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ABSTRACT

A series of four stream sediments were examined from two areas
in southwestern Montana. The samples are from streams draining the
Cherry Creek series of pre-Beltian age. Heavy mineral separations
were made and the results were studied. A relationship between
distributive province and derived sediment ;B established. A
general discussion of provenance is presented. A survey of British
and American literature on the sﬁbject was made and the selected

bibliography is included.



PROVENANCE OF DETRITAL MINERALS
FROM PRE-BELTIAN AREAS,
MONTANA

INTRODUCTION

Problenm
This thesis describes the heavy minerals found ip sediments
from four streams draining the Cherry Creek series in Madison and
Beaverhead Counties, Montana. These findings are then to be related
to the general problem of sedimentary provenance. This investigation
was made during the school year, 1948-1949, and submitted in partial
fulfillment of the requirements for the degree of Master of Science

in Geology at the University of Michigen.
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Location and Access

All the detritals studied were collected by Dr. B. Wm. Helnrich



during the field season of 1948 from streams draining the Cherry Creek
series of southwestern Montana. Carter Creek and Proffitt Gulch, from
which two of the four samples were obtained, are ten to twelve miles
southeast of Dillon, Montena, in Madison and Beaverhead Counties
respectively. Both deposits are in the foothills in the southern end
of the Ruby Range. These localities are easily accessible from
Dillon by roed (Fig. 1).

The two remaining samples were gathered some twenty-five miles
to the east end north of the first area (Fig. 1) in Madison County.
The California Guleh detritels were secured from gold'placer gravels
at a point five miles upstream from the mouth of the guleh in the
foothills on the west side of the Tobacco Root Mountains. This area
is easily reached over a road from the town of Leurin.

The fourth sample was collected from a gulch twelve miles south
of Ennis (Fig. 1). This area is also accessible by road and is in

the foothills of the Gravelly Range.

General Geology

The sediments that contributed to the formation of the detritals
studied are of pre-Beltisn age and form part of the Cherry Creek
series (Peal, 1847). These pre~Cambrian rocks crop out over lerge
areas in southwestern Montena, being well exposed along the flanks of
the Tobacco Root, Gravelly and Ruby Ranges. The type section consists
of quartz-feldspar gneiss, quartz-mica schist, ﬁarble, quartzite and
hornblende=~biotite sechist, all of which are unguesticnably metasediments

(Tansley, Schafer, and Hart, 1933).
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The pre-Beltian rocks of this part of Montana are being studied

by the Montans Bureau of Mines and Geology (E. Wm. Heinrich, 194;&}.

Below, in summary form, is the sequence of geologic events which has

been worked out.t

1.

2.

11.

12.

Formation of the Pony series.
Deposition of the Cherry Creek sediments.

Intrusion of the Pony and Cherry Creek series by mafic
and ultramafic sills.

Regional metamorphism.

Intrusion of the Blacktail granite.

Continued regional metamorphism.

Unconformity.

Belt series deposited.

Paleozoic-Mesozoic sequence deposited.

Laramide disturbance.

Boulder batholith intruded with accompaning pegmatites.

Later ultramafic bodies emplaced.

Feulting and subsequent vigorous erosion in the late Tertiary has

exposed these pre-Beltian metasediments along the flanks of many of

the mountein ranges of southwestern Montana.

Carter Creek drains to the northwest and is transverse to the

northeast strike of the Cherry Creek series over which it runs. In

this ares the section thet contributes material to Carter Creek is

as follows:

amphibolite, hornblende gneiss with local anthophyllite

and garnetiferous facies, cherty dolomitic marble, granitic gneiss

and peridotite.

l. Dr. E. Wm, Heinrich, per. comm.
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‘Proffitt Gulch is a strike valley, which trends northeast and
has been cut into a thick biotite schist layer with local garnet
and sillimanite facies. Pods of a massive sillimanite rock have
also been exposed and the area as a whole is cut by some pegmatites.
Tributary streems drain areas where dolomitic marble, granite gneiss
and hornblende gneiss are exposed. These rocks again are all, with
the exception of the pegmatite, of Cherry Creek age.

California Creek drains to the southwest and is a tributary to
the mein Ruby River. It has incised a gulch transverse to the
sediments which trend northwest along the flanks of the Tobacco
Root Mountains. The rocks contributing the detritals carried by
the stream are all Cherry Creek in age and consist of the following
members (Tansley, Schafer, and Hert, 1533): quartz-feldspar,
garnetiferous gneiss, hornblende-biotite schist, quartzite and
contact metamorphosed marble. The layers dip to the west off the
flank of the Tobacco Root batholith.

The Ennis Kyanite Area (Heinrich, 194&.) is drained by several
streams which empty into the Madison River. The one from which the
sample was obtained drains to the northeast, cutting obliquely across
the east-trending beds of the Cherry Creek series. The pre-Cambrian
rocks here exposed are reather sharply folded, intruded in places by
pegmatites, and all.layers dip to the south. The sequence from north
to south that has contributed to the formation of the saumple are:
dolomitic marble, mica garnet gneiss, dolomitic marble, hornblende
schist, dolomitic marble, mica gneiss, dolomitic marble and mica

gneiss.



B
TECHNIQUE

Method of Separation

The unsorted detritals were first panned with water to free the
mineral grains from silt and clays. Next, after drying, the heavy
fraction was obtained Sy means of a separatory flask and bromoform.
Separatory operations were facilitated by the use of several similar
sets of aparatus as is illustrated in Figure 2.

A separatory flask was filled about three-fourths full with
bromoform and a thin layer of detritals was scattered onto the top
of the bromoform. Care was exercised not to put too much sample in
at one time. 4 layer not exceeding .05 inch was found to be most
practical and efficient. This was then agitated with a stirring rod
to keep the light fraction from hindering the downward passage of
the heavy fraction. The process was repeated, with alternating periods
of agitation and settling, until the separation was believed complete.

At this point the petcock was opened to allow the heavy fraction
to be carried down to the filter paper and funnel below. The process
was repeated until the top of the bromoform and light fraction had
reached a point about 1.5 to 2 inches above the stopcock. Then the
separatory flask was removed, drained, and washed out with acetone;
the lighter residue was caught on another filter paper. The heavy
fraction on the first filter paper was allowed to drain, and the
bromoform collected in a flask. After the heavy residue had finished
draining, it was washed with acetone several times. The resulting

filtrate of acetone and bromoform drained into another flask and was
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Fig. 2. Sketch of separatory apperetus.
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stored until enough had been accumulated to be refined for its
bromoform content.

After both light and heavy fractions were dried, by allowing
the acetone to evaporate from the grains and filter paper, they

were stored for examination.

Methods of Identification

The assemblage from each locality was studied first with the
aid of a binocular microscope. This proved to be rather effective,
for the grain size of all the samples is very coarse. Here were
noted such things as shape, size, relative degrees of rounding, and
alteration as well as any affinities or antipathies of occurrence
exhibited.

After this prelirinary study, the magnetic fraction was removed
with a hand magnet. Then in each assemblage the individual minerals
were isolated by hend picking, using a steel needle moistened with
0oil. These isolated grains were then studied individually in
immersion media under a petrographic microscope.

Next each sample was put through a sixty-mesh screen and
permanent slides of the detritals were mounted in canada balsum.
Three slides of each sample were made, one of unscreened detritals
and two of material that passed through the sixty-mesh screen.

These slides were then studied to obtain frequency data and as a
cross check on the date previously obtained.

Finally each assemblage was exawmined under flourescent light
in order 1o pick up any of the rarer flourescent minerals which might

be present.
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Description of Samples

Keystone Talc Area (Carter Creek): This sample (Plate 1) is
characterized by its high content of anthophyllite which is a reflection
of the presence of anthophyllitic hornblende gneiss over which the
stream runs. Garnet, brown and green hornblende, biotite, tremolite
and actinolite are common. Magnetite, sillimanite, diopside, epidote,
zircon and tourmaline also are present in smaller amounts with apatite,
ilmenite and leucoxene very rare.

Proffitt Gulch: The distinguishing characteristic of this sample
is its high content of sillimanite (Plate 1). These minerals are
derived from the sillimenite biotite schists which are peculiar to
the area drained by Proffitt Creek. Garnet and biotite are very
abundant, with hornblende, muscovite and calcite common. Actinolite,
magnetite, tourmaline, zircon, epidote, rutile, diopside and augite
appear uncommonly.

California Gulch: With the exception of some rare andaluéite
and apatite, and the absence of tourmaline this sample is similar to
the others (Plate 2). Garnet and biotite are most plentiful, with
hornblende, actinolite, tremolite and muscovite very common. Magnetite,
augite, sphene, orthoclase, sillimanite, zircon, epidote, rutile,
andalusite and apatite appear very infréquently. Fergusonite has
been reported by Cooke and Perry (1945), but was not recognized in
this study.

Ennis Kyanite Area: Very abundant kyanite in large coarse
crystals along with abundant anthophyllite distinguishes this sediment

from the others (Plate 2). Muscovite, tremolite, biotite and garnet
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are also very common. Less common are apatite, magnetite, rutile,
spinel and diopside.

In comparing the distfibution and frequency of the various
minerals that appear in the samples (Table 1) several common relation-
ships can be discerned. Garnet, hornblende, actinolite, biotite,
sillimanite and magnetite are common to all samples. This is
expectable as the source rocks from which these detritals were
derived contain these minerals in abundance. Secondly, these minerals
show a frequency which matches very well with the frequency of these
constituents in the source rocks. There is also a group of minerals
which, although almost ubiquitous in their occurrence, are present in
minor amounts. They include such minerals as tremolite, muscovite,
tourmaline, apatite, augite, zircon, rutile, epidote and diopside.
There remain, with the exception of dolomite, kyanite and anthophyllite
which are locally abundant, andalusite, calcite, spinel, ilmenite and
leucoxene, each one of which is both rare ahd Appears in but one sample.

Many of the characters of the mineral: assemblages in each sample
are so similar that they will be discussed as a unit. All the minerals
were found to be in a very fresh state with very little alteration
evident. The grain size is very coarse, with fully one-tenth of the
total sample being larger than .50mm. The Ennis Kyanite sample was
exceptionally coarse due in part to very abundént large, bladed kyanite
crystals. All the crystals were angular with the exception of some of
the tourmaline, zircon and apatite crystals which were rounded to well

rounded.
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TABLE 1. Mineral Occurrence and Freguency

Keystone Proffitt *California Ennis
Mineral Name Talc Area Gulch Gulch Kyanite Area
Garnet VA VA VA VA
Hornblende A c c C
Actinolite C R C c
Biotite c VA A VA
Magnetite R R R R
Sillimanite R A R C
Tremolite A c A
Tourmaline R R C
Zircon R ' R R
Epidote R R R
Muscovite C c A
Rutile R R R
Diopside R R R
Apatite VR VR VR
Anthophyllite VA A
Augite R VR
Ilnmenite VR
Leucoxene VR
Spinel VR
Dolomite ‘ C
Calcite c
Kyanite VR
Andalusite, Sphene and Orthoclase VR

VA~ very abundant, A- abundant, (- common, R~ rare, VR~ very rare

*Fergusonite has been reported from the sands of this area (Cooke and
Perry, 1945).
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Description of Individual Minerals

Actinolite (Plate 3). Commonly found in clear, pale green,
elongate prisms and cleavage fragments with striations parallel to
cleavage very common on the larger crystals. The extinction angles
vary from 3°to 10°. Values for ¥ 1.645 and 4 1.630.

Andalusite.v Very rare and found as irregular, colorless, anhedral
grains with many inclusions of opaque meterial and lacking pleochroism.
The indic¥es measured were ) 1.657,/6 1.635.

Anthophyllite (Plate 3). Coummonly found as light brown elongate
prisms, deeply striidted parallel to the elongation. Eesily distinguished
from the other swmphiboles by its color and parallel extinction.
Pleochroic from ceolorless to light brown parellel to the c-axis.
Indices measured are Y 1.665, B 1.650 with large 2V of 80-85°.

Apatite. The few crystele identified as apatite ﬁere colorless,
rounded prisms. The parallel extinetion, low birefringence and flash
figure obtained on the prism face idenbtified this minerel as apatite.

Augite. Found in small equidimensional grains in shades of dark
green and brown. Pleochroic from yellowish green to dark green.
Angular blocky crystals with poor cleavage common. Extinction angle
40°, /3 1.70, < 1.68.

Biotite (Plate 4). Large basal cleavage flakes are common with
numerous inclusions of sillimsnite needles. Freguently having a
bleached appearance due to chloritic alteration. 2V varies from

5°- 10° with velues of 1.645 for ¥ end 1.640 for /3.
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Caleite. Appears as many swall anhedral grains in the Proffitt
Gulch slides. The grains are irregularly shaped with few cleavage
flakes making their appesrance.

Dicpside., This mineral is in short bladed crystals. The
grains were colorless to gray with good cleavage and high extinctlon
engles varying from 37°- 42°,

Dolomite. Chearacteristically appears as cleavage rhombs with
high double refraction found only in the Ennis Kyanite ssmples.

Epidote (Plate 4). Commonly as sub-angular to rounded grains
of pale greenish yellow color. Freguently showing s centered optic
axis interfefence figure.

Garnet (Plate 5). Ranges in color from pale pink through a
reddish brown. Varying from clear angular fragments to those very
turbid with inclusions of magnetite.

Hornblende (Plate 5). Both dark brown and dark green varieties
are found with the green variety being much more sbundant and charac-
teristic. The cleavage fragments and crystals are striated parzllel
to the elongation. Both verieties are pleochroic from green or
brown parallel to = and & pale green or brown at right angles to
this direction. Extinction angle is 15°, 2V over 8C° ¥ 1.685,

B 1.675. |

Ilmenite. Found as patches in otherwise well altered fragments.
Alteration is to creamy white leucoxene.

Kysnite (Plate 6). Large bladed crystels with prominent cross

fractures common. Many crystal fragments have numerous inclusions of
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magnetite which impart a cloudy appearance to the otherwise light blue
to colorless crystals. Extinction angle is high, 33°. 2V is very
large with ¥ 1.725 and/6 1.720.

Leucoxene. As previously stated, it appears as a powdery white
alteration product on ilmenite graians.

Magnetite. Occurs as small irregularly-shaped crystals which
appear bluish in reflected light. Often the grains are mottled with
limonite stains.

Muscovite (Plate 6). This mineral is very distinctive having
meny inclusions of sillimanite needles and magnetite grains. Irreguler
basal cleavage flakes is the common habit exhibited. 2V varies frcm‘
35° 40 40°, /3 1.59C, ¥ 1.595.

Rutile. Prismatic, aciculer greins common with polysynthetic
twinning parallel to the (101) face. The grains have the typical
"foxy-red" color and high birefringence.

3illimenite (Plate 7). Commonly found in bundles of fibrous
crystals. Many single crystals are present as long slender colorless
prisms, Indiées measured were Y 1.683 and 3 1.660.

Spinel. Only one light green, pitted grain positively identified,
but there mey be more which were not distinguished from colorless
garnet.

Tourmaline (Plate 7). Found prineipally in euhedral prisms of
light brown color. 3Some rounded crystal fragments were found.
Pleochroic, from light brown to dark brown with meximum adsorption

at right angles to the lower nicols prisu.
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Tremolite (Plate 8). Euhedral, prismatic, colorless crystals
commonly having an extinction angle of from O to 13°, 2V 80°- 9C°,
Y 1.635, & 1.645. The larger crystals are stristed parallel to the
elongation.

Zircon (Plate 8). Excellent euhedral, prismatic crystals with
pyramidal terminations common containing numerous inclusions. Also
some rounded to anhedral grains are present. Color varies from

colorless, which were most numerous, to a mauve.
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DISCUSSION OF PROVENANCE

General
Any discussion of provenance based on heavy mineral studies is
predicated upon the assumptions, first, that the concept of an
alternation of orogenic and geosynclinal phases of earth history is
e reelity and, second, that this being so, the products of degradation
derived from these cyclic changes will, with due recognition of the
forces acting on them, be indicative both of their source areas and

their depositional environments.

Westhering
The rate of weathering of e rock depends upon three things, the
mineral composition of the rock invclved, the relief, and the climate
of the area. Goldieh (1938) has compared minerasl stability to ;
weathering and concludes that in a normel igneous rock the minerals
which formed first will be the first to decompose. He calls this a

"Mineral Stability Series".

TABLE 2. Mineral Stability Series (After Goldich)

Clivine
Calcic Plagioclase
Augite
Calcic~alkalic Plagioclase
Hornblende Alkali-calcic Plagioclase
Increasing
Stability Alkalic Plagioclase

Biotite
Potash Feldspar

Muscovite

Y Quartz
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This seems to be an entirely logical condition, for the earliest
formed winersls are in greater disequilibrium than the later formed
ones. From this chart it also follows that the rocks richest in the
more stable minerals, granites, etc., will decompose at a slower
rete than those with a greater percentage of unstable minerals such
as gabbros.

One of the few studies of comparative retes of weathering of
common heavy minerals was conducted by L. D. and G. Dryden (1946) in
a Pennsylvania - Maryland Area. They compared the heavy minerals in
fresh rocks with their weathered products and arrived at the following

conclusions as summarized in Table 3 below:

TABLE 3. Stebility of Common Heavy Minerals

Mineral Index of 3Stability

ZIrCON « o o o o o o s o o o o o o o » 100
Tourmeline o« o « ¢ o o a o ¢ ¢ o o o & 80*
5illimanite o o« ¢ + o o o ¢ s o o o o 40
MONBZite « o o « o ¢« ¢ ¢ o o o o o o o 40

Chloritoid ® - L e L L Ll L] ® * * Ld L] . 20*

Kyanite o o o o ¢ ¢ o o o 6 o ¢ o o @ 7
Hornblende « o o o o o o o o o o « o o 5
Steuroclite .« &« . ¢ ¢ ¢ ¢ ¢ ¢ o ¢ o o o 3.
Garnet . o o ¢ ¢ ¢ ¢ 4.0 o 6 o o s o o 1
Hypersthene . . ¢« ¢« ¢ o ¢ ¢ o o o o « 1%

*Estimeted, no data available
Index based on garnet which is teken as 1
(Teble after Dryden)
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In a recent interesting paper (Allen, 1948) aimilar results
were obtained in studying the weathering of glacial deposits. In
this paper the seeming inconsistency of garnet in sediments was
pointed out and related tc two factors, the chemical composition
of the garnet involved and the type of weathering to which it is
subjected. In general, if garnets can be liberated by reapid erosion
before they are decomposed chemiceally, they are much more likely to
appear in sediments. Some garnets, particularly the pegmeatitic
manganese garnet, spessartite, weather very rapidly. Intrastratal
solution, however, may be expected to be equally effective in
decomposing garnet after deposition.

Van der Narel (1948), studying residual soils developed from
extrusive rocks, found that the percentage of various heavy minerals
in these scils could be used to identify the stage of weathering to

which the soils had progressed. One of his charts is presented below.

TABLE 4.
Rhyolite Tuff Minerals

Stage of Weathering Opaque Hypersthiene Amphibole Allanite Zircon
Fresh Rhyolite tuff 437 5% Loy 47 6%
Slightly weathered soil 53 2 32 5 8
Moderately " " 62 1 14 10 13
Strongly " " 36 trece 5 28 31
Very " " " 20 " absent 40 40

After Van der Marel
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The effect of climate and relief upon sediments are summarized
by Pettijohn (1949, p. 385) in the following manner.

"A composition that suggests maturity, such as high quartz-to-
feldspar and high alumina-to-soda ratios most likely is the
product of a warm humid climate in an area of low relief.
Mixtures of steble and unstable materials such as feldspathic
sandstone associated with high alumina and low sode shales,
suggest a warm humid climate in regions of high relief with
youthful topography. The coarse, relatively fresh debris of
the canyons is mingled with the finer maturely weathered
materials of ‘the interstream regions, ' If the sediment con-
teins only immasture products, the area of provenance either
is very high in relief with & mature topogrephy or is a
region of rigorous climete. In the former case the sands
and silts will contain numerous bits of carbonized wood.

In general, according to Barrell (1908), the character of
the fine fluviatile or wash detritus in the region of its
origin mey be teken as an index of the climeate. The size or
sbundance of the coarser materials, on the other hand, is

a measure of the rapidity of erosion, and hence a measure

of the topographic relief".

Transportation

The effects of transportation upon sedimentary particles is
very thoroughly treated in articles in "Recent Marine Sediments" by
R. Dena Russell and Filip Hjulstrom and in "8edimentary Rocks" by
F. J. Pettijohn. Most of the following information was obtained
from these sources. The principal processes of transportation af-
fecting sediments are ebrasion and sorting. Since the effects of
these two may, depending upon the conditions, either reinforce or
nitigate one another they will be tréated separately.

Sorting mey be either "local® or "progressive" as stated by
Russell, and the factors involved are size, shape and specific gravity

of the sedimentary perticles and the veloecity, turbulence, specific
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gravity and viscosity of the transporting medium. Local sorting
refers to the degree of sorting at one locality or site of deposition
as represented by the various beds of a sediment. The degree to which
local sorting has been developed is an indication of the agent and
conditions of deposition, and is of prime importance. However, local
sorting represents but a static portion of the dynamic process of
progressive sorting. Thus to understand the agent involved and the
conditions of deposition of any sediment the process asz a whole

nmust be understood.

Progressive sorting is the process by which sedimentary par-
ticles change size, shape and mineral composition, as they proceed
toward the basin of deposition. Change in grain size may be due to
a gradual decrease in competency or to fluctuations in competency,
which cause the larger particles to lag behind.

The average shape of the particles may change progressively
due to several interrelated factors. When greins eare moved by
suspension the more spherical grains will tend to be deposited first.
The least spherical, as the micas, will travel the longest distance
under this mode of travel. In cases where the dominant mode of
transportation of bed load is by rolling, just the reverse is true
and the most spherical grains travel farther than the less spherical
ones. In other cases, where saltation is the primary method of
transport, these two methods are brought into play jointly, resulting

in little progressive change in shape downstream.
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Minerals will also be progressively sorted according to specific
gravity, the minerals of lower density outrunning those of higher
density, but this effect will be modified by the size and shape factors.
The progressive sorting of sedimentary particles according to size
tends to increase the amounts of initially smaller minerals found in
sediments in the direction of transport. Thus, zircon, apatite,
tourmaline, magnetite and other accessory minerals tend to become more
abundant toward the basin of deposition. Progressive sorting according
to shape, as previously stated, depends on the method of transport.
The micas and kyanite, for example, are usually transported a greater
distance than other minerals of similar size and specific gravity,
where the mode of transport is suspension, due to their flakey habit.
If rolling is the dominent mode of tfansport, minerals of the highest
sphericity, as garnet, quertz, zircon, iron ores, etc., will become
relatively more abundant in the direction of transport.

According to Pettijohn (1949) the dominant process that controls
the composition of any river sand is progressive sorting. He asserts
that abrasion is a subordinate factor to sorting in effecting changes
in grain size and shape in sediments in their direction of travel.

The major effects of abrasion seem to be modification of surface
textures and rounding.‘ Few comparative studies of abrasion and
decrease in grain size have been conducted and those that have (R. D.
Russell and R. E. Taylor, 1937) suggest that abrasion is not a very
effective agent for reducing the grain size of sand-size particles
but is the dominant process in pebble-size particles (G. A. Theil,

1940).
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The process of abrasion is intimately associated with that of
sorting and depends on many other factors, all of which are listed

below in chart form (after Pettijohn, 1949).

I. Original size, shape and roundness
II. Compositional factors
A. Mechanical
1. Hardness
2. Cleavage
3. Toughness
B. Chemical - solubility
III. Transportational factors
A. Distance of transport
B. Manner of transport
l. Rigor of action
2. Nature of motion
a. 8liding
b. Rolling
8. Saltation
d. Suspension
3. Agent of transport
a. Wind
b. Water

Laboratory experiments (G. A. Theil, 1940) have proved that,
whereas abrasion does tend to reduce in size the more brittle and
softer minerals in the direction of transport, the amount of such
abrasion produces only minor effects. Confirmation of this may be
seen when the order of abrasion resistance is compared (Table 5)
with the order of persistence (Table 6). This comparison shows
that there is only a partial relationship between the two, for
resistance to abrasion depends on physical properties,'whereas,
the order of persistence depends primarily upon chemical stability

of the nminerals involved.
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TABLE 5. Order of Resistance to Abrasion

(After Theil, 1945)

(After Friese, 1921)

Barite
3iderite
Fluorite
Goethite
Enstatite
Kyenite
Bronzite
Hematite
Augite
Apatite
3Spodumene
Hypersthene
Diallage
Rutile
Horunblende
Zircon
Epidote
Garnse®
Titanite
Staurolite
Microcline
Tournaline

Quartz

Increasing
Resgistance
to
Abrasion

Monazite
Orthoclase
Diopside
Andalusite
Xyanite
Apatite
Olivine
Epidote
Ilmenite
Garnet
Magnetite
Topaz
Augite
Staurolite
Cordierite
Pyrite

Tourmaline
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These experiments and the work of Russell (1957)‘and Pettijohn
and Ridge (1933) have invalidated the old notion that certain minerals,
notably the pyroxenes, feldspars and amphiboles are rapidly eliminated
in transport. Therefore, the absence of these minerals from sediments
can only be explained by deep weathering of the scurce rocks, with
their elimination there, by post-depositional intrastratal solution,

or by their original absence in the rocks.

Stability

There is an apparent increase in complexity of heavy mineral
suits with decreasing age. This has been noted by many workers in
the field, as early as 1913 (Thoulet). This fact had also been noted
by Boswell (1923} who hypothesized that this increase in complexity
was due to two causes: an increase in complexity of terrane with
decrease in geologic.age, and disappearence of the less stable wminerals
through intrastratal solution.

Pettijohn (1941) reviewed this problem recently and by means of
a search through the literature on heavy mineral studies he was able
to set up an order of pefsistence (Table &) for heavy minerals. He
believes that intrastratal solution is the primery cause for the
disappearance of the less stable minerals in deposits of increasing
geologic age. In confirmation of this he sites studies by Stow (1938)
and Cogen (1940), in which they attribute the changes in heavy
mineral content to changes in provenance. Pettijohn points out that

these studies and others made in widely separate areas agree so well
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TABLE 6. Relative Order of Persistence Throughout Geolozic Age

-3 Anstase 10. Kyanite
-2 Muscovite 11. Epidote
-1 Rutile 12. Hornblende

13. Andalusite

1. Zircon 14. Tepaz

2. Tourmaline 15. Sphene

3. Monazite ’ 16. Zoisite

4, Garnet ‘ 17. Augite

5. Biotite © 18. sillimanite
6. Apatite 19. Hypersthene
7. Ilmenite 20, Diopside

8. Magnetite 21. Actinolite
9. Staurolite 22. Olivine

(After Pettijohn) The numbers are only relative, with zircon being
arbitrarily chosen as 1. The negative numbers indicate these minerals
to be commonly authigenic as well as allogenic.

on certain mineral changes that some general principle must underlie
them all. 1In éll these examples the order of appearance of heavy
minerals follows his "Mineral Persistence Chart", so he concludes
that intrastratal solution, rather than the greater complexity of
modern terranes, accounts most readily for the apparent increase in
complexity of heavy minerals with decreasing geologic age. Russell
(1937) in his study of the Mississippi River sediments stated that,

although pyroxenes and amphiboles withstood abrasion well and appear
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in younger sediments, they are absent in older sediments. He there-
fore concludes that their loss subsequent to deposition is due to
intrastratal solution. Smithson (1941) in a study of detrital
minerals arrived independently at a conclusion similar to that of
Pettijohn. The stability relationships he found are tebulated in

Table 7 and conform rather closely to Pettijohn's stability series.

TABLE 7. Stability Series

Stable Somewhat Stable Unstable Very Bnstable
Zircon Monazite Garnet Ferro-Magnesium
Rutile Staurolite Minerals
Tourmaline Kyanite

Apatite

(After Smithson)

Authigenic Minerals

No study of heavy minerals and their relation to provenance
would be complete without mention of the authigenic charascter of some
minerals. The list of authigenic minerals includes; quartz, chalcedony,
feldspars {orthoclase, rarely microcline and albite), calcite, dolomite,
siderite, clay micas (illite and sericite), chamosite, chlorite,
analecite, glaucophans, gypsum, anhydrite, barite, marcasite, pyrite,
rutile, anatase, brookite, hornblende, tourmsline and zircon (Boswell,
1933 and Pettijohn, 1949).

These minerals may form in sediments with or without nuclei but
they ere formed more commonly as secondary growth upon allogenic

grains. Often, as in the case of authigenic quartz, the optical
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orientation is similar in allogenic and authigenic portions of the
crystal, making identification of its component parts difficult to
impossible. However, in many ceses the secondary growth is separated
from the primery grein by an iron oxide film or as in the case of
feldspars or quartz, by different optical orientation, as most out~
growths on feldspars are orthoclase regardless of the composition

of the allogenic grain, or by a difference in color, as in tourmaline.
Another indication of secondary growth is the almost perfect development
of crystal faces and form that are shown by some of the detritals
subject to authigenic growth.

It has been noted by Pettijohn (1949) and others that "secondary
enlaergement is a self evident criterion of stability, just as etched
surfaces and the like are criteria of instability". Thus, quartz, the
alkali feldspars, tourmaline and zircon all exhibit secondary growth

and confirm this criterion.
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PROVENANCE OF SAMPLES STUDIED

General
The four areas sampled in this study heve, with due allowance
for minor local variations, identical source rocks, climate, veg-
itation and trensportational factors. The following is a summary

of these factors and how they were derived from this study.

Source Rocks

The abundant biotite, garnet and amphiboles with smaller but
ubiquitous amounts of sillimenite, rutile, epidote, tourmeline and
zircon are significant and seem to indicate for their common source
of origin medium-grade metamorphic rocks such as garnet-biotite-
amphibole schists and gneisses. The diopside, tremolité, endalusite
and carbonates seem to indicate the presence of metamorphosed
calcarcous members. Locally there seems to be an abundance of
kyanite, sillimanite and anthophyllite. These minerals could
represent local facies of the above mentioned rocks enriched in these

particular minerals.

Climate and Relief
As previously stated the relative abundance, size and degree
of weathering of the fine and coarse minerals indicate, respectively,
the climate and relief of the source area. The finer materials of
this study were not very much altered and they constitute a minor

portion of the total. The coarse minerals are very fresh and dominate
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the assemblages. Thus, the climate of the distributive province is
rigorous and the relief high with consequent rapid and vigorous

erosion.

Transportation
The presence of isuch a rich suite of dissimilar minerals is in
itself indicative of freshness of sediment and the short journey it
must have traveled. The angularity, lack of sorting and unweathered

character of the component grains supplements this conclusion.

Persistence and 8tability
Apparently all the minerals stable enough to resist decomposition
during the time necessary for the disintegration of the parent rock
appear in these very fresh and recent sediments. From the great
abundance of garnet and the amphiboles it appears that the dominant

form of weathering was mechanical rather than chemical.

Conclusions
1. The source rocks were garnet-biotite-amphibole schists and
gneisses with subordinate metamorphic calcareous meumbers.
2. The climate is rigorous and the relief high.
3. The sediments were derived under conditions of mechanical

disintegration and have traveled for a short distance only.
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