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PREFACE

Although this paper does not claim to solve all the
geologic problems presenf in the Big Timber igneous complex,
it is hoped that the research if represenfts will serve as
the basis for future investigations in fthis area. As is
repeatedly noted throughout fthe text, there remain many
problems which have as yet been studied only superficially
or not at all. These problems are particularly apparent
in the area of pefrography, the complete study of which
will require years of additional extensive research.

The area in which the most complefe study has been
made, the geochemisfry section, is, oddly enough, one of
the shortest sections of the paper (in text) due to the
use of charts and diagrams and the peculiar nature of
geochemical dafa which lends itfself tfo brief and concise
exposition. For reasons of time and finances the precise
chemical procedures used in the chemical analyses have not
been included in this dissertation. They will be published
in the near future under the auspices of the University of
Cincinnati Department of Geology and will serve as a guide
for future students in geochemical research at the Univer-
sity of Cincinnati.

In spite of the four yeafs of extensive research

spent on this project, if now appears that I have managed
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to scratch only the surface of this complex geologic area.
As depressing and humbling as this discovery is, it does
suggest innumerable possibilities for future study. As
has been said, the first sfep in the long road fo wisdom

consists of realizing how much one does not know.
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INTRODUCTION

General Statement

The Crazy Mountains in general and the Big Timber
igneous complex in particular have frequently been re-
ferred to in geologic literature as an excellent example
of a pluton from which a radial dike patfern emanates.

This complex consists of multiple plutonic intrusions

and several associated injections of dikes. In view of

the "textbook nature”" of this plufon it may seem strange
that all previous work performed in fthe area has been of

a purely reconnaissance nature and thaf no detailed study
of the pluton has been undertaken. There are many possible
reasons for this lack of attention, the most obvious being
the extremely rugged terrain. Since roads leading info fhe
area are few and poor and terminate several miles outfside
the area being mapped, field work must be performed by back-
packing info the higher elevations and esfablishing a base
camp. Although part of the area can be fraversed by horse-
back, most of it can be covered only on foof.

A second but less restricting difficulty is found in
the fact that there are no large-scale topographic maps of
the area. The only map which covers this area, the Whife
Sulphur Springs sheet of the 1:250,000 series of the United

States Geological Survey, is completely inadequate for
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geologic mapping. Partially compensating for this lack,
however, are fthe quite adequate aerial photographs available
from both the U.S.6.S. and the Soil Conservation Service.
Despite the aforementioned difficulties the writer has
undertaken and partially completed a detailed study of this
pluton. Although a systematic collection of plutonic and
dike rocks on a one-quarter-mile grid has been initiated,
the difficulf terrain and very short field season have
prevented a complete collection in the area. The entire
pluton has been mapped, but oniy about one-half the col-
lecting has been complefed fo dafe. A thorough recon-
naissance and photogeology has been performed on fthe
remaining part of the area, and it is anticipated that
with additional field work a more complefe geologic picture

of the area will emerge.

Location and Physiographic Seffing

The area being studied is located In Southcenfral
Montana, approximately eighty miles north of fthe northern
boundary of Yellowstone National Park. The Crazy Mountains
are located on the Central Montana Platform (Cenfral Montana
Rockies of Eardley, 1962, p. 351) and are part of the
"Transverse Igneous Belt" which cuts diagonally across fthe
regional structural lineamenfs. All the igneous bodies

within this transverse belt are Tertiary in age and have
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been studied in broad detail by Larsen (1940). The Crazy
Mountains are the southwesternmost member of this transverse
belt and form an outlier to the Rock Mountain front proper
which is thirty miles to the west.

Weed (1899, p. |) described the Crazy Mounfains as:

the highest and most conspicuous mounfains
of the quadrangle [Little Belf Mountain
Quadrangle]. Surrounded on all sides by
low and open bench lands, their rugged
snow-capped peaks and sharp cresfs are
visible for many miles. The mountains
form a group of connected peaks and not

a range. The mountain mass is from |0

to 20 miles wide and 30 long, and lies
almost wholly within the limits of fthe
quadrangle. The highest peaks reach an
elevation of over 11,000 feet, or 6000
feet above the bench lands. In both
elevation and ruggedness they far surpass
the other mountains of the quadrangle and
indeed most mountains of the State. Yet
they form an isolafted mountain group thaf
does not belong to the Rocky Mountain
system, either in geographic relafion

and position or in geologic structure.
They afford a remarkable example of a
residual mounfain range in flat-bedded
rocks carved out simply by sftream erosion.

The Crazy Mountain igneous complex is located axially
to the Crazy Mountain basin which is boundéd on the north
by the Little Belf and Castle Mountains, on fhe west by the
Bridger Mountains, and on the south by the Absaroka and

Beartooth Mountains. Toward fhe east the basin.is losft

against the Lake Basin Fault Zone and the Pryor Arch.
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The igneous rocks and the metamorphic aureole of fhe
Big Timber complex form the highest peaks within the area
(See frontispiece). Within the area studied elevations
vary from 6,000 to slightly over 11,000 feet,

Pleistocene glaciation within the area has been severe.
Excellent exposures have been created by deep U-shaped
valleys which have cut info fthe complex and its metamorphic
aureole. Valley train and scree material have covered much
of the valley floors and lower walls, but generally exposures

of the pluton, dikes, and metamorphic aureole are excellent.

Purpose of the Study

The igneous rocks within the Crazy Mountain basin have
been intruded as sills, dikes, laccoliths, and stocks and
vary widely in composition from fhe mildly alkalic rocks
to the oversaturated rocks of fhe calc-alkaline types.

This study has as its principal purpose the presentation
of field and laboratory data pertaining to the chemistry,
petrology, and structure of the Big Timber igneous complex
and is intended to be a segment of a larger study of all
the igneous rocks locafted within the Crazy Mountain basin.

The chemical and pefrographic study of fthe plufonic
and dike rocks has been undertaken to describe the variafion
and determine the type of differentiation and assimilation

in the formation of the wide variety of rock types present.
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Comparison has been made of the chemical analyses (Simms,
1966) of the mildly alkalic rocks of the area north and
west of the writer's area fo deftermine whether or nor there
exists any chemical relaftionship between the fwo different
rock suites.

Since erosion has not cut through the base of the
epizone (estimafted to be between four and six miles in
depth (Buddington, 1959)), the study of the physico-
chemical conditions under which the pluton was infruded‘
could provide information regarding fhe method of emplace-

ment of epizonal plutons.

Geologic Setiing

The Big Timber igneous complex is fhe targest of a
series of igneous intrusions into fthe Crazy Mountain basin.
The precise relationship among the various igneous phases
is a matter of serious debate due largely to fthe great
diversity of rock types present. The Crazy Mountain igneous
series (all the igneous rocks intruded into the basin) is
the southwesternmost part of the Central Montana Rockies
(Eardley, 1962, p. 351) which includes all fhe Tertiary
intrusives east of the Cordillera. These inftrusives, none
of which has been affected by fhe Laramide orogeny, are
part of the Montana Pefrographic Province of Larsen (1940);

they include the area from the Litfle Belt Mountains on fthe
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west to the Porcupine Dome on the west and from the Sweef—
grass Hills on fthe north fo the Crazy Mountains on fthe south.

Figure | is a generalized geologic map of Soufhceﬁfral
Montana showing the Crazy Mountain basin. Shown also are
the gravity data (presented by Kelley, 1966) as specifically
related to the Big Timber igneous complex and the Loco
Mountain stock.

The Big Timber igneous complex and the smaller Loco
Mountain stock ten miles to the north have been intruded
coaxially to the Crazy Mountain basin.l These infrusions
penetrated in excess of 20,000 feet of sedimentfary rocks.

A stratigraphic column of the basin is shown in Figure 2.

Rocks of the Big Timber igneous complex are, for the
most part, in direct confact with the sediments of the Forft
Union formation. The sediments in contact with the pluton
vary generally from coarse argillaceous sandstones fo rather
clean fine-grained silfites and were sufficiently well-
indurated at the ftime of the intrusion of the early basic
phase fo withstand lateral thrusting. This fhrusting is
well-exposed on the north wall of Big Timber canyon abové.
the Lazy K Bar Ranch. As yet no deailed investigation of

these sediments has been made.

1
The axis of the Crazy Mountain basin varies on different
maps due principally to a lack of detailed geological mapping
within the basin. The most recent work by McMannis (1957)
shows the axis to be essentially parallel fo the Bridger
Range (The Rocky Mountain Front).
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Figur,e'2 STRAT®GRAPHIC COLUMN (Roberts, 1963)
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Post-Paleocene sedimentation has not been found wifthin
the area, although it has been reported in spofty instances
within other parts of the basin as high level bench gravels. -
The dating of these deposifs is questionable (Pryor, per-
sonal communication), but they have been used by several
investigators (Weed, 1899 and Simms, 1966) in the dating
of the igneous events within the basin.

Recent gravity work by Bonini (personal communication)
and Kelley (1966) shows a very strong posiftive Bouguer
anomaly over both the Big Timber igneous complex and the
Loco Mountain stock (See Figure I). These dafa strongly
support the field relationships of the igneous phases as

found by the writer.

Previous Work

The Crazy Mountains were first observed by Lewis and
Clark in 1806 while ftraversing east on the Yellowstone
River. Later F. V. Hayden (1872) made note of the distant
mountain range as the "Crazy Woman Mountains." Later sur-
veys also mentioned the mountains, buf none made any de-
tailed observations within the mountains proper.

The first study within the Big Timber complex was
done by Iddings and Weed (1894) and later by Weed (1899);
the most exftensive work was performed by Wolff (1938).

Both Iddings and Weed (1894) and Weed (1899) made broad
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reconnaissance studies of large areas (mapped on a scale of
1:250,000). In view of the wide range of these studies,
only a brief pefrographic description of the igneous rocks
was presented. Wolff made an exfensive survey of the Crazy
Mountain basin north of the writer's area but spent only a
few days within the Big Timber complex. He stated on p. 1581:
"The outline which follows is based on a few days of study
in a region difficult of access, and much may be added by
further work." Mansfield (1909) spent a few days in fthe
area and has given a brief description of the glacial geology
within the area.

None of the aforementioned writers concerned himself
with the structure presant in the area, and the few chemical
analyses presented by Wolff are biased, since they were

collected from scree slopes.
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METHODS

Collection

All rock samples were systematically collected. A
one-quarter mile grid was superimposed on fthe Forest Service
Planimefric 2 inch map (See Plate I, in pocket), and samples
of the plutonic rocks were collected at each grid infer-
section. Dike rocks were similarly collecfed, although no
grid system was complefely adequate due to the pattern in

which the dikes have been infruded.

Mappin

The preliminary geologic map (Plate I, in pocket) was
made from Map 610-4-3, a 2 inch planimefric mép of the U.S.
Forest Service. Field mapping was performed using fwo sefs
of aerial photographs: (1) a Soil Conservation series of scale
ca. 1:15,000 and (2) a U.S. Geological Survey series of
scale ca. 1:30,000. The geological data was transferred

by means of a Caesar-Saltzman projector to the 4 inch base

map, enlarged from fthe aforementioned 2 inch map.

Analytical Procedures

From recent—literature detailing experimental pro-
cedures and from results of other petrologic studies if
has become increasingly evident that whole rock chemical

data are vital to the understanding of fthe physico-chemical
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processes operating during the consolidation of a rock melf.
The writer undertook the chemical analysis of a suite of
rocks, the collection of which has previously been described.
There are many analytical procedural schemes in both
chemical and geological literature (Shapiro and Brannock,
1952 and 19565 Riley, 1958; Ahrens ef al., 1963; Debras-
Guedon and Voinovifch, 1963; Oki ef al., 1962; and others).
Since an investigation of these various procedures proved
that no one scheme was adequate for the particular labora-
tory facilities at hand, the writer was forced to undertake
a search of chemical literature and fo modify existing pro-
cedural schemes.
Following is a brief description of procedures used
in the estimation of the principal oxides of rocks. The
analyses were carried ouf in four parts: (1) silica,
(2) metal oxides and phosphorous pentoxide, (3) ferrous

oxide, and (4) water.

Sample preparation. Approximately 200 grams of the

representative sample was taken, broken into walnuf-size
fragments using a rock-splitter, and passed through a jaw-
¢rusher fthree times. The sample was then quartered using
a riffle splitter. Three-quarters of the sample has been
stored in screw cap jars, and the remaining quarter was
ground in a motorized mortar and pestle to pass a 100 mesh
sieve. This was then thoroughly mixed and oven-dried at

| 10° for four hours.
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Determination of silica. The dried and ground sample

was decomposed by fusing with sodium hydroxide in a silver
crucible in a muffle furnace at 830° C. The fusion was
leached in an acid-water solution, acidified to a pH of I.5
and diluted to volume by weight. Silica was defermined
spectrophotometfrically in this solution by molybdenum

yel low complex method developed py the wrifer.

Determination of metal oxides and phosphorous pentoxide.

A portion of the rock sample (ca. 0.5 grams) was dissolved
using either a mixture of hydrofluoric and perchloric acids
in a teflon beaker with a tight-fitting 1id or hydrofluoric
acid alone in a feflon-lined bomb. The solufion and pre-
cipitate were fumed to near dryness fwice wifh perchloric
acid to remove fluoride and silica. The residue #as dis-
solved in hot perchioric acid and diluted with water fo
500.0 ml., by weight. This solufion was used in the esfima-
tion of Ti0p,, tofal iron as Fes0z, Al0z, MnO, Ca0, MgO0,
Na,0, Ko0, and Pp0s. The use of perchioric acid instead

of sulfuric acid has been outlined by Riley (1958) and also
by Langmyhr and Sveen (1965).

l.) Titanium dioxide was defermined spectrophoto-
metrically by the use of Tiron (disodium |, 2-dihydroxy-
benzene-3, 5-disul fonate). The yellow color was measured
at 380 mp. This method has high sensifivffy, excellenft

stability and is exceptionally free from interference from

other elemenfs.
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2.) Total iron oxide was estimated spectrophoto-
metrically at 510 mu as the red complex of I, 10 phenan-
throline.

3.) Aluminum oxide was determined using an oxine-
chloroform extraction. Iron was complexed as the ferrous-
dipyridyl complex; the pH was adjusted with sodium acetate
buffer to 4.9-5.0; and aluminum was extracted wifth a chloro-
form solution of 8-hydroxyquinoline. The densify of the
yellow extract was measured spectrophotometrically af 390 mu,
and a small correction was made for titanium dioxide.

4.) Manganese oxide was estimated specfropho{omefrically
at 575 mu as the permanganate. Oxidafion of manganese was
performed using persulfate, since it gives more consistent
results than does periodate when working with small amounts
of manganese.

5.) Calcium plus magnesium oxide as Ca0 were estimated
chelatometrically at pH 10.0 using calmagite as the indicafor
(Mallenkrodt Chemical). Iron was complexed with potassium
cyanide in triethanolamine prior to fifration. The solution
was titrated with EDTA to the disappearance of the last
trace of red.

6.) Calcium oxide was estimated by flame photomefry
using 20% glycerin (v/v) in the final solution as a buffer,
Flame emission was measured at 422 mu, and estimation was

made us ng a standard calibration curve.
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7.) Sodium and pofassium oxides were esTimang by
flame spectrophotomefry. A portion of fthe soluftion was
passed through an anion exchange column (IRA-400) in the
citrate form. This passage removed most divalent and
trivalent ions which could cause serious flame infterferences.
The solution was buffered with ammonium sulfate prior fo
introduction into a sheathed oxygen-hydrogen flame.

8.) Phosphorous pentoxide was estimated by the
molybdenum blue method as described by Riley (1958).

Defermination of ferrous oxide. Ferrous oxide was

estimated by a modified mefthod of Van Loon (1965). Standard
methods used in the estimation of ferrous oxide allow for
subsequent oxidation of the ferrous ion; therefore, a

method which prevents this oxidation has been used. Slightly
higher values have been found for ferrous iron in standard
rock samples (See Figure 3). Approximately 0.5 grams of
dried rock powder were weighed into a feflon beaker con-
taining a solufion of potassium iodate. Hydrofluoric acid
was added to the beaker, and its contents were heated until
the sample was dissolved. The solution was neutralized with
ammonia, and an excess of potassium iodide was addgd and the
solution immediately tifrated with sodium thiosulfate using
starch as the indicator.

Estimation of water. Water was estimated on a 0.5 gram

sample using the modified method of Riley (1958).
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Accuracy and precision. Analytical procedures were

compared fo the standards, diabase W-1 and syenite S-1,
and with additional analyzed samples obtained from C.0.
Ingamells. The results are presented in Figure 3. In

all instances accuracy and precision were well within the
limits set by the U.S.G.S. (Fleischer and Stevens, 1962) .

From the chemical analyses compufations of the norma-

tive minerals, ionic and cationic equivalents were made
using an IBM 1620 computer. All variation diagrams were

plotted utilizing an on-line IBM 1627 Plotter.
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Figure 3. Comparison of Values for W-1 and S-1

Analyses by the writer were performed in
triplicate and run along with rocks for the
Big Timber igneous complexe. Precision is
within the limits of acceptability as seft by
Stevens et al., 19%0.

W-1-I - preferred values (Ingamells and Suhr, 1963
W-1-ITI- analysis by J. Tappe (average of 3)

S-i-I - mean values (Webber, 1965)

S-|-II- analysis by J. Tappe (average of 3)

W- S-1
I I I II
Si0, 52.60 52.76 59.45 59.32
Ti0s 1.08 o1l 0.49 0.49
Aln0s 14.94 15.17 9.58 9.48
FepOs .38 0.77 2.27 1.08
Fe0 8.7 9.34 5.44 6.5
MO 0.17 0.18 u 0.40 0.42
g0 6.52 6.50 4.07 4.04
ca0 10.92 10.95 10.32 10.74
Nay0 2,15 2.19 3,24 3,47
K,0 0.63 0.68 2.75 2.63
P06 0.14 0.15 0.20 0.23
HaO0 0.53 0.48 0.60 0.5
Total 99.77 100.28 98.81 98.92
Total Fe 1 o5 113 8.31 8.30

as Fep03

R . o .
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STRUCTURE

Since no previous detfailed structural work has been
attempted within the area mapped by the writer and since
:sTrucfural data immediately outside the map area is lack=-
ing, this section has as ifs purpose the presentation of
evidence of tectonism within the Big Timber igneous com-
plex. Magma ftectonics have been only partfially explored

and cannot be evaluated until posf-magmatic structures

have been quantitatively investigated.

General

The Crazy Mountain basin is considered by McMannis
(1955) to be of particular significance in the sfructural
evolution of southwestern Montana. Smifh (1965) has shown
that there was operative within the Montana Platform a.
series of Tertiary igneous infrusive centers which could
well be related to the Lewis and Clark megashears (See
Figure 4). The two megashears of parfticular significance
to the study of the Crazy Mountain basin are the Lake Basin
lineament and the Nye-Bowler lineament.

The Lake Basin lineament was first described by R.T.
Chamberlin (1919) who interpreted the series of en &chelon
faults exposed at the surface as expressions of tension

resulting from movement along a buried sinistral frans-

current fault.
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In !936 Wilson reported a structural zone paralleling
the northeastern margin of the Beartooth Mountains for which
he proposed an origin similar tfo that of the Lake Basin
lineament, This structural belt, the Nye-Bowler |ineament,
has associated with it a series of en gchelon faults, folds,
and volcanic centers., The lineament is about 120 miles
long; the work of McMannis (1955) suggests that it may be
traced even further west.

The apparent effect of movement along these lineaments
and along the Osburn, Big Snowy, and Cat Creek |ineaments
further fto the north has been to crenulate the original
trend of the Cordilleran mobile belt (Smith, 1965, p. 1403).
The Lake Basin and the Osburn |ineaments have been traced
for several hundreds of miles from the Central Montana
Platform foward the west. A lack of detailed structural
data has prevented the esftablishment of a probable similar
extfension of the other lineaments.

All the aforementioned lineaments have sinistral move-
ment and are considered by Smith (1965) to be fundamental
faults (master faults) and surface manifestations of deep-

seated shear zones.

Faulting Within the Big Timber Complex

Faulting within the Big Timber igneous complex has been

extensive, consisfing principally of normal and scissors
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Figure 5. Aerial photograph showing vicinity of Rock
Lake. Note faulting causing of fset in
ridge (A) north of Lake.

faults and dextral strike-slip faulfs. These faults can
easily be recognized on aerial photographs as shown on
Figures 5, 6, 7, and 8 and are also expressed topographically
on the Fairview Peak quadrangle (7 1/2 minute series) of the
U.S. Geological Survey. Broad fault gouge zones, steep
"step" faults and deep notches in ar&tes caused by faulting
are easily recognized in fhe field and are shown in Figures
9, 10, I, and 2.

On Plate I the principal faults can be seen as trending
essentially north-south with a second series trending

essentially northeast fo soufthwesf. Movement aloﬁg these
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Figure 6. Aerial photograph showing large fault (A)
in the vicinity of Rock Lake. Note wide
sone of fault gouge associated with fault.

faults has varied from essential grinding movement (no
determinable direction), as can be seen in the vicinity of
Swamp Lake, to very strong normal faulting along the frac-
tures forming Crazy Lake, Smeller Lake, and Druckemiller
Lake. The fault cutfing Druckemiller Lake and Granite
Peak is shown in Figures 9 and I4. Strike-slip movements
along these fractures can be defermined from the slicken-
sided surfaces exposed near Swamp Lake and below the faulf
near fthe Mine Lakes. The amount of movement is difficult
to determine, since no piercing points have been found.

However, in fhe vicinity of Blue Lake a mineralized shear
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Figure 7. Aerial phofograph of area of Blue Lake,
Druckemiller Lake and Twin Lakes. Nofe
high angle fault cutting ridge of Granite
Peak at A and strike-slip fault "cutting
off" end of Granite Peak at B.

zone, striking ca. 300° azimuth, appears fo have been
offset approximately three-quarfers of a mile. This faulft
is shown in Figure [3.

From the aerial photographs presented in Figures 5
through 8 it appears that many of fthe faults have under-
gone recent movement. This can be seen from the offset
ridges between stream channels in Figures 5 and 7. Many
of the fault zones show strong microbrecciation with much
of the fault gouge being extremely friable. Since the
area has undergone exfreme Pleistocene valley glaciation

and the glaciers could easily have removed this material,
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Figure 8. Aerial photograph showing faulting in
vicinity of Crazy Lake and Pear Lake.
Figure 10 was taken at A. The fwin
peaks of Crazy Peak (B) have been
caused by faultfing.

this fault gouge must have resultfed from postf-Pleistocene
faulting. However, since the andesitic dike phase has been
intruded parallel and subparallel fo this fault zone, it
appears that faulfing within the zone must have occurred
several times since its inception.

Photogeological and reconnaissance mapping of the
northern part of the pluton indicate that the degree of
faulting has not been as severe here as in the southern
half of the pluton (See Plate I). Faulting in fhe vicinity

of Campfire Lake is shown in Figure 1i5.
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Top: Figure 9. View of Granite Peak looking north from
notch south of Pear Lake showing large
fault. Note joints paralleling fault
paftftern.

Bottom: Figure 0. Wide notch in aréfte above Pear Lake
caused by fault. Notfe small faults
in Ridge to Iddings Peaks (Right).
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lt. "Step faults" at head of fhe North Fork,

Top: Figure
Big Timber Creek.

Bottom: Figure 12. ™"Step faulfs" at head of North
Fork, Big Timber Creek. Photo-
graph faken to fhe jeft of Figure Il.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

26



Strike slip fault cutfting through
Blue Lake and "cutting off" fthe easft

end of Granite Peak.

Top: Figure I3,

Bottom: Figure l4. High angle fault on north face of
Granite Peak. See also Figure 9.
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. i t head of middle fork
Figure 15. gagé¥é?gsg Creek at Campfire Lake,

cutting through metamorphic aureole.
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Joints

Joint patterns within fhe.plufon represent several
generations. Although no quantitative evaluation of the
joint data has been attempted, several directional frends
present within the pluton are probably related fo bofh the
intrusion and the consolidation of the magma and fo later
faulting within the area. An initial set of joints,
probably related fo both fthe intrusion of the basalfic
dike phase and to the final consolidafion of the plufonic

N magma, can also generally be applied to the later intrusion

of the aplitic dike phase. Whether these sets of joints
are related to a cooling contraction of the magma or to a
set of northeast to southwest frending faults has nof been
established.

Later joint sets, apparenfly genetically related fto
the strong north-south frending sef of faults and andesitic
dikes, are shown on Figure 6. This set of joinfs essentially
parallels the faults and dikes, adding fo the general north=-

south grain within the pluton.

Magma Tectonics

- Due to the high degree of posf-plutfonic structural
activity no attempt has been made by fthe writer to evaluate
the primary structures present within the pluton. Flow-

layering and banding is widespread throughout the inter-
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mediate plufonic phase, and all directional measurements
made on these features reveal an inward dip. However,
post-plutonic faulting has been sufficiently severe to
cause rofation of many primary structural elemenfs.
Faulting associated with the forceful intrusion of
the pluton has been only casually investigated. A fthrusf
fault immediately outside the metamorphic aureole in Big
Timber Canyon has a thrust plane dipping genfly (5°) inward
toward the pluton. Additional faulting (normal?) and
fracturing has been observed in the valleys of Swamp Creek,
Milly Creek, and the Middle Fork of Sweetgrass Creek, all
indicating the forceful east-west nature of intrusion. The
genfle dips of the metasediments and general lack of frac-
turing along the northern and southern limits of the pluton
indicate that the stresses operative in these directions

were less severe than in the east-west direction.

Analysis

Recently Chinnery (1966b) has re-evaluated the causes
and results of secondary faulting associated with master
faults (megashears of Smith, 1965). All previous investi-
gations (Anderson, 1951; Moody and Hill, 19565 Lensen,
1960; and Crowell, 1962) of primary faults and associated
secondary and tertiary faults have considered the stress to

be a force vector (See Figure 5 of Moody and Hill, 1956,
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p. 1213). By reanalyzing the stress field associated wifth
master fault systems Chinnery (1966a) has been able to show
that the stress within a system does not have vectorial
properties buf can be analyzed only in ferms of Tensors.1

From this analysis Chinnery (1966b) has proposed six
different modes of secondary fault formation for both
conditions of pure shear and conditions of uniaxial com-
pression. These six fracture patterns are shown in
Figure 16.

Using the aforementioned patterns of fracture develop-
ment, Chinnery (1966b) has evaluated three areas in which
strong secondary faulting is associated wifth a master
fault (See pp. 183-189, op. cit.). Of fhese the Garlock
fault,associated with the San Andreas fault, shows strong
similarities tfo the Lewis and Clark megashears of the
Montana Platform.

Applying the principles set forth by Chinnery (1966b)
to the evaluation of the faulting associated with the
Big Timber complex, a sfrong similarity can be drawn
between Chinnery's "Type B" secondary faults, resulting
from uniaxial compression, and those found within the

complex. This similarify can be extended further fo include

1
The reader is referred to Chinnery, 1966a for a
thorough mathematical treafment of fhe use of ftensors in
the interpretation of secondary faults.
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the strong north-south dexfral faults found in the Bridger
Mountains to the west (McMannis, 1955). Whether the
secondary faulting presenf within the area was generated
as the result of movement along the Lake Basin |lineament
or the Nye-Bowler lineament or both cannot at this time
be ascerftained due principally to the lack of detfailed
structural data outside the Big Timber igneous complex.
Although the writer has not attempted any mapping outside
the areas shown in Plate I, in traverses through the bench
lands many genfle folds were observed. In the area soufh
and east of Plate I extensive faulting is present and is
probably related to the faulting presenf within the area
of Plate I.

If these secondary faults present within the area
are the result of movement along one of the Lewis and Clark
lineaments and if these megashears are surface manifesta-
tions of the basement complex, it is nof difficult to visu-
alize these secondary faults exftending fhrough the basement
complex and fapping the mantle as the principal source for
the magma. Therefore, it is the writer's opinion fthat all
the igneous events occurred within the Big Timber igneous
complex during north-south movements caused by lateral

displacement along one of fhe Lewis and Clark megashears.
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PETROGRAPHY

" General
Due to the great variety of rocks present within the
Big Timber igneous complex and the necessity of collecting
large numbers of samples, the systematic collection of fthe
complex has been only partially completed. Because of this
incomplete collection and lack of time only a survey of the
various rock groups has been made, and a detailed and quanti-
tative petrography of the rocks thus far collected has not
been attempted.
The nomencliature used in this paper for the various
rock types has been faken from Hatch ef al. (1961) and
Johannsen (1939).
The intrusions comprising the Big Timber igneous com-
plex can be divided into six principal cliasses: (1) the
basic border plutonic phase, (2) the intermediate plutonic
phase, (3) the terminal plufonic phase, (4) the basaltic
dike phase, (5) the apliftic dike phase, and (6) the porphyritic

andesite dike phase.

Contact Relationships

Contact relationships among the plutonic phases within
the Big Timber complex are quite varied. The contact of fthe

outer basic phase with the country rocks is well~-exposed in
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the canyons of Big Timber and Sweetgrass Creeks, buf strong
shearing, caused by forceful infrusion, has made this con-
tact rather obscure and gradational. Figure |7 excellently
shows the contact of the plufon with the metamorphic aurecle
in the south wall of Big Timber Canyon; Figure 18 shows fhe
contact in a cirque above Pear Lake. These contacts are
subvertical, discordant, and usually very ragged along the
eastern and weéTern perimefers but flatfen to gentle outward
dips along fthe norfhern and southern borders. The northern
and southern contacts, though less steep fthan those in the
ecast and west, nevertheless show discordant cross-cutfting
relationships.

The forceful lateral intrusive nature of the inter-
mediate phase of the pluton is shown by the apophyses of
dioritic material extending info the mefamdrphic aureole.
These apophyses, frequently extending 0.5 miles outward
from the contact, do nof cuf across relict bedding planes
but interlaminate with fthem, giving the plufon a "cedar
tree" appearance similar fo fthaf described by Gilbert (1877).
A schematic east-west and north-south cross-section through
the pluton and ifts metamorphic aureole is shown in Figure 19.

Hydrous mineral assemblages in the pelific and quartzo-
feldspathic country rocks, as described by Weed (1899) and
IWoIff (1938), indicate that the contact metamorphism occurred

at relatively high water pressures. The lenticular and
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Top: Figure I7. Contact of pluton with metamorphic
aureole, south wall of Big Timber
canyon. '

Bottom: Figure 18. Contact in cirque headwall above
Pear Lake. Note large mass of
pyroxenite (A) close fo contact
(agmatite).
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WEST

NORTH

SOUTH

Figure 19. Schematic wesf-east and south-norfh cross-
section through Big Timber pluton showing
relationship among plutonic phases. Dikes
not shown.
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permeable nature of fhese country rocks allowed for both
the influx of connate water from the sediments into the
basic border phase, which shows only slight metasomatism,
and also for the escape of magmatic fluids from the inter-
mediate phase. This strong induration of the sediments
rendered them very resistant to erosion, resulting in the
metamorphic aureole forming the higher peaks within fthe
area.

No evidence has been found of a floor in the deep
canyons within the plufon. Therefore, on the basis of the
gravity data presenfed by Kelley (1966) and the discordant
field retationships of the pluton with the country rock,
this pluton is considered fo be a stock rather fhan a
laccolith.

The contact between fthe outer basic phase and fhe
intermediate plutonic phase shows effects of assimilation
by the intermediate phase. Agmatite is present along this
confact and varies in size from smail fragments as shown in
Figures 59 and 60 to extremely large blocks as seen in
Figure 18. Well-rounded and "ghost" xenoliths of the early
basic phase are weli-distributed throughout the outer margins
of the infermediate phase.

The contact between the intermediate and the fterminal
plutonic phases has not been sufficiently investigafted to

enable one to draw definite conclusions as to ifs characfer,
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since valley frain and colluvial material hide the contact
from view. The greaft difference in grain size, from very
coarse in the intermediate phase o fine in the fterminal
phase, suggests that the contact is very abrupt.

The basaltic dikes, whose trend is schemafically shown
in Figure 20, transect atl the plutonic igneous phases. The
contacts of the basaltic dikes show only slightly chilled
margins even in the more coarse-grained varieties. Contact
between fthe basalt and the igneous phases is usually very
straight, indicating fthaf the ba§FlT has filled fension frac-
tures and fhat syntectonism was probably proceeding at the
time of infrusion.

The aplitic dike phase transects both the earlier
plutonic phases and the basaltic phase as shown in Figure
21 and thoroughly net-veins the plutonic phases and fhe
metamorphic aureole as shown in Figures 22 and 23. Although
the geomefric relations among fhe various nef-veins and
sheefs as shown in Figure 24 have not been quanfifatively
studied, nef-veining, sensu lato, of the plutonic phases
and metamorphic aureole is quife extensive. The type of
nef-veining described by Windley (1965) has nof been found
within the Big Timber igneous complex. The determination
of whether or not these veins and sheets have been intruded
dilatantly as the result of cooling contraction will require

much additional study. Several feaftures found in ofher net-

Reproduced with issi
ith permission of the copyright owner. Further reproduction prohibited without permission



\
VN
| |

Figure 20. Schematic Map Showing Predominant Dike Trends
Basaltic dikes have a norfheast to soufhwest
trend while the andesific dikes have a north-
south trend.
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Top: Figure 21. Aplific dike cutting basaltic dike.

. s . Cvaini hic
. Figure 22. Aplitic dike nef-veining metamorp
Seflon ° aureole above Pear Lake.
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Top: Figure 23. Sheet and net-veining of plutonic rocks
by aplite. Photograph taken on' the
south face of Granite Peak.

Botfom: Figure 24. View of Crazy Peak with faulf
cutting.through Peak at A, showing
nef-veining by aplite within
metamorphic aureole at B.
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veined dioritic bodies appear to be lacking within the Big
Timber pluton; in particular to be noted is a general absence
of pillowing of earlier basic material as described by
Chapman (1962), Elwell et al. (1962), Reynolds (1954), Wells
(1954), and Windley (1965). Although all other neft-veined
complexes appear to show strong geometric rejationships that
can be attributed to cooling contraction, within the Big
Timber complex no such apparent geometric relationship has
been found.

Porphyritic andesite dikes terminafed the igneous
phases of the Big Timber complex. These were infruded
syntectonically with a series of high-angle normal and
strike slip faulfs to which the dikes are parallel and
are shown in Figures 25 and 26. These dikes, which cross-
cut all previous igneous inftrusions within the area, in-
cluding the metamorphic aureole, end north and soufh of fthe
area in unmetamorphosed sediments (Davis, 1965 and Sjmms,
1966). No detailed study has been made of the behavior of
these dikes as they cut the metamorphic aureole. All the
dikes show very narrow chilled margins, and the faulting
associated with them accounts for their linearity and

allows them to be seen for long distances.
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Top: Figure 25. Vertical andesific dike cutting both
plutonic rocks (foreground) and meta-
morphic aureole (distant peak).

Bottom: Figure 26. Andesitic dikes following the north-
south grain within the pluton.
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Basic Border Phase

The early basic plutonic phase, located contiguous to
the contact zone around fhe southern end of the pluton, has
rock types varying from pyroxenites to meladiorites with
local occurrences of augitifes and hornblendites. Grain
size is large (5-8 mm.) with phenocrysts of hornblende
occasionally exceeding 20 mm. in diameter. Reconnaissance
and systematic collecting in the northern half of the pluton
have revealed no rocks having similar basic affinities.

The textures of the rocks of this phase of igneous
intrusion are shown in Figures 27 through 34; fthey vary
from hypaufomorphic- fo xenomorphic-granuiar. All the rocks
within this phase show a lack of layering and in many in=-
stances show stringers of later or residual magmatic fluids,
crystallizing quartz, potassic and sodic feldspars as seen
in Figure 29, The pyroxenes and early plagioclases are of
about equal size and show no preferred orientation.

The most important textural relations are those which
indicate that some of the more pyroxenitic rocks of this
phase are aggregates of cumulus crystals. These aggregates
were formed by the accumulation of discrefevcrysfals either

from sinking through a less dense contemporary melt, in situ

or at depth, or from a plastering of the earty-formed
crystals against fhe walls of the magma chamber by magmaftic

currents. In view of the fact thaf layering has not been
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Photomacrograph of sample AX13.

. 1 27.
Top: Figure Porphyritic hornblende gabbro. 3X)

i 73.
- Figure 28. Photomacrograph qf sample A2
Sotlen ' Hypersthene, augite-hornblende-

pyroxenite. (3X)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

46



: iqure 29. Photomacrograph of sample A563.
2F e Hypersfheng—bearing, augifefhornblgnQe—
gabbro. Note fine grained inferstitial
sodic plagioclase and small blebs of
quartz. (3X)

Bottom: Figure 30. Photomacrograph of sample A573.

Porphyritic hornblende-meladiorife.
(3X)
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Photomacrograph of sample A253.
Porphyrific hornblende-meladiorifes.

(3X)

Top: Figure 32

Bottom: Figure 31. Photomacrograph of sample A453.
Biotite-augite-hornblende gabbro.

(3%)
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Top: Figure 33. Photomacrograph of sample A483.
Porphyritic augite gabbro showing
euhedral augite in varying degrees
of alteration.

Bottom: Figure 34. Photomacrograph of sample A253.
Porphyritic hornblende meladiorife.
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obéerved in these basic rocks and that the plagioclases show
profoclasis, it is this wrifter's opinion that this phase
initially crystallized at depth and was infruded as a crystal
mush.

Protoclasis or cataclasis is present in most of fhe
rocks. Many of the plagioclases show lenticular, bent and/or
crushed lamellae, suggesting significant post- or syncrystal-
lization strain. Granulation of the mineral phases in distinct
shear planes is not uncommon. Whether fthis protoclasis or
cataclasis is directly related to the crystallization of fthe
basic border phase or is associated with later magmafic in-
jection has not been defermined.

The mineralogy of this phase has not been cg%plicafed
to any great extent by secondary metasomatism. Microscopic
examination generally reveals an ortho- and clinopyroxene
and plagioclase with subordinafe amounts of olivine, mag-
netite, hornblende, biotife, and apatite. The plagioclase,
usually subhedral, shows good fwinning, usually of the albife
law with occasional carlsbad twins. All calcic plagioclases
show strong oscillatory zoning, probably reflecting strong
magmatic currents operative during the ftime of crysfal]iza-
ticn. The orthopyroxenes vary from bronzites fo hypersthene,
and all are feebly pleochroic from pale green to pale pink.
The clinopyroxenes are principally diallagite, ferro- and

titanaugite. Birefringence is very strong in fthe ftitftanaugites.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



51

Hornblende occurs bofth as primary poikilitic phenocrysts,
with inclusions of magnetife and plagioclase and also as an
alferation product of the pyroxenes; it shows varying shades
of pleochroism from pale green to deep brown and in many in-
stances is pseudomorphous affer pyroxene.

Olivine has not been found in essential quantities and
usually occurs as wel l-rounded inclusions in fthe ortho-
pyroxene. Magnetife is ubiquifous, occurring principally
as reaction products of later magmatic fluids with fthe
early-formed olivine and augite. Accessories of apaftite,
secondary chlorite and a minor amount of sericite are
present. Leucoxene occurs as small scattered blebs in
many of fhe samples.

Uralitization (ftypical fremojife-actinolifte feathery
intergrowths) of the pyroxenes is common in the later mela-
dioritic rocks. The alterafion of olivine to iddingsifte,
magnetite, and a small amount of hematite has also been
noted in the gabbroic rocks.

Normal gabbroic textures are more typical in the later
stages of fthe early basic phase. This contrast in texture
may indicate a cessaftion of the accumulative mechanism which
was operative in fhe formation of the earlier xenomorphic

pyroxenitic rocks of this phase.
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Intermediate Plutonic Phase

The intermediate plutonic igneous phase consists of
rocks varying from mela- to leucodioritic with local develop-
ments of quartz diorite. Grain size varies from medium to
very coarse (in excess of |10 mm.). These rocks constitute
the most extensive igneous event wifthin the Big Timber
igneous complex.

Textures throughout this phase show great variety, from
hypautomorphic-granular to a minor amount of xenomorphic=-
granular rocks. Sporadic instances of granulation as shown
in Figure 32, have been found and are generally associated
with post-igneous faulting. Parallel to subparallel fexfures,
although present, are not in great abundance. Layering is
the most conspicuous fextural variant present, and alfhough
it is not always present, if is nof uncommon. Figures 35
and 36 show the fwo most prominent types of layering present.
Figure 36 shows current layering by magmatic fluids of fthe
"eut-and-fill" type. These layers are generally alternafions
of hornblende and/cr biotite crystals and layers composed
almost wholly of plagioclase lafths.

Synneusis, senso sfricto, (Vogt, 1921) is present in

many of the rocks as is shown in Figure 36. Alfthough the
cause for synneusis is not clear, fhis "swimming fogether"
of mafic crystals of hornblende and/or biotite is considered

by Vogt to have occurred very rapidly. In ofther plufons
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Figure 35. Flow lamination in intermediafte pbase,
paralleling Brunton. Note basalftic

dike.
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Figure 36, Outcrop of intermediate phase, showir)g
flow layering (bottom) of "cut-and-fil

type and syneusis (fop).

]H
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Windley (1965) considers fthe synneusis present in the diorite
to be of a secondary nature, since the crystals of hornblende
contain inclusions of plagioclase. Although most of the horn-
blendes present within this intermediate phase of the Big
Timber complex show good euhedral outlines and are commonly
poikilitic, this does not preclude the secondary nature of
the amphibole. All the plagioclase present in association
with fthe synneusis textures are Qenerally subhedfal.

Microscopic examination of these rocks (See Figures 37
through 48) show fhem to contain essential plagioclase, horn-
blende, clinopyroxene, and biotite with accessory quartz,
potassium feldspar, orthopyroxene, magnetite, apatite and
uralite. No olivine has been found.

The plagioclases show sfrong albite twinning and
occasional oscillatory zoning (xenocrysts?). Plagioclase
laths frequently show parallel ftextures as seen in Figures
40, 45, and 48. After prolonged etching with hydrofluoric
acid and staining with sodium cobaltinitrite, it can readily
be observed that cloudy plagiocliases are heavily sericitized
(See Figure 38),

Euhedral and subhedral hornblende show weak pale green
to deep brownish-red pleochroism and are the most common
mafic constituent of the intermediate phase. Wolff (1938)
optically determined fthe brown variety to be basaltic horn-

blende. However, in many instances hornblendes show a dark
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Top: Figure 37. Photomacrograph of sample A033.
Hornblende-diorite showing granulation
and slight metasomatism. (3X)

Bottom: Figure 38. Photomacrograph of sample A533.
Hornblende-bioftite-diorite showing
fault. (3X)
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Top: Figure 39. Photomacrograph of sample A353.
Biotite-diorifte showing subparallel

structure.

Bottom: Figure 40. Photomacrograph of sample A§33:
Augite-bearing hornblende-diorite

showing parallel structure.
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Top: Figure 41. Photomacrograph of sample AB63.,
Porphyritic hornblende-diorite showing
extremely poikilitic hornblende.

Bottom: Figure 42. Photomacrograph of samplie A353.
Biotite-hornblende diorife.
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Top: Figure 43, Photomacrograph of sample A393,

T Augite-diorite showing scaftering of
magnetftite crystals and reaction rims
around augites. (3X)

Bottom: Figure 44. Photomacrograph of sample A473.
Biotife-diorite showing finer
grained intermediate phase. (3X)
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TJop: Figure 46. Photomacrograph of sample A523.
Biotite-hornblende diorite showing
subparallel strucfure and a concentra-
tion of magnetite crystals resulting
from replacement of augite. (3X)

Bottom: Figure 45. Photomacrograph of sample A463.
Hornbiende-ciorite showing sub-
parallel structure. Nofe slight
clouding of plagioclases. (3X)
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Top: Figure 47. Photomacrograph of sample A413.
T Biotite-diorite showing replacement
of earlier pyroxene by magnetite.

Bottom: Figure 48, Photomacrograph of sample A463.
Hornblende-biotite-diorite showing
subparallel structures.
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brown core mantled with progressively more green hornblende
and on the periphery become very pale green and show weak
pleochroism. Similar hornblendes have been found by Deer
(1935) in the Carsphairn igneous complex of Scotland. Since
there are no reported instances of common hornblende and
basaltic hornblende occurring within the same rock, the
writer believes the brown variefy to be an iron-rich species
of the common hornblende group. Chemical analysis and
quantfitative optical data will be required to deftermine the
variety or varieties of hornblende present.

Biofite occurs as randomly scattered flakes throughout
this phase. Both primary, showing occasional strain, and
secondary biotite, replacing hornblende and pyroxene, are
present.

The clinopyroxene, when found, as in Figures 41, 42,
and 44, shows alteration to biofite, magnetite, and horn-
blende, indicating high iron (and titanium?) content. Some
of the clinopyroxene shows good diallage exsolution. Fresh
orthopyroxene has not been found. Uralitization of enblosed
grains of hypersthene are often completely uralitized. Mag-
netite occurs both as a primary euhedral phase and as a
secondary replacement of clinopyroxene, as shown in Figures
40 and 43, It is usually scattered throughout the rocks as

tiny crystals.
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Quartz and potassium feldspar are present in minor
amounts as interstitial blebs. In local occurrences quartz
exceeds 10% of the modal constituents, and the rocks grade
info a quartz-diorite. Potassium feldspar occurs only as
an accessory (less than 2%). Apatite appears as euhedral

crystals in all the other mineral phases.

Terminal Plutonic Phase

The terminal plutonic phase has been the most poorly
stfudied of the three phases of stock intrusion, principally
due tfo -the manner in which the systematic collecting has
been conducted (See Plate I in pocket). Only three samples
of this phase have been collected, chemically analyzed, and
studied in thin section.

All these rocks contain essential quartz and sodic-
plagiociase with varying amounts of potassium- feldspar.

The fexture is hypautomorphic-equigranular with grain size
of I to 3 mm., as seen in Figures 49 and 50. Biotite and
hornblende, the only primary mafic constifuents, are prin-
cipally accessory minerals with much appearing to be of
xenolithic or xenocrystic origin.

The abrupt change in grain size from the intermediate
phase to the terminal phase may indicate that the latter
phase could be associated with the later aplitic phase.
Insufficient field work has prevented the establishment of

this relationship.
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Top: Figure 49. Photomacrograph of sample A034.
Micro-granodiorite from ferminal
plutonic phase. (3X)

Botiom: Figure 50, Photomacrograph of sample A044.
Tonalite from ferminal plutonic
phase. (3X)
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Basaltic Dike Phase

The basaltic dike phase was infruded shortly affer the
intrusion of the pluftonic phases. These dikes are few in
number and have a general directional trend of 70° azimuth.
A schematic map showing the frends of fthe dikes within the
area mapped is presenfted as Figure 9. It has been found
that these dikes fransect both the plutonic phases and the
metamorphic aureole, but their extfent intfo the unmetamor-
phosed sediments has not been determined.

Although only one of the dikes has been analyzed
chemically, several have been examined microscopically.
Microscopic and chemical examinafion indicate that all
the dikes have alkaline basalt affinifies. No olivine
has been found. The analyzed sample (C063), hornblende
spessartite, shows iong euhedral laths of basaltic horn-
blende in a pilotaxitic groundmass of inftermediate plagio-
clase and hornblende. Iddings (Wolff, 1938) collected a
picrite basalt near the head of Big Timber Creek, but the
writer has not found rocks having a similar composition.,

Other basalts within the area show similar pilotaxitic
texture, as seen in Figure 513 still others display hyalo-
pilitic and strong flow textures as shown in Figure 52.
Xenoliths of feldspathic quartzite have been found in two
basalts, one from the upper drainage of Big Timber Creek,
shown in Figure 53, and the other from fthe canyon of Sweeft-

grass Creek.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Top: Figure 51. Photomacrograph of sample C034.
Basalt from Sweetgrass Canyon. (3X)

Bottom: Figure 52. Photomacrograph of sample Ci73.
Flow sfructure in basalt from upper
Big Timber Creek. Note late quartzo-
feldspathic stringers.
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Top: Figure 53. Photomacrograph of sample C243.
Quarfzo-feldspathic xenolith in
basalt from headwaters of Big
Timber Creek. (3X)

Bottom: Figure 54. Photomacrograph of sample Cl42,

Multiple dikes of aplite in basalft.
(3X)
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Aplitic Igneous Dike Phase

The aplitic dike phase post-dafes both the plutonic
igneous and basaltfic dike phases. These dikes vary in
composition from granodiorific fto alaskiftic. 1In hand
specimen the colors vary from a pinkish-buff colored rock
to almost wholly white (alaskites). The grains, of medium
size in the mafic varfefies, become increasingly fine in
the alaskitic varietfies.

The initial infrusion of the apliftic dikes shows medium
grain size and an enrichment of mafic constituents. Later
alaskitic aplitic dikes, fine in grain size and deplefted in
mafic minerals, cross-cut the earlier, more mafic and
coarser-grained granodioritic aplites. Multiple intrusions
of aplites are common and can be seen in Figure 54. No
pegmatite has been found or reported by other workers in
the area.

The principal minerals of the aplifes are quarftz and
microcline with subordinate amounts of plagioclase and
occasional biotite. Only minor amounts of magnetite and
apatite are present.

Although Windley (1965) and Chapman (1962) have shown
a definite geomefric relationship between aplite dikes and
particular fracture patterns, this writer has made no such

investigation.
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The granodioritic aplifte commonly shows significant
amounts of biotite and altered hornblende which gives the
rocks a speckled appearance similar fto many microgranites.
Frequently the saccharoidal texture present in most of fhe
other aplites of the area is absent from fthese more mafic
varieties.

Microscopically the textures of the aplitic dikes vary
from xenomorphic-granular to panallofriomorphic-granular
with a grain size of less than 3 mm. Their constituent
minerals are essentially quartz, potassium feldspar and
plagioclase with subordinate biotife and hornblende.

Plagioclase forms subhedral fo anhedral grains and
tends to form minerals of the largest grain size. These
frequently have irregular, indented grain boundaries where
they have been penetrated and replaced by quarfz and micro-
cline (?). Relict crystals of plagioclase are sifuated
within the potassium feldspar and are frequently opfically
continuous. The potassium feldspar is believed to be micro-
cline but very infrequently shows the typical cross~hatch
twinning. Quartz occurs with anhedral oufline and with only
slight strain shadows. Biotites occur as primary flakes and
as secondary alteration of hornblende. The alaskitic apliftes
are composed essentially of quartz and potassium feldspar

with varying amounts of sodic feldspar.
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Andesitic Dike Phase

The andesitic dike phase confains a wide variety of
rock ftypes due to the variation among the types of pheno-
crysts present in the rock. This dike phase shows strong
chemical affinities as Opposed to the wide chemical variance
of the dikes and sills of the northern part of the Crazy
Mountain basin (Simms, 1966).

All the rocks in this phase are porphyriftic with pheno-
crysts of hornblende, andesine plagioclase, biotfite, and
augite. No attempt has been made fo affix any of the parti-
cular sophisficated rock names which abound in the geological
literature to these rocks.

Textural variations within this group are particularly
striking. Generally the rocks are porphyritic with a
pilotaxitic groundmass, with trachytic and microlitic
textures also being common, as shown in Figures 55 through
58. Plagioclase (ca. Anyg) occurs both as euhedral and
subhedral phenocrysts and as laths in the groundmass. When
flow texfure is present, these groundmass laths show a pre-
ferred orienfation parallel to flow. Albite twinning is
common, and occasional mild zoning is also present. Figure
56 shows twinning plagioclase with a border of secondary
sodic feldspar. Potassium feldspar is a minor constituent
and has been found only in the mafrix as small blebs (revealed

by staining).
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Top: Figure 55. Photomacrograph of sample Cl33.
Flow ftexfure in andesite. (3X)

Bottom: Figure 56. Photomacrograph of sample Cl453.
Porphyritic hornblende andesite
collected in Big Timber Canyon.
Note sodic rim around plagioclases.
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Top: Figure 57, Photomacrograph of sample C073.

Porphyritic oligoclase-andesite show-

ing pelotaxitic groundmass. Collected
in Big Timber Canyon,

Bottom: Figure 58, Photomacrograph of sample C233.
Porphyritic hornblende andesite
showing "syneusis" of magnetite.
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The most common mafic constituent is hornblende, which
varies from pale green to dark brown. This hornblende is
usually found in long euhedral, frequently poikilitic laths,
as seen in Figures 56 and 58, buf is also found as infer-
laminated laths with plagioclase in the groundmass. Rarely
does fhe phenocrystic hornblende show any preferred orienta-
tion with the flow texture present in the mesotasis.

Biotite occurs as small primary and alteration flakes
throughout this group, while magnetite occurs as smal |
crystals, frequenfly showing euhedral ouflines as seen in
Figure 56. Reaction of the magma with enclosed xenoliths
frequently resulted in an aggregation of the magnetite into
clusters as seen in Figure 57.

All the dikes in this group show parallel inftrusive
relationships, having been intruded syntectonically with
sfrong north-south faulting seen in Figures 25 and 26.
Conchoidal fractures within this dike group indicate that
movement has taken place either affer or during the intru-
sion. This same fracturing has been reported in the Sweet-

grass Hills by Kemp and Billingsley (1921).
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ASSIMILATION OF COUNTRY ROCKS

Recognizable inclusions of country rock in the Big
Timber igneous complex are few considering the size of
the infrusion. No significant amounts of country rock
have been found either near the contact or in fthe highest
exposures within the pluton. The general paucify of

accidental xenoliths, sensu stricto, indicafes either

that few were ever present in the Big Timber magma series
or that, if any are present, they have been sufficiently
modified so as to escape recognition. Walker and Polder-
vaart (1949) were still able to recognize inclusions of
country rock in the Karroo dolerites, even though a large
amount of metasomatism had taken place. Less exftreme as-
similation is thought by Turner and Verhoogen (1960, p. 150)
to cause the formation of abundant hypersthene. Hypersthene
is present in the early basic phase of the Big Timber com-
plex but not in large guanftifies. Turner and Verhoogen
argue that even though basaltic magma has sufficient heat
to melt the sedimentary sequence into which it is infruded,
the appearance of unusual mineral phases need not occur,
if the sediments are quartzo-feldspathic. They continue:
Lime, alumina, and silica are all major
constituents of, and hence must be
readily soluble in, basaltic magma.
Presumably considerable additional

amounts of any one could be accomodated
by redistribution of ions among the
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fonic groups comprising the liquid
magma. This might subsequentiy be
reflected only in differences in
composition of pyroxene, olivine,
and plagioclase, or in the relative
proportions of these minerals, as
compared with those in the uncon-
taminated basalft.

Since no particular mineral appears to be present in
unusually large quantities to the exclusion of other
minerals, it is the opinion of the writer that assimila-

fion of the counfry rock into which the stock was intruded

was minor, if not entirely lacking, in the formation of

the rock series present.
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AGMATITE

Agmatite is found in various localities in the southern
half of the plufon. It consists of elements of the early
basic phase enclosed in lafer infermediate phase material.
There is not a large amount of agmatite present, buft it does
occur regularly close to the contact of the early basic
phase with the intermediate phase, as is shown by Plate I
in pocket.

Contact relationships between the early basic phase
and the intermediate phase are, for the most part, obscure
due fo intermingling of the two phases and partial resorp-
tion of the earlier phase. Figures 59 and 60 show examples
of agmatite found near the shore of Thunder Lake. Other
examples of fthis agmatite are found in the transition zone
between the earlier basic phase and the later intermediate
phase. The angularity of the agmatitic fragments indicates
complete consolidation prior fo the introduction of the later
intermediate phase.

Relationships between the matrix and fragments vary
befween two extremes. Some of the agmatite is character-
ized by a nework of thin leucocratic veins completely en-
closing very fresh, angular mafic fragments which often are
so little disturbed by the veins that they can be fitted
together in jigsaw-puzzle fashion. This type of agmatite

is similar to the "net-veining" found by other investigators
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Jop: Figure 59. Agmatific zone befween the basic
border and infermediate phases
exposed near the south shore of
Thunder Lake.

Bottom: Figure 60. Agmatite showing extreme frag-
mentation and stringers of
leucodiorite penetrating frag-
ments of gabbroic rock.
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(Reynolds, 1954, plate 2B) around some of the basic intrusive
complexes in Scotland. The other type of agmatite found

probably should not be called agmatite, sensu strictos

although the ftype of fragmentation is similar to that of
agmatite, it lacks angularity. This latter fype of frag-
menfal material is composed principally of leucocratic rock
types in a subordinate amount of well-rounded fragments.
These fragments have lost all evidence of Their.infer-
relationship, are poor- to well~-rounded, sometimes wel |-
embayed, and, for the most part, partially assimilated by
the leucocratic matrix, with the textures and grain size of
the different fragments in a single exposure varying greatly.
Thus, these fragments should more properly be called cognate
xenoliths (Weggman, 1938).

Most of the mafic fragments are gabbroic in which the
original fextures and minerals vary from no apparent change
to a high degree of uralitization of the mafic constituents.
The dioritic matrix of the agmatite is usually lithologically
homogeneous between adjacent sharply enclosed fragments and
is composed of varying amounts of plagioclase, hornblende,
and biotites and subordinate amounts of potassium feldspar
and quartz. The matrix of agmatite varies in composition
from mela- fto leucodiorite. Insufficient field time pre-

vented the evaluation of the agmatite on a vertical basis.
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CHEMISTRY

Due to the increasing importance of quantifative data
in pefrogenetic interpreftation, the writer has determined
the major elements in fiffy-three rocks systematically
collected within the Big Timber igneous complex. These
analyses along with computed normative, ionic weight per-
cent, and equivalent cationic data are presented in Tables
I, IT, III, and IV. Analyses of fthe pluftonic phases, given
in Tables I and II, are divided info three groups: (I) the
early basic phase, (2) the intermediate phase, and (3) the
terminal phase. Tables IIT and IV present the same data
for the dike phases of the complex which are also broken
into three groups: (1) fthe aplitic phase, (2) the basaltic
phase, and (3) the andesitic phase. Sample numbers are the
same as those shown on Plate I (map in pocket).

There has been no attempft to present the chemical
data as relafted to its geographical variafion, because
over fifty percent of the area has not as yet been system-

atically collected.

Gross Chemical Variation

In inspecting Table I and comparing it with the averages
of igneous rocks presented by Nockolds (1954), it can be seen
that the basic border phase differs only slighfly in average

composiftion from pyroxenites and gabbros, generally lying
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TABLE II

Chemlcal Anslysis of the Plutonic Rocks of
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TABLE IIX
Chonlcal Analysts of Dike Recks of the
' Halght £ Onldos

aplitic Phase cacol t
Semplo Mo. Y 8432 0422 8462 8332 6222 8402 8202 8312 8193 8202 8203 053
$10 62,69 64.83 65,18 66.46 67.62 68.12 68,95 69,38 70.61 72,07 76.84 50,17
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Total Vo 9.07 8.99 8.73 8.68 8.41 7.48 8.07 7468 1.83 o33 5453 iei7
Tote! Fe 4.96 4.40 .87 3.46 2.99 3.45 2.49 2.60 2.31 1.83 g0 11.68
os FogOy
- Normative Binerals recaicul
0 9.80 16.73 14,43 18,58 .84 2.3 22,78 23,18 27,54 27.27 36.80 .00
or 23.14 22,31 24.52 21.99 27.96 20.22 19.9% 25.66 25,72 32,08 25.14 13.3)
Ab 43.77 40,25 44,65 40.98 40.80 36.06 39,99 36.65 34,44 52,79 35.39 27.95
An 11.07 7.26 7.83 .81 8.34 6.82 7.81 7.44 6.16 3.3% -.28 20.00
o1 {vo 00 .00 .20 .00 .00 .00 .00 .00 .00 00 .00 6.27
n .00 .00 Wt .00 .00 00 N .00 .00 .00 .00 4.31
Fs +00 .00 .08 «00 .00 .00 «00 .00 +00 <00 «00 1446
e 4.5 a.61 2,23 2.49 148 5.5 4.40 2.60 1.06 1.08 «00 9.28 -
" {r. 1.64 1.97 1.9 1.36 1.96 2,80 .78 1.02 33 .14 tet? 3.14
Fo .00 «00 .00 .00 .00 .00 «00 .00 «00 00 «00 1.37
Fo .00 .00 .00 .00 .00 .00 .00 .00 .00 00 .00 31
at 3.14 2,55 2,29 2.10 1.26 1.24 1,64 1,97 1t 1.45 00 6.44
by} 1.61 1.3% 1.24 1.08 .98 1.09 79 .90 67 61 .9 4.39
Ap .86 1.24 .61 1.24 61 1.23 .86 .82 .93 73 .5% 1,87
a0 o198 .20 o7 .18 2 .14 .21 .18 .18 .12 .19 .18
Others .46 1.74 .00 1.08 .59 1,27 1.40 .16 1.41 .53 1.06 .00
:7::?::‘;;0 Ango Anye Anyg Anyq Anyy Angg Any,y Ange Any e Ang Ang Ang,

Netes: I. :::::? tccations ore shoom en map In Saaple Ne. Mamo 8292 porphyritic-ade
.. . 8432 micre-grancdierite 8312 slcro-sdametilt
« Non-clessical snslytical metheds
enpioyeds principelly sheoration and 8422  perphyritic micro-granediorite 0193 adeaeliltic op1
flams spectrophetometric and velusstric. 8462 slcro-granedierite 8262 grancdleritic a
3. Anslyses perfersed on samples dried 820,
for 4 heurs at 110°C, ’ :::: 9:::::::::::‘ ”'::. ’ st st
4. Analyses were performned at the Gaolegy ¢ © optite
Leberstery, University of Cincinnatis 8402 dacite
5. Joha Tappe, ensiyst.
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Soeple No.
ot

St
ot

Tt

3+
At

3+
Fo

8+
Fe

2+
an
2%
Ag
a+
Ca

a+
Na

1+
K

t 34 3+
Fe + Fe

8432

29.$0
+50
9.08
1.60

1.96

+06

1.08

1.91

3.81

3.22

46.74

3.57

66.74

15.49

2.85

3.22

.i0

1.28

2.66

2.82

3.24

37

Notes:

8422 B462 8332 8222
30,31 © 30,93 31.06 31,70
Ry .38 .33 W31
8.53 8,43 8.53 8.96
© .29 117 1,06 .64
1.86 1.64 1.42 1,46
.05 .06 .03 .03
1.10 .56 .59 .35
1.50 1.50 1,73 1,44
3.48 3,88 3.55 4 3.59
3,09 3.42 3.05 3.94
.31 .20 B1] .i5
47.01 47,24 47.35 47.97
3.16 2.8) 2.48 2.1
69.26 70.41 70,93 71.48
.99 9t .79 .72
14.60 14.37 14.59 14.98
2,31 2.08 1.90 1,14
3.06 - 2,68 2.33 2,38
.08 .10 .06 .04
.31 .67 .70 .41
2,10 2.08 2.40 1.98
2.58 2.87 2.63 2.63
3012 3.43 3.07 3.92
.54 .36 .54 .26

. Sample locetions are shown on mep In
pocket, For sample descriptions see
Table IIX.

2, Non-ciasssicai anatytical methods
eaployed; principaliy absorption and
Slame spectrophotometric and volumetric.

3. Ansiyses performed on somples dried for
4 hours at 110°C.

4. Analyses were performed at the Geology
Ledoratory, University of Cincinnati,

5+ John Tappe, 2nolyst.

Aptitic Phese

B402

31.84

34

7.82

31

4a7.17

2.45

72.33

2.99
.05

1.57

B292

32.04
.24
8.17
.83
.96
.03

1.05

47.92

1.79

73.26
.58
14.00
1.49

1.58

8312

32.43

.28

7.69

.05
62

1.37

.20
47.72

1.87

73.96

TABLE

Chemical Analysis of Dike Rocks

% Xoni

Basel

8193 8262 203 €063
33.00 33.69 35,92 § 23.4:
.20 .19 .05 ' 1.37

|

7.90 7.34 6.50 |' 7.96
.87 73 200 ¢ 3.28
.79 .61 .55 5,09
.00 .01 00 .24
.25 .25 00 | 3.72
1.24 .75 .15 5.60
2.98 2.84 3.06 2.42
3.57 4.46 3.48 1.85
.24 .18 2 .40
43,53 8.1 49,03 43.76
1.66 1.35 .55 8.38

% catlonic recalcu

74.97 76 .47 .B1.65 52,69
.49 .45 o4 3.19
13,45 12.49 11,08 ° 13.41
1,54 1.30 .00 5.75
1.29 1.00 .91 8.23
.00 .02 .00 .39
.29 .29 .00 4.35
1,72 1.04 .21 7.66
2.20 2.0 2.26 1,77
3.58 4.47 3.49 1,83
4 .32 .22 .68
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TABLE IV
s of Dike Rocks of the Blg Timber Stock

% Xonic
Baselt Andasitic Phase
203 ’ €063 ’ ci62 co23 coIs €073 coss €053 €033 ciis €093 C043 clos
5,92 23.45 | 26,02 26.10 26,19 26.23 - 26.83 27,12 27.43 27.52 27.73 28.06 268,17
.05 ' 1,37 ‘ .88 a7 .80 .88 .93 .73 .76 .65 71 .61 .69
6.50 5 7.96 8.7 9.38 9.24 9.47 8.61 8.47 8.13 9,50 8,53 9.04 9.12
.00 ' 3.28 .23 1,77 1.70 2.08 2.39 2,04 .25 1.93 1.93 1.91 1,25
.55 5,00 ’ 4,91 3.94 4.12 3.48 4.04 2.86 4.69 2,31 2,66 2.68 2.51
.00 24 .06 16 N3 .20 o7 .14 a2 o7 .16 .16 14
00 | 3.72 I 2.18 1.91 1.61 1.5t 1.35 2.68 2,76 1.19 1,61 ta13 1.07
.5 5.60 4.69 4.4 3.96 4,64 4,20 4,28 3.96 3.31 3.59 3.20 2.71
3.06 2.42 5.30 3.07 3.06 3.10 3,04 2.8% 2.80 3,42 3.00 3.51 3.53
3.48 1.85 2.34 2.05 2,36 2.31 2.30 2.36 2.47 2.63 2,77 2.75 3.20
o2 .40 .36 .40 .43 .37 .42 .31 .25 .43 .47 .37 -49
9,03 43,76 44,94 45.39 45,21 45.54 45,52 45,85 45.75 45,88 45,83 46.12 46,17
.55 8.38 5.14 5.71 5.82 5.53 6.43 4.90 4.94 4.24 4.59 4.59 3.76

stionic recalculated to 100%

1.65 52.69 59.66 59.30 59.54 59.04 59.95 61.34 62,51 62,93 63.03 63.61 64.37
o4 3.19 2.10 1.82 1.90 2.05 2.16 1.74 1.79 1.54 1.68 1.43 1.64
1.08 " 13.41 14.97 15.98 15.73 15.97 14,42 14,36 13.84 15,94 14,52 15.30 15.62
.00 5.78 .41 3.14 3.01 3.65 4.7 3.60 44 3,44 3.42 3.37 2.23
.91 8.23 8.09 6.43 6.74 5.58 6.49 4.65 7.66 3.80 4,33 4.38 4.12
.00 .39 Y .26 .26 .32 .28 .23 .20 .29 .26 26 23
.00 4,38 2,60 2.26 1.91 1.77 1.56 3.16 3.26 1,41 1.90 1.34 1.27
.21 7.66 6.55 5,74 5.48 6.36 5.72 5.90 5.48 4,62 4.97 4.42 ;-77
.26 1,77 2.45 2.26 2,26 2.26 2.20 2.09 2.06 2.54 2,21 2-;‘ 2.62
.49 1.83 2,37 2.06 2.37 2.30 2.27 2.36 2.47 2.66 2.78 2,75 3.23 .
.22 .68 .62 .69 74 .64 .72 .54 .43 .76 .82 .64 .83
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intermediate between the two. The principal differences are
found in the amount of Ti02 and Al,05 present. In the basic
border rocks TiO, is found in greater quantities fthan in most
gabbroic rocks; Alo03z falls intermediate between the average
ulframafic and gabbroic rocks; and Ky0 is significantly
higher than in either ultramafic or gabbroic rocks. This
latter fact may be explained by the late quartzo-feldspathic
interstitial blebs found in many of the rocks of the basic
border phase. Since these rocks show similarities to both
the ultramafic pyroxenites and to gabbroic rocks, the sig-
nificant differences in the aforementidned oxides may be
explained by the later introduction of intermediate plagio-
clase through filter pressing (?) or through fractures.
This would add additional Alo0z, Na,0, and K20 fo the bulk
rock composition.

The intermediate plutonic phase has chemistry similar
to the pyroxene-mica-diorites reporfted by Nockolds (1954).
This series of rocks varies from meladiorites to leuco-
diorites with the principal mafic constituent being horn-
blendes however, no chemical similarities could be found
between this rock group and the hornblende-diorites docu-
mented by Nockolds. The higher silica content may be attri-
buted to assimilation at depth of crustal material rich in
silica. Silica-rich material has been found in the later

basaltic rocks as xenoliths of feldspafhic—quarfzife, but
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no similar xenoliths have been found in the early basic or
intermediate plutonic phases. Most diorific rocks are con-
sidered to be hybrids (Johannsen, v.III, 1937, p. [46 and
Deer, 1935), caused by the mixing of mafic magma constitfuents
with acidic magma. Flow structures and xenolithic material
found in fthe outer margins of the infermediate phase show
some degree of assimilation of more mafic constituents,
causing this rock suite to display some signs of hybridi-
zation.

The terminal plutonic phase (Table I) shows more ek-
treme alkali and silica enrichment than the other plufonic
igneous phases. In spite of the fact fthat only three samples
have been collected, the abrupt increase of silica and alkali
over the intermediate phase is apparent. Wifth additional
collecting and chemical analysis a relationship may eifher
be confirmed or denied befween the terminal plutonic phase
and either the intermediate plutonic phase or the aplific
phase.

The only basaltic rock which has been analyzed shows
strong chemical similarities to a basalt intermediate befween
tholeiite and alkali basalts. The analyzed basalt from the
Big Timber complex shows higher TiO, and lower CaO than
normal tholeiite basalts (Yoder and Tilley, 1962) and a
large excess of K,0. This latter excess could be atfributed

to the introduction of Ko0 from xenolithic feldspathic
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quartzites, as seen in Figure 53. Additional collecting and
chemical analysis will be required to defermine whether or
not there is a relationship between the basaltfic rocks and
the other rocks within the complex. At the present fime no
obvious field or chemical relationship has been detected.

The apliftic dike phase shows chemical variations almost
identical to those of the granite clan of Nockolds (1954).
Since these rocks are quartzo-feldspathic and contftain few
mafic constifuenfs, no unusual characteristics have been
found in them.

The andesific dike phase shows a rather broad chemical
variation, with samples C033 and C053 being similar to
quartz-basalfs except for a greater amount of SiOs. All
the other rocks in this group are similar fo other ofligo-

clase-andesites (See Figure 70).

Tonic Weight Percent Diagrams

There have been many methods developed for fhe presenta-
tion of chemical data. The wrifer has chosen to present them
using ionic weight percents as described by Green and
Poldervaart (1958). This method allows the reader to compare
quickly fhe similarities and differences befween the rocks
comprising the Big Timber igneous complex and the average
rocks as compufed by Green and PoldervaarT; The ionic weight

percents of the elements for the rocks of fthe Big Timber
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complex are presented in Tables II and IV.

Figures 61 through 66 are a ceries of ionic variation
diagrams on which data from the Big Timber igneous complex
have been plotted. On these diagrams, which are idenfical
to those of Green and Poldervaart, are shown both Green and
Poldervaart's average igneous rock frends and annotated
points corresponding fo rock samples whose analyses are
shown in Tables II and IV. These figures also show the
variation of the rocks of the complex with respect fo

aluminum, iron, magnesium, calcium, sodium, and potassium,
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K
TONIC WEIGHT PERCENT

Flgurs 61, K-Ca-Na Olsarem

Trend line(s) from Green and Poldervaart (1958)
(BBP=Basic Border Phase, IP=Intermediate Phase,
TP=Terminal Phase, B=Basalt,

ApP=Aplitic Phase, AnP=Andesitic Phase)
Sample numbers correspond fo fhose on Tables I, II, ITII, & IV.
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/ :
A NA + K
FE (TOTAL)

TONIC WEIGHT PERCENT

Figure 62. Fe (totsl)-NesK-Cs Disgrem
For sxplanetion of syabols see Flgure 61
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FE (TOTAL)

IONIC WEIGHT PERCENT

Figurs 63, Fe {total)-NesK-R9 Dlagrss
For axplenation of symbols see Flgure 61
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MG

TONIC WEIGHT PERCENT

Figure 64. Ca-NesK-Ag Dlagraa
For explanstion of syabols see Flgure 61
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MG

cA FE (TOTAL)

TONIC WEIGHT PERCENT

Figure 65, Ca-Fe (totsl)-Bg Dlagrams
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FE (TOTAL) JONIC WETGHT PERCENT

Flgure 66, Fe {totel)~A1-Cs Dlagrem
For expianation of synbois see Flgure 61
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VARIATION DIAGRAMS

Having examined the bulk chemistry of the Big Timber
igneous complex, if Is now necessary to examine each in-

dividual variation diagram in some detail.

Tonic Variation Diagrams

K-Ca-Na Diagram (Figure 61). On this diagram fhe

points for each individual plutonic phase cluster closely
together, forming their own individual field; composiftely,
however, the phases form a frend originating within the
basalt field and terminating in the granodiorite field.
This trend contains a rather conspicuous gap befween the
‘ntermediate and fterminal phases. The dike phases super-
pose this overall trend wifh the aplitic phase showing
extreme alkali enrichment in an almost l:| rafio at fthe
expense of Ca.

Green and Poldervaart (1958) have shown fthat when
chemical data from all rock types are ploftfed on this
diagram, the points are widely scattered but distfribufed
equally on either side of a line joining the Ca corner wifh
a point midway aiong fhe Na-K side of the diagram. From
these data two prominent ftrends are depicted. Trend A in
Figure 61 is a series of basalt-latite-trachyte-phonolifte
rock types ftypically found in oceanic domains, while Trend

B is a series of basalt-andesite-dacite-rhyolite rock fypes
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typically found within the continents. It can be seen in
this diagram that the rocks comprising fhe early basic
border phase fall enfirely within the Green and Poldervaarf
basalt field. The intermediate plufonic phase shows rafher
tight grouping of points, somewhat infermediate between
Trends A and B, failing to show the greater sodium enrich-
ment common to continental rocks.

Not shown on this diagram is the trend line for the
rocks of the northern part of the Crazy Mountain basin,
computed by the writer from fthe analyses presented by
Simms (1966); however, this ftrend shows initial similaritfies
to the plutonic phases of the Big Timber complex. Since if
culminates within the phonolite field, however, it is obvious
that different physico-chemical processes were operative in
the two areas during emplacement of fthe "phonolites" and fthe
aplites.

Fe (total)-Na+K-Ca (Figure 62). As in Figure 61 above

the points in Figure 62 for each individual plutonic phase
cluster closely together. The composite frend shows a ||
iron (total) to Ca depletion ratio, frending foward the Na
corner. As in Figure 61 there is a conspicuous gap between
the intermediate and terminal phases. The andesific dike
phase essentially plots in the gap beftween the intfermediate

and terminal phases.
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Fe (total)-Na+K-Mg (Figure 63). The points for each

individual plutonic phase in Figure 63 show a greater amounf
of scatfer than did those of Figures 61 and 62; however,
they can be said to form discrefe groups. If the diagrams
presented by Poldervaart and Green are used as criteria,
the Fe (total)-Na+K-Mg diagram should show the least scafter
of all the diagrams presented. However, as noted above,
there is a great deal of scaffter present in this diagram, a
discrepancy which can perhaps be explained by fthe influx of
magnesium into the rocks of fthe Big Timber igneous complex.1
The overall trend of this diagram shows itself to be
slightiy more iron-rich than the average igneous rock trend.
The basic border phase shows an individual frend of iron
enrichment at the expense of magnesium (the normal iron
enrichments frend). A noticeable gap exists between the
basic border phase and the intermediafe phase, and a smaller
gap than in previous diagrams exists between the intermediate
and terminal phases. The andesific dike phase is slightly

superposed over the infermediate phase.

Ca-Na+K-Mg (Figure 64). This diagram shows clustering

similar to that in Diagram 63. The overall trend follows

the average igneous rock frend of Green and Poldervaart. A

1
The plotting of data from fthe northern part of the
Crazy Mountain basin shows an even greater degree of
scatter about the average igneous rock frend than in the
southern area.
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less distinct separation than previously noted is shown
between the basic border phase and the intermediate phase,
but a pronounced separation exists between the intermediate

- and terminal phases. The basic border phase shows a ftypical
calcium enrichment trend which has been shown by Green and
Poldervaart fto exisf between ulframafic rocks and basic
igneous rocks.

Ca-Fe (total)-Mg Diagram (Figure 65). This diagram

differs greatly from all fthose analyzed above due fo the
fact fthat if displays a rather concentrated point plof for
all rocks of the Big Timber complex (except for the aplites.

which show a general iron deplefion). Because of fhe tight

cluster of all the points no obvious trend is present. A
complete overlap and superposition of all rocks is present,
indicating fthe general iron-rich character shown also in

Figures 62, 63, and 66.

Fe (total)-Al-Ca Diagram (Figure 66). This figure

shows very tight clusters for all the rocks of the plutonic
phases of the Big Timber complex. Although the overall
trend is a straight line foward the aluminum corner, it

does show a slight iron-rich characfter. 0Of all the diagrams
presented, this one shows the least scatfer about the trend
line. There is an overlap between the rocks of the basic
border phase and those of the intermediate phase and a

slight gap between the rocks of the intermediate phase and
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terminal phase. The andesitic dike phase partially super-
poses the intermediate phase and fills in the gap befween

the intermediate phase and fthe terminal phase.

Oxide Variaftion Diagrams

Na,0-Ca0-K,0 Diagram (Figure 67). This diagram is

similar to Figure 61 in that it shows the general trend of
the igneous rocks of fthe Big Timber complex away from the
Ca0 corner. This trend reveals fhe progressive enrichment
of the alkalis Nap0 and Kp0 in the residual liquid. Also
shown is a slight convexity toward the NapO corner which is
characteristic of calc-alkaline rocks. This diagram, com-
monly included in ofther papers in which sufficient chemical
data is presented, is reproduced here so that the reader
can compare resulfs from other areas.

AMF Diagram (Figure 68). This AMF diagram is also

presented for the purpose of comparing the relationship of
alkali-magnesium-tfotal iron with rocks from other areas.

It can be seen from this diagram that the rocks from the
early basic group, slightly enriched in Nas0 and Ky0, still
show an initial trend similar to that of the Skaergaard
(East Greenland) liquid (the "tholeiite rock series"). On
the other hand, those rocks comprising fthe ofher phases
within the Big Timber complex show an alkali enrichment
trend similar fo the calc-alkaline trend of Daly (1933)

with the exception of a slight enrichment in FeO.
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Na,0+K,0-Si0, Diagram (Figure 69). From the recent

work by Kuno (1965) on the fractionation trends of basaltic
magmas fthree distinct magma series were postulated. These
three fields of basaltic magmas are shown by fhe solid lines
on Figure 69, a diagram of total alkalis versus Si0p. From
the plot of the rock analyses of the Big Timber complex, it
can be seen that all the rocks generally fall into the
alkali basalt field. Also shown are trends from fthe Skaer-
gaard and the Kafmai Peninsula (Alaska). It is inféresfing
to note that under Kuno's classification the rocks comprising
the Skaergaard are classed as high alumina basalts, while
those of the Katmai would be classed as tholeiifes.,

Murata Diagram (Figure 70). To overcome fthe possibilify

of alkalis causing a scattering of points on the diagram,
Murata (1960) has provided a new method of plofting the
chemical data of rocks with basaltic affinities. This fype
of ploft is shown in Figure 70 in which the effective separa-
tion of tholeiites and the alkali basalts is indicafted. He
concludes (p. 251) from the alignment of the various poinfs
for each series with a pyroxene (P) of fixed composition
that the "fractional crystallization of clinopyroxene is

the general mechanism for converting the ftholeiific magmas

into alkalic magmas." From this graphical construction

2

It is entirely possible that the rocks of the Kafmai
could have been intruded from depth without any additional
inflfux of alkalis.
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Figure 69. Nap0+K20 Diagram. Fields are those of
Kuno (1965). S=Skaergaard, K=Katmai.
Sample numbers same as those on
Tables I, II, II1I, and IV.
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Figure 70. Murata Diagram (MgO—A!uming/Silica)
P= Pyroxene. For explanation of
symbols see Figure 61.
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Murata concludes that if an appropriate amount of clino-
pyroxene is removed from the members of the tholeiitic
series, one would plof corresponding points of alkali
basalt. The more recent work of Yoder and Tilley (1962,

p. 417) shows that with the removal of a clinopyroxene

the resulting rock would still have tholeiitic affinities.
However, this does not preclude the usefulness of the
diagram as represenfing fhe bulk rock composition, free from
the introduction of bias from the alkalis (See Simms, 1966).

FeO+Fe293/FeO+Fe293+MgO—S102 Diagram (Figure 71).

An extreme amount of scafter with no obvious frend is
revealed in this diagram. Here again, magnesium introduced
as a variable (See also Figure 65) makes correlation of fhe
data with those of other areas difficult. Generally, how-
ever, two frends are present: (1) the early basic phase
possesses a negative slope similar fo that of the Skaer-
gaard trend, and (2) the intermediate plutonic phase and
part of the andesitic dike phase follow a trend similar to
that found for the Thingmuli volcano (Iceland (Carmichael,
1964 ).

FeO+Fes05-Si0, Diagram (Figure 72). The differences

among the several rock series within fhe pluton can best
be illustrated by comparing ftotal iron as Fe0 against weight
percent silica (Osborn, 1962). This scatter diagram is

shown in Figure 72. Comparing this diagram with Figure 73,
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Figure 73. Two groups of rock series. Compare
with Figure 72. Sk=Skaergaard liquids,
Bu=Bushveld, St=Stillwater, Pa=Palisade
diabase, N=Nockolds' averages, P=Pari-
cutin lavas, C=Cascades series.

(From Osborn, 1962)
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it can readily be seen fhat two, and possibly three, phases
of plutonic activity (in addition to the aplitic phase),
plus two phases of posf-plufonic dikes (basalt and andesite)
are present for the Big Timber complex. If the same point
of origin is used as in Osborn's figure (Figure 73), two
distinct frends, both originating in the basalt field,
become obvious. The five rocks comprising the basic border
group have an iron-enrichment trend (fractionation-differen-
tiation) which is moving foward the upper part of the dia-
gram. The remainder of fhe series has a calc-alkaline
(silica-enrichment trend). The iron enrichment ftrend
corresponds closely to the frend of the Skaergaard,

Bushveld (South Africa), Palisades Sill (New Jersey) and
Stillwater (Montana), while the silica enrichmenf frend
compares favorably with those of the Paricutin (Mexico),

the Cascades series (Northwestern United States), and
Nockolds' averages (1954).

Sugimura Diagram (Figure 74). Sugimura (1960) has

recently shown that by plotting weight percent Si0, versus
the cationic equivalent ratio (Nay0+K,0/Al,05, fthe latter
being a general expression of the amount of normative
alkali feldspar, several interesting relationships for

the enrichment of alkalis in the crystallization sequence
emerge. Sugimura ploftted the chemical analyses for several

volcanoes found in Japan on which sufficient analyses had
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already been performed. By applying the method of least
squares fto the data so plotted, a series of regression lines
(y = a+bx) were fiffed to the data for each of these vol-
canoes. In this calculation x = fthe molecular proportion
of (Nas0+K,0)/Al,05 and y = weight percent Si0Oy. From this
regression analysis Sugimura found fthat for each of the
volcanoes with sufficient chemical dafa the value for b
equalled 47. He then proceeded fo evaluate the volcanoes
in and around Japan, working on fthe basic assumption that
all the lines of regression were paralilel. For some vol-
canoes ftwo or three parallel lines of regression were
present with each subsequent line showing an increase in
silica.

Data for both the Big Timber igneous complex and for
the rocks within fthe northern pa}f of the Crazy Mountain
basin were plofted on similar diagrams. Using lines of
regression with fthe same slope used by Sugimura, it has
been found that there appears to be a genetic relation-
ship between the rocks of these two areas. No genefic
relafionship could be found befween the miidly alkaline
rocks of the northern part of fthe basin and rocks within
the Big Timber complex. Since it is the opinion of fhe
writer that the plufonic igneous phases were intruded
syntectonically, it is possible that since some of the

rocks of the northern area follow the same lines of re-
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gression as the rocks of the Big Timber complex, they may
also be related directly in space and time. Lack of time
has prevented the writer from exploring this possibility

further.

Summary

In each of the diagrams except Figure 65 the various
igneous phases of the complex have been outlined, and.it
can readily be seen that the general chemical trend of the
igneous rocks of the Big Timber complex follows the average
igneous rock ftrend. Since field relationships have estab-
lished the sequence of infrusion to be: (|) early basic
plutonic phase, (2) intermediate plutonic phase, (3) terminal
plutonic phase, (4) basaltic dike phase, (5) aplitic dike
phase, and (6) andesitic dike phase, any overlap or super-
position present can be explained.

From the above discussion of the variation diagrams
for the rocks of the Big Timber igneous complex several
salient features have appeared. No continuous chemical
series befween the intermediate and terminal plufonic
phases is present. Whether or not a genetic relationship
exists between either the intermediate plutonic phase and
the terminal plutonic phase or the termina] igneous phase
and the aplitic dike phase is aft the present time a moot

question.
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By studying the overall chemisfry of the various rock
phases with emphasis on aluminum, iron, magnesium, calcium,
and sodium plus potassium, if can be seen that no abnormal-
ities are present except for fthe general slight iron-rich
characterisftfic. This iron enrichment can account for the
clustering of the points in Figure 65.

Generaliy, ail phases of the Big Timber igneous com-
plex show iron enrichment. In those diagrams in which iron
is a variable the trend line for the rocks of the complex is
shifted slightly ftoward the Fe (fotal) corner.

In those diagrams in which magnesium is infroduced as
a variable there occurs both a greater degree of scafter-
ing and more irregular scattering than in diagrams where
magnesium is not a variable. This fact can readily be
illustrated by a comparison of Figures 71 and 72.

The ratio of sodium fo potassium shows a slighft
variance, but the degree of variance appears to be insig-
nificant. Neither aluminum nor calcium show deviation

from the normal igneous rock trends.
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PETROGENETIC ASPECTS

Field, pefrographic, and chemical data subporf the
probability that two di fferent sefs of physico~chemical
condifions were imposed on the magma(s) which formed fthe
rocks of the Big Timber complex. Figure 72 shows that fthe
early basic phase has characteristics very similar to those
of other rocks following fthe "tholeiitic" iron enrichment
fractionation trend. The rocks comprising this phase of fhe
Big Timber igneous complex show a mineralcgy of olivine and
pyroxenes in contrast with the magnetite and amphiboles of
the remaining rocks of fhe complex.

Field investigations have shown the intermediate plu-
tonic phase, terminal plutonic phase, basaltic dike phase,
andesitic dike phase, and fthe aplitic dike phasé to be
separate and disftinct phases of igneous infrusion. These
phases essentially follow a confinuous silica enrichment
trend and apparently have crystallized under similar physico-
chemical condifions.

During recent years there has been much writften about
chemical and mineralogical variafions of basic and infter-
mediate infrusions in consanguineous plutonic, hypabyssal
and extrusive rock associations (Best, 1963; Kuno, i960;
and 1965; etc.). Strongly differentiated layered basic
intrusions (See Figure 68), showing crystal cumulates

(Wager and Deer, 1939) also show strong iron enrichment.
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Only in the later stages, when 95 percent or more of the
parental liquid has crystallized, as in the case of the
Skaergaard (Wager, 1960), is there a significant increase
in silica and alkalis. This fractionation~differentiation
(crystal settling fractionation) is the constant bulk com-
position (Stholeiitic trend) of Osborn (1959). In contrast
to layered basic intrusions, the calc-atkaline (silica
enrichment) suite of rocks, found peripheral to and within
orogenic regions (Figure 68), shows a steady increase in
alkalis and silica with varying degrees of iron depietion
in the successive differentiates.

It was in the calc-alkaline suite that Bowen (1928)
found supporting evidence for his proposeq discontinuous
reaction series involving olivine, pyroxene, amphibole, and
then bioftite. The validity of this reaction series has
long been generally accepted, but it is also realized that
differentiated basic intrusions of "tholeiitic"' affinities
are fypified by a mafic series free of hydrous minerals and
involving essentially simultaneous crystallization of
olivine and one or two pyroxenes (Boyd and Schairer, 1964).

During crystallization of a basaltic magma in an
epizonal environment the trend of differentiation which will

be followed appears to be dependent upon several factors:

L
The reader is referred fo a recent article by Chayes
(1966) in which he presents a thorough discussion per-
taining fo the nomenclature used for basalfts.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

(1) Certain physical properties of the magmatic body
and ifts envelope of country rocks, e.g. temperature,
pressure, and size.

(2) The chemical composition of the initial magma.

The published analyses of parental magmas, such as the
Skaergaard (Wager, 1960), the Dillsburg sill (Hotz, 1953),
the Red Hill doierite (McDougall, 1962), and the exfreme
silica~alkali enfichmenf of the Katmai eruption (Fenner,
1926), show a common basaltic origin when plotied on a
diagram simiiar to Figure 73. Of these, the Katmai eruption,
as an example of a calc-alkaline suite, comes closest fo the
composite silica enrichment frend of the infermediate and
terminal plutonic phases and of the dikes of the Big Timber
complex.2 Conversely, the rocks comprising the early basic
piufonic phase have an iron enrichment trend similar to that
of the Skaergaard leyered basic igneous intrusion.

(3) The partition of major elements between solid and
tiquid phases and the types of solids forming from the liquid
at any particular time during crystallization.

These three factors can operate either independently or
interdependently.

Not considered among these factors is the assimilation

of siliceous crustal material, the successive infroduction

2

It is interesting to note that when the rocks of the
northern part of the Crazy Mounftain basin are plotted on a
similar diagram, a similar fractionation-differentiation
frend results.
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of magmas, and the weak fo strong convection currents
operative during the consolidation of the intermediate
plutonic phase of fhe Big Timber complex. Viscosity,
obviously low during the infermediate phase, as shown by
layering and cuf-and-fill sftrucfures, is governed by the
composition of the magma. A high volaftile content in the
initial magma could affect the ultimate mineralogy and
chemistry of a given crystallization process (Osborn, 1962).
Another important factor in fthe glfimafe mineralogy
of a cooling basaltic magma is the physico-chemical effect

of the partial pressures of Hy0 (PH O) and 0o, (P, ). There
2

02
is a growing body of opinion (Walker and Poldervaart, 1949;
Kennedy, 1955; Kuno, 1960; and Fudali, 1965), based on ex-
perimental and field-related petrological studies, that the
degree of iron enrichment in differentiated basic intrusions
is governed to a great extent by ftne oxidation sftate of iron
in the magma, which, in furn, is governed by the physico-

chemical condifions which prevent or permit fthe oxidation

or reduction of iron.

Cause of Iron Concentration Relative to Silica

Experimental investigations by Osborn (1959, [962),
Boyd and Schairer (1964), Buddington and Lindsley (1964),
and Hamilton et al. (1964) on the crystallization of simple

silicate systems having different PO values have supple-
2
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mented field-related petrological studies. Although such
synthetic systems cannot duplicate precisely the behavior
of much more complicated, natural basaltic magmas during
crystaltization, the experimental results are indicators

of the general array of products forming from a magma under
different environmental condifions.

The manner in which iron partitions itself under varying
partial pressures of oxygen has been demonstrated by Osborn
(1959, 1962) in the systems CaSiOz-MgsSi04-Si0,-Fe0 (low
POQ) and CaSi0z-MgySi04-Si0s-Fez0, (high PO2). These two
quafernary systems are presented in Figures 75 and 76. The
reader is referred to Osborn (1959) for a thorough discussion
of the complex crystallization paths followed by synthetic
basaltic liquid within the teftrahedra.

Figure 75 essentially represents the phases that can
exist in equilibrium for these basaltic liquids crystallizing
under low PO2. In this system magnetite does not occur as
an early primary phase, because the low oXygen pressure will
prevent the formation of ferric iron.

Conversely, in Figure 76 under high PO2 conditions
the liquidus volume of magneftite has become a large principal
phase. In this system, under these conditions, liquids com-
parable in composition to natural basaltic magmas cannot
move to the iron-rich, Si0p=-poor region of the system even

by extreme fractionation. Hamilton et al. (1964) have also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

CoSiO3

WOLLASTONITE

\-—%saoz
3

\

\
AKERMANITE~ 0
CaMgSiz0—4/ qg

OLIVINE O
3 V] < MAGNESIOW [11]
6 50 6 M 80 0  FeO
WEIGHT PERCENT
Figure 75. Tetrahedron illustrating the liquidus phase

relations in the system MgpSiOs-Fe0-CaSi0z-Si0,
under very low partfial pressure of oxygen. For
a discussion of crystallization paths, see
Osborn, 1962 (Taken from Osborn, 1962).
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Figure 76. Tetrahedron illustrating the liquidus phase
relations in the system MgsSiOs-Fez0,-CaSiO<x~
Si0, at a constant oxygen pressure of 0.2 atm,
For a discussion of fthe paths a liquid will
follow during crystallization, see Osborn,
1962 (Taken from Osborn, 1962).
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shown experimentally that high oxygen pressure (fugacity)
causes early separation of magnefite in a basaltic melt

_under | kb water pressure. The fractionation trend in which
iron decreases steadily while Si0O, increases is generally
believed to be characteristic of the calc-alkaline rock
series.,

Bowen (1928) regarded this as the normal frend for
basaltic magmas. Osborn (1959) has stated that the main-
tenance of nearly consftant oxygen pressure in magma, which
he supposed to be essential for producing the calc-alkaline
trend of fractionation, is made possible only by a sufficient
supply of water to the crystallizing magma and by the ability
of the hydrogen to escape from the system. In this instance,
water plays the role of a buffer. He has suggested that
water could be supplied to the meit from the wetter country
rock surrounding the magma reservoir.

From the chemicai data presented earlier, it can readily
be seen (See Figures 71, 72, and 74) that within the Big
Timber complex variable condifions were present during the
crystallization of the different phases. The early basic
phase shows mineralogical variations strongly suggesting
crystallization under low P02 conditions (e.g. olivine and
pyroxene with a paucity of primary magnetite).

However, the later intrusive phases, with the exception

of the basalt, appear to have crystallized under essentially
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high P conditions. The intermediate phase, as shown in

02
Figure 72, originating within the diagram at essentially

the same point as the early basic phase, shows a silica
enrichment frend. Application of the data of Osborn (1959)
to the intermediate phase, consisting of amphibole and abun-
dant primary magnetite, has revealed that this phase could
not have forTEd under |ow PHQO and P02 conditions,

The andesitic dike phase, slightly more rich in silica
than the intermediate phase, appears to have crystallized
under the same PO2 conditions as the intermediate phase.
The mineralogy (abundant hydrous mafic minerals and ubi-
quifous euhedral magnetite) also strongly suggests high P02
conditions.

The aplitic dike phase has affinities to late residual
magmatic fluids and would normally crystallize under high
P02 conditions, since it has been shown through experimental
and field evidence that later magmatic liquids are saturated
with Hy0 (Tuftle and Bowen, [1958; Wager, 1960). Similar

condifions appear to have existed during the crystallization

of the terminal plutonic phase.

Reaction Series

The evaluation of the resulting ferro-magnesian fractions
is shown in Figure 77. The fractional crystallization of a

magma (basaltic) can produce an iron-rich residual liquid,
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e.g. the Skaergaard complex and the early bas{b phase of fthe
Big Timber complex, resulting in the observed mineral re-
fations as shown in (b) of Figure 77. To produce the reaction
series as shown in (a) of Figure 77 Osborn postulates that

the maintenance of a fairly high oxygen pressure, ca. IO—7,

would be required.3

From this experimental data it has been shown that under
high P02 the calc-alkaline suite of rocks can be produced
from a basaltic magma solely by fractional crystfalflization.
This type of genesis appears to be a possibility for all
the rocks comprising the post-early basic phase of the Big
Timber complex.

The question which arises at this point is whether
or not fractionation during crystallization under high P02
conditions can alone give rise to the formation of all the
rocks of the calc-alkaline suife., That this process may be
a contributory factor has been suggested by Fudali (1965)
but cannot alone account for the volumefric prominence of
granite-granodiorite in orogenic beltfts., Currently a sub-
stantial body of evidence indicates that fhere are important
roles played by processes such as rheomorphism of the sialic
crust (Hess, 1960) and the contamination of basaltic magma

by sialic crystalline material (Kuno, 1959; and Burnham,

3

Fudali (1965) has shown that the partial pressure of
oxygen (fugacity) required to produce rocks of the Mt. Hood
area would vary from 10-9 for the most basic fo 10-6.5 for
the most acid.
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personal communication). These processes could also have
confributed to the development of the later phases of the
Big Timber igneous complex.

Crystallization-differentiation need not be accepted as
the only process operating during fthe formation of the Big
Timber igneous complex. Small-scale chemical and mineralogi-
cal factors, such as reaction with fthe enclosing country rock,
diffusion of ionic species, gaseous transfer of elements, late
stage pneumafolytic effects and post-magmatic metasomatism
may have contributed to the modification of and intferference
with magmatic consolidation. These various processes would
tend fo add heterogeneity into the chemical system, but in
the Big Timber igneous complex the available chemical data
seem fo indicate that each separate igneous infrusion
(except for the aplitic dikes) is regularly homogeneous.

Many authors feel that palingenesis of crustal materials
was a principal factor in the formation of many igneous
bodies similar in composition to the Big Timber igneous
complex (Deer, 1935). The general paucity of crustal
xenolithic material (except for scattered quartzose frag-
ments) rules out the possibility of any wholesale assimila-
fion process. The analysis of Caledonian granitic rocks by
Mercy (1963) reveals that any process involving anatexis
should show an anomalous proportion of Mg, Fe, Na, K, and

Ca. Except for fhe variability of Mg the elements in the
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rocks of the Big Timber complex show moderate regularity;
the variation of Mg can possibilifty be acceunited for by the
resorption of forsteritic olivine within the mantle. The
study of chemical analyses and mineralogical variations
have convinced the writer that palingenesis was not of
significant importance in the formation of this complex.
Evaluation of the chemical analyses of fthe rocks in fthe
Big Timber complex leads to the conclusion that ftwo differ-
entiation frends are present. The early border group,

whether having crystallized in situ or at depth, crystal!ized

under low partial pressures of oxygen, while the intermediafte
and ferminal phases crystallized under high PO2 conditions.
From these two trends there is evidence that at least fwo
phases of magmatic intrusion could have occurred in the
fdrmafion of the main body of fthe Big Timber complex.

The most facile explanation for this fwo-fold magmatic
intrusion is that the initial magma, having low volatile
content, was intruded under conditions of low parfial
pressure of oxygen. Water content may have originated
in the crust due to major faulting extending fthrough the
crust to the upper mantie. The mechanism for this opera-
tive process can be explained by lateral movement along
either the Nye-Bowler or the Lake Basin megashears,

causing secondary faulfing along the axis of the Crazy

Mountain basin. Smith (1965) considers other igneous
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bodies of the Transverse Igneous Belft of the Montana Platform
to be related to these megashears which extend fthrough the
basement complex. This hypothesis is sfrongly favored by

the writer.
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SUMMARY AND CONCLUSION

The Big Timber igneous complex consists of an epizonal
stock composed of three distinct phases of infrusion followed
by three periods of dike intrusion. The basic border plutonic
phase was probably inftruded from depth as a crystal mush and
was completely consolidated prior to the intrusion of the in-
termediate phase. This latter phase was essentially wholly
liquid and possessed strong convection currents causing
agmatite, lamination, and layering. The terminal plufonic
phase, containing essential quartz, was intruded centrally
info the pluton. The relationship beftween this phase and
the earlier plutonic phases or the aplitic phase has not
been established.

After the infrusion of this plutonic phase, basaltic
dikes were injected; these dikes were followed by aplitic
dikes, which net-veined both the pluton and the metamorphic
aureole. Andesitic dike intrusion, the final period of
igneous activity, cuts all the earlier phases, transects
the metamorphic aureole, and ferminates north and south of
the pluton in unmetamorphosed sediments.

All the igneous events are proably related to secondary
faulting associated with movement along either the Nye-Bowler
or the Lake Basin megashears. Fracture patterns within the
complex can be geomefrically related to a secondary fault

system probably extending through the basement complex into
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the mantle.

Chemical and pefrographic data strongly suggest two
different oxidizing condifions present during the crystal-
lization of the several phases of the complex. The early
basic phase crystallized under a low partial pressure of
water and oxygen as indicated by the presence of olivine
and anhydrous ferromagnesian minerals. All post-early basic
phase inftrusions crystallized under high partial pressure of
water and oxygen which is indicated by the absence of olivine
and the presence of magnetite and hydrous ferromagnesian
minerals. Whether or not a genetic relationship exists
befween the rocks comprising the Big Timber igneous comp|ex
and the sills, dikes, and laccoliths located west and north
of the complex has not been established., Future mapping
and analysis may reveal what relationship exists between

the rocks in these two groups.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129
SELECTED BIBLIOGRAPHY

Ahrens, L.H., R.A. Edge, and R.R. Brooks, 1963. Investiga-
tions on the development of a scheme of silicate
analysis based principally on specfrographic and ion
exchange ftechniques: Anal. Chim. Acta, v.28, pp.551-573.

Anderson, E.M., 1951, The dynamics of faulting: Edinburgh,
Oliver and Boyd, Ltd., 206pp.

Best, M.G., 1963, Petrology of the Guadalupe igneous complex,
South-western Sierra Nevada foothills, California:
Jour. Petrotogy, v.4, pp.223-259.

Bowen, N.L., 1928, The evolution of igneous rocks: Princefon,
Princefon University Press, 332pp.

Boyd, F.R. and J.F. Schairer, 1964, The system MgSiOz-
CaMgSio0g: Jour Pefrology, v.5, pp.275-309.

Buddington, A.F., 1959, Granite emplacement with special
reference to North America: Geol. Soc. America Bull.,
V.70, pp.67|"'747.

Buddington, A.F. and D.H. Lindsley, 1964, Iron fitanium
oxide minerals and 'synthetic equivalents: Jour,
Petrology, v.5, pp.310-357.

Carmichael, I.S.E., 1964, The petfrology of Thingmuli, a
Tertiary volcano in Eastern Iceland: Jour. Petrology,
ve5, pp.435-460.

Chamberlin, R.T., 1919, A peculiar belt of oblique faulting:
Jour. Geology, v.27, pp.602-613.

Chapman, C.A., 1962, Diabase-granite composife dikes, wifth
pillow-like structure, Mount Deserft Island, Maine:
Jour. Geology, v.70, pp.539-564.

Chayes, F., 1966, Alkaline and subalkaline basalts: American
Jour. Science, v.264, pp.128-145.

Chinnery, M.A., 1966a, Secondary faulfing, I. Theorefical
aspects: Canadian Jour. Earth Sciences, v.3, pp.163~-174.

_ , 1966b, Secondary faulting, II. Geological aspects:
Canadian Jour. Earth Sciences, v.3, pp.175-190.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



130

Crowell, J.C.,, 1962, Displacement along the San Andreas
fault, California: Geol. Soc. America Spec. Paper 71.

Daly, R.A., 1933, Igneous rocks and the depths of the earth:
New York, McGraw-Hill, 598pp.

Davis, E., 1965, Southern Crazy Mountain dike swarm: Un-
published bachelor's thesis, The University of Cincinnati.

Debras-Guedon, J. and I.A. Voinovifch, 1963, Analyse des
silicates par spectrophotometrie de flamme en milieu
"oxine": American Ceramic Soc. Jour., pp.29-36.

Deer, W.A., 1935, The Cairnsmore of Carsphairn igneous
compiex: Geol. Soc. London Quart. Jour., v.91,
pp.47-76.

Eardley, A.S., 1962, Structural geology of North America:
New York, Harper and Row, 743pp.

Elwell, keW.D., R.R. Skelhorn and A.R. Drysdall, 1962,
Net-veining in the diorife of N.E. Guernsey, Channel
Islands: Jour. Geology, v.70, pp.215-226,

Fenner, C.N., 1926, The Katmai magmatic province: Jour.
Geology, v.34, pp.675-772.

Fleischer, M. and R.E. Stevens, 1962, Summary of new data
on rock samples G-| and W-1: Geochim et Cosmochim.
Acta, v.26, pp.525-543,

Fudali, R.F., 1965, Oxygen fugacities of basaltic and
andesitic magmas: Geochim. et Cosmochim. Acta, v.29,
pp.1063-1075.

Gilbert, G.K., 1877, Report on the geology of the Henry
Mountains: U.S. Geog. and Geol. Survey, Rocky Mountain
Region, 160pp.

Green, J. and A. Poldervaart, 1958, Petrochemical fields and
trends: Geochim. et Cosmochim. Acta, v.l3, pp.87-122.

Hamilton, D.L., C.W. Burnam, and E.F. Osborn, 1964, The
solubility of water and effect of oxygen fugacity and
water content on crystallization in mafic magmas:
Jour. Pefrology, v.5, pp.21-39.

1961

Hatch, F.H., A.K. Wells, and M.K. Wells,/Pefrology of the

igneous rocks: New York, .Hafner, 5/5pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



131

Hayden, F.V., 1872, Sixth annual report of the United States
Geological and Geographical Survey of the territories,
embracing portions of Montana, Idaho, Wyoming, and Utah,
being a report of progress of the exploration for the
year 1872,

Hess, H.H., 1960, Stillwater igneous complex, Montana:
Geol. Soc. America Mem. 80, 230pp.

Hotz, P.E., 1953, Petfrology of granophyre in diabase near
Dillsburg, Pennsylvania: Geol. Soc. Amziica Bull.,
V.64‘, pp.675‘704’0 '

Iddings, J.P. and W.H. Weed, 1894, Livingston, Montana:
U.S. Geol. Survey Geol. Aftlas, Folio no.l.

Ingamells, C.0. and N.H. Suhr, 1963, Chemical and spectro-
chemical analysis of standard silicate samples:
Geochim. et Cosmochim. Acta, v.27, pp.897-9]0.

Johannsen, A., 1939, A descriptive petrography of the igneous
rocks, I. Infroduction, textures, classifications and
glossary: Chicago, University of Chicago Press, 318pp.

» 1937, A descriptive petrography of the igheous
rocks, III. The inftermediate rocks: Chicago, University
of Chicago Press, 360pp.

Kelley, W.N., Jr., 1966, Sravity study of the Crazy Mountains,
Montana: Princefon University, Dept. of Geological
Engineering, Rep. no., 66-2,

Kemp, J.F. and P. Billingsley, 1921, Sweet Grass Hills,
Montana: Geol. Soc. America Bull., v.32, pp.437-478.

Kennedy, G.C., 1955, Some aspects of the role of water in
rock melts, pp.489-504 in A. Poldervaart, ed., Crust
of the earth -- a symposium: Geol. Soc. America
Spec. Paper 62, 762pp.

Kuno, H., 1959, Origin of Cenozoic peftrographic provinces of
Japan and surrounding areas: Bull. Volcan., 2nd ser.,
v.20, pp.37-76.

, 1960, High-alumina basalt: Jour. Pefrology, v.l,
pp.l21-145.

, 1965, Fractionation trends of basalt magmas in
lava flows: Jour. Petrology, v.6, pp.302-321.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

Langmyhr, J. and S. Sveen, 1965, Decomposability in hydro-
fluoric acid of the main and some minor and trace
minerals of silicate rocks: Anal. Chim. Acta, v.32,

pp.1-7.

fLarsen, E.S., 1940, Petftrographic Province of Central
Montana: Geol. Soc. America Bull., v.5l, pp.887-948.

Lensen, G.J., 1960, Principal horizontal sifress directions
as an aid to the study of crustal deformation, pp.389-
403 in A symposium on earthquake mechanism: Publ.
Dominion Obs. Ottawa, v.24.

McDougall, I., 1962, Differentiation of fthe Tasmanian
dolerites: Red Hill dolerite-granophyre association:
Geol. Soc. America Bull., v.73, pp.279-316.

McMannis, W.J., 1955, Geology of the Bridger Range, Montana:
Geol. Soc. America Bull., v.66, pp.1385-1430.
s 1957, The Livingston formation: Billings Geol.
Soc., 8th annual field conference, pp.80-84.

Mansfieid, G.R., 1909, Glaciat . 'n the Crazy Mountains of
Montana: Geol. Soc. America Bull., v.19, pp.558-567,

Mercy, E.L.P., 1963, The geochemistry of some Caledonian
granitic and metasedimentary rocks, pp.I189-216 in
The British Caledonides, ed. Johnson and Stewart.

Moody, J.D. and M.J. Hill, 1956, Wrench-fault tectonics:
Geol. Soc. America Bull., v.67, pp.1207-1248,

Murata, K.J., 1960, A new method of plotting chemical
analyses of basaltic rocks: Amer. Jour. Science,
258A, pp.247-252,

Nockolds, S.R., 1954, Average chemical composifions of some
igneous rocks: Geol. Soc. America Bull., v.65, pp.1007~-
1032,

Oki, Y., S. Oki, and H. Shibata, 1962, The systematic analysis
of silicate rocks using ion exchange resin: Chem. Soc.
Japan Bull., v.35, pp.273-275.

Osborn, E.F., 1959, Role of oxygen pressure in the crystal-
lization and differentiation of basaltic magma: Amer.
Jour. Science, v.257, pp.609-647,

, 1962, Reaction series for subalkaline igneous

rocks based on different oxygen pressure conditions:
Amer. Min., v.47, pp.211-226,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



133

Reynolds, D.L., 1954, Fluidization as a geological process
and its bearing on the problem of intrusive granites:
Amer. Jour. Science, v.252, pp.577-613.

Riley, J.P., 1958, The rapid analysis of silicate rocks
and minerals: Anal. Chim. Acta, v.19, pp.413-428.

Shapiro, L. and W.W. Brannock, 1952, Rapid analysis of
silicate rocks: U.S. Geol. Survey Circ.165.

, 1956, Rapid analysis of silicafte rocks: U.S.
Geol. Survey Bull. 1036-C.

Simms, E., 1966,[title unknown]: Unpublished doctoral
dissertation, The University of Cincinnati.

Smith, J.G., 1965, Fundamental transcurrent faulting in
Northern Rocky Mountains: Amer. Assoc. Petroleum
Geologists Bull., v.49, pp.1398-1409.

Stevens, R.E., ef al., 1960, Second report on a cooperative
investigation of the composition of two silicate rocks:
U.S. Geol. Survey Bull. 1113, 126pp.

Sugimura, A., 1960, Zonal arrangements of some geographical
and pefrological features in Japan and ifs environs:
Journal of the Faculty of Science, University of
Tokyo, Sect., II, v.l12, pp.133-153.

Turner, F.J. and J. Verhoogen, 1960, Igneous and metamorphic
pefrology: New York, McGraw-Hill, 694pp.

Tuttle, O.F. and N.L. Bowen, 1958, Origin of granite in the
light of experimenfal studies in the system NaAlSiz0g-
KAISiz0g=-Si0s-Hy0: Geol. Soc. America Mem. 74, 1|53pp.

Vogt, J.H.L., 1921, The physical chemistry of the crystal-
lization and magmatic differentiation of igneous rocks:
Jour. Geology, v.29, pp.318-350.

Wager, L.R., 1960, The major element variation of fthe layered
series of fthe Skaergaard infrusion and a re-esftimafion
of the average composition of the hidden layered series
and of the successive residual magmas: Jour. Pefrology,
vel, pp.364-398.

Wager, L.R. and W.A. Deer, 1939, The petrology of the Skaer-

gaard intfrusion, Kangerdlugssuaqg, East Greenland: Medd.
om G6rgnland,.v.l05, no.4, 352pp.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



134

Walker, F. and A. Poldervaart, 1949, Karroo dolerites of the
Union of South Africa: Geol. Soc. America Bull., v.60,
pp.591-706.

Webber, G.R., 1965, Second report of analytical data for
CAAS syenite and sulphide standards: Geochim et Cosmo-
chim. Acta, v.29, pp.229-248.

Weed, W.H., 1899, Geology of the Litfle Belt Mountains,
Montana: U.S. Geol. Survey Ann. Rep. 20, pt.3, pp.257-
581.

Wegman, C.E., 1938, Geological investigations in Soutfthern
Greenland, Part I: Medd. om Grgnland, v.l13, pp.l-149.

Welis, M.K., 1954, The structure and petrology of the
hypersthene gabbro intfrusion, Ardnamurchan,
Argyllshire: Geol. Soc. London Quart. Jour., v.lO,
pp.367-397,

Wilson, C.W., 1936, Geology of Nye~Bowier lineament,
Stillwater and Carbon Counties, Montana: Amer.
Assoc. Pefroleum Geologists Bull., v.20, pp.1161-1197.

Windley, B.F., 1965, The composjite nef-veined diorife
lnfru5|ves of fhe Jullanehab district, South Greenland:
Medd. om Grgnland, v.172, pp.i-60.

Wolff, J.E., 1938, Igneous rocks of the Crazy Mountains,
Montana: Geol. Soc. America Bull., v.49, pp.!569-1628.

Yoder, H.S., Jr. and C.E. Tilley, 1962, Origin of basalt

magmas: an experimental study of natural and synthetic
rock systems: Jour., Pefrology, v.3, pp.342-532.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sunlight L.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Further reproduction prohibited without permission.

/

Ao

o9
Sweetg!S

Creek




Glacier L.

PLATE -1

GEOLOGIC MAP OF THE BIG TIMBER
IONEOUS COMPLEX, CRAZY MOUNTAINS, MONTANA

SCALE

TERMINAL PHASE, TONALITE AND GRANODIORITE

INTERMEDIATE PHASE, DIORITE

et AGMATITE

BASIC BORDER PHASE, PYROXENITES AND GABBROS

MID — TERTIARY
N
=

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




= . —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



R 1 ¢ ) 2 ) 3 ~-a - £ - A=) L T A B i b e e g on o o i e

SCALE
[+] ] 2
()
J
JERMINAL PHASE, TONALITE AND GRANODIORITE
= INTERMEDIATE PHASE, DIORITE
L4
~
[ 4
w
w AGMATITE
|
[~]
3 B4SIC BORDER PHASE, PYROXENITES AND GABBROS
METAMORPHOSED SEDIMENTS
Sw
o
ks
4 // LIVINGSTON GROUP & FORT UNION FORMATION, UNDIFFERENTIATED
[ -4
oa

_«® STRIKE AND DIP OF SEDIMENTS

~ === CONTACTS ARE GRADATIONAL

L _—— FAULTS,NORMAL & STRIKE-SLIP, ARROWS SHOW RELATIVE MOVEMENT

+ A083 LOCATION OF SAMPLE @ -SAMPLE UNOBTAINABLE
DUE TO SCALE, DIKES HAVE NOT BEEN SHOWN

MAP COMPILED FROM U.S.FOREST SERVICE, 2 INCH PLANIMETRIC MAPS

AND U.S.G.S. 7% MINUTE QUADRANGLES.
GEOLOGY BY JOHN TAPPE

Re i issi [
produced with permission of the copyright owner. Further reproduction prohibited without permission



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



