 4.2 0.8 - -
Geb 282' 51.8 33.8 1.7 - G.6 7.2 3.9 Vb =~ 0.6
G«11 313" 48.0 38,6 1.1 - 1.2 7.3 3.0 0.8 - -
G186  34L' 4L.8 40.9 3.3 - 1.8 5.0 3.1 C.7 - Gub
G20 368" L2.,0 4.8 3.1 -~ 1.2 8.0 3b 05 - -
Ge24 391" 40.1 L6.b4 2.7 <~ 0.5 8.7 1.3 0.3 ~ -
Ge28  hlL* 40.7 43.5 2,3 - 0.6 9.5 2.9 0.5 = -
Ge31l &31% 38.8 36.4 8.3 = 1.1 104 4.7 0.3 - -
Cedh &LL3' 8.4 28.1 O.2 -~ 2 5.1 0Ue3 Uead = -

*Includes 24.6% bzscltie glass.
above lowsr coutnct.

WW '

tample 1a 1located ) inches



TALK TV.
C=34

(A) (B)
no? 46.76 43.46
r.o 1432 14.34
F.203 2.96 2.95
ALGB 14.40 14.06
Ca0 9.94 9.86
MO 3.16  3.37
TIO2 2.95 2.84
90 18 .20
FjO, 31 31
K020 1.94  2.06
KO 69 .72
710) 30 33
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Chemical /jialyaee

0-11

@A) (®)
43.72 48.70
11.97 11.64
341  3.19
1492 15.18
9.76 9.94
4.72 4.72
2.37 2.27
17 .18
21 21
1.94 2.06
.68 .68
1.15 1.13

D-11

(A)
49.18
11.71
4.26
15.98
3.02
2.26
3.12
17
31

2.29
93

1.51

0-34 1. ohlll.d diabaaa 3 inohoa frost lower eontaot.

G-11 1. dIff.reDtlatod dlabeee la the middle of the lower
uaXIl of the elll (135 feet above lower oonteot).

L*11 1# differentiated diabase In the top of the coarse zone
of the elll (53 feet below upper contact).

figure 23. Location of eamples
taken for wet chemical analyses.
lhey are a part of traverse DKFO
of section 21,
T.111I., R.15"., Prime 1i'erldian,
i-iontana. Traverse G Is located by
proceedln% straight up the middle of
a

located In

the only

rge talus slope of dia-

base at the bend of the river. Tra-
verse F is one spur left of spur G
Traverse E Is one spur left of Tra-

verse F. Traverse

of Traverse E.

outcrops.

Is one spur left

rample localities arc
indicated In indelible Ink on the

(B)
48.76
11.87

4.29
15.94

8.22

2.29
3.20
.19
32
2.38

.99
1.46
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