ABSTRACT

MAGNETIC MINERALS AND PROPERTIES
OF THE MELROSE STOCK

By

Dewey Dennis Sanderson

An integrated petrologic-magnetic rock property
study was conducted on the Melrose Stock, an early Creta-
ceous Basin and Range intrusive in eastern Nevada. The
stock was delineated into a monzonite and a quartz mon-
zonite pluton with evidence that the former was emplaced
first.

The magnetite content and magnetic properties of
remanence and susceptibility are about twice as great
in the monzonite as in the quartz monzonite, Both rock
units contain a major soft remanent component, placing
the reliability of the remanent measurements and their
paleomagnetic significance in doubt, even with alternat-
ing field demagnetization. However, the remanence indi-
cates that the horst of which the intrusive is a part
has undergone structural rotation of approximately 15%
The difference between the paleo-pole positions of the
two plutons suggests an interval of time between their
emplacement and crystallization.

Only one-third of the NRM remained after magnetic
cleaning to 100 oersteds., Storage tests revealed that
in 100 days up to 50 percent of the NRM was a soft VRM,

This, however, was easily removed with approximately
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20 oersteds of demagnetization.

The opaque mineral assemblage of the two rock types
is essentially identical, approximately 90 percent mag-
netite and 10 percent ilmenite. The compositions are
near the stoichiometric values, Within a one mile wide
zone adjacent to the intrusive margin, the titanium is
tied up in sphene rather than ilmenite because of the in-
fluence of the carbonate host rock assimilated during crys-
tallization. The ilmenite which formed deep within the
magma chamber exhibits abundant exsolution of hematite.

A technique (the association coefficient) developed
to quantitatively determine the microscopic distribution
of the magnetite with relation to the constituent min-
erals in the rock suggests that the magnetite formed
throughout much of the crystallization by three processes:
direct precipitation, oxidation and alteration., Oxida-
tion refers to magnetite formed as one ferromagnesian
mineral is converted to another under oxidizing condi-
tions during the normal sequence of crystallization. Mag-
netite by alteration (deuteric and hydrothermal) is form-
ed by late stage fluids reacting with the ferromagnesian
minerals as in chloritization and serpentinization. The
relative amounts of magnetite formed by direct precipitation,
oxidation, and alteration in this order are 65, 25, and 10
percent in the quartz monzonite and 45, 30, and 25 percent

in the monzonite, The association study is used as a
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qualitative index to changes in the oxidation state of
the crystallizing magma with respect to rock type, time
and space,

The magnetite grain size distribution of the quartz
monzonite is coarser than the monzonite, Furthermore,
the magnetite grains associated with the ferromagnesian
minerals are notably coarser than the grains associated
with the nonferromagnesian mineral fraction. The factors
of time and availibility of iron by oxidation have influ-
enced the variation of the magnetite grain size, The
difference in the grain size distribution of the two rock
types is expressed as a more stable remanence of the mon-
zonite than the quartz monzonite,

The magnetic susceptibility of the two rock types
was effectively delineated by in situ and core specimen
measurements, The in situ coil yields better quality
data as well as the capacity to better resolve magnetic
units than laboratory measurements on core specimens,

To obtain a representative value of magnetic suscepti-
bility, a site density of approximately one site per square
mile was found to be sufficient for an intrusive the size

of the Melrose Stock (12 square miles), The numher of sites
is more critical than the number of measurements per site

when establishing representative susceptibilities,
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CHAPTER I

INTRODUCTION

o S X Objectives

The magnetic properties of rocks are a function of
thei » compositions, origin, and geological history. Con-
sequently, magnetic rock properties can be extremely use-
Tl geological tools. The primary use of rock magnetism
StudAbes is in delineating paleomagnetic field directions,
Am o result studies have concentrated on rocks which are
kn°"‘n to exhibit relatively stable remanent magnetism,
Pax T dAcular emphasis has been placed upon investigations
o€ “o©lcanic, basic intrusive, and sedimentary rocks. 1In
ec"""2.‘l:~ast, acidic to intermediate composition intrusive
ignﬁous rocks have received limited attention despite their
wide spread occurrence and geological importance because
o= T he general instability of their remanent magnetism,
Paleomagnetic data obtained from granite intrusives have
bgeh reported by Currie and others (1963), Opdyke and
wel'1&.'1.111: (1966), Gromme (1967) May (1968), and Hanna

’ ’ ’
C1se9-1970).
A quartz monzonite intrusive, the Melrose Stock, in

The Dolly Varden Mountains of eastern Nevada is the
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subject of this integrated magnetic property-petrologic
inwvestigation., The general objective of this study is to
Ae texnine the mineralogic, petrologic, and geometric con-
txr ol s on the magnetic rock properties and their spatial
Vax i ations in this Basin and Range type pluton. This
wi 1R be investigated through an intensive study of the
OPracywue mineralogy, remanent magnetism and magnetic sus-
Ceprtdbility. The specific objectives of this investiga-
Tion are:

1) To determine the variations of magnetic suscepti-
bility and remanent magnetization between and
within the lithologies of the intrusive:

2) To relate the paragenesis, occurrence, distribu-
tion, association, composition, and texture of
the magnetic minerals to the susceptibility and
remanence;

3) To determine the effect of the intrusive's geo-
metry on the magnetic susceptibility and reman-
ence;

4) To use the magnetic minerals and their proper-
ties to decipher the intrusive's cooling and em-
placement history;

5) To assess the effects of weathering on the magne-
tic properties of surface samples;

6) To use paleomagnetism to detect structural rota-
tion in the Melrose Stock.

Achievement of these objectives will provide a more
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complete knowledge regarding the origin, stability, and
varxiations in the magnetic properties of the Melrose Stock

in particular and of the Basin and Range type intrusive in

generxal, In addition, the study will demonstrate how mag-
netic rock properties can be used to solve geologic prob-

lems, will provide information on sampling requirements
fox a magnetic rock properties study and finally will pro-
Vi Qe the magnetic interpreter with magnetic rock property

data, their variation and significance for an intrusive

OX +this type.

a2 Geology of the Area
The Dolly Varden Mountains have been studied by only

| Few investigators. A rather comprehensive study of the

MO untains was conducted by Geoffrey G. Snow as a Ph.D.
Q~:LSSer:tat:lon at the University of Utah in 1963, Previously
T ®@ported studies by J.M. Hill (1916) on the general geology

|[na ore deposits of the range represents the only other

p‘-‘blished work. The Dolly Varden Mountains are mentioned

by Zirkel (1876) and Emmons (1877) as part of reconnai-
S|ance geologic surveys. There has been periodic work done

in the area by mining and petroleum companies, but the

reaulta of their projects are not available, The petrology

of the Melrose Stock is the result of this investigation

|Anq the general geology reported herein is based on the

Obaservations of Snow.
The Dolly Varden Range is a horst in the Basin and
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Rancye Province in east-central Nevada (Figure 1-1), The
neax ly north-south trending range rises over 2,000 feet
abowe the surrounding alluvial filled valleys., Even though
the area is semi-arid with less than 10 inches of rain a
Yearxr, vegetation and wildlife are plentiful. The moun-
tains provide a wide spectrum of geologic features to ob-
Serxrve and study. Rock types include a sedimentary sequence,
S&xx intrusive complex, both flow and pyroclastic volcanics
| 12AQ 1locally metamorphosed sediments. Tectonic activity
xaasm resulted in a number of structural relationships.
The oldest exposed rocks in the range are of Mississip-
P i an age, but these comprise only 5 percent of the sedimen-
tary column, Pennsylvanian rocks are not present., Nearly
“® _ 000 feet of Permian limestones, dolomites, sandstones
=2 xq siltstones are exposed throughout the range and only 100
T eet of Triassic limestone attest to a Mesozoic deposi-
T 4 onal record. A hiatus from Triassic to Oligicene time
B> aces Tertiary volcanics unconformably on the sediments
=_¥Q the intrusive. The volcanics are composed of flows,
1gh1mbrites and pyroclastics of varying composition., Mio-
S®ne or Pliocene age deposits include minor and local vol-
<Aanjcs and fresh water sediments. Youngest of the deposits
|xe the Quaternary lake deposits, presumably related to
Tormer Lake Bonneville, The Melrose Stock, which occupies
the core of the range, has an exposure of approximately
12 square miles, A potassium-argon age determination on

1’:'-o‘l:j.t:e from the monzonite places the age of the intrusive
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at 125 m.y. or early Cretaceous (Armstrong, 1963),

The relationship of the stock to the surrounding host
rocks is quite varied as seen in Figure 1.2. The southern
maxgin of the stock is in contact both concordantly and
di scordantly with Permian limestones that have been tipped
on end. The sediment-intrusive contact is sharp and the
effects of heating from the intrusive do not extend more
than a few feet into the sediments. Recrystallization
Of the limestone along the contact is not significant and
there is only minor silicification of the host rock. The
Wegt side of the intrusive is truncated by a basin and
X'ange fault which runs the length of the range though it
i s covered by alluvium along much of its extent., The north
And east sides of the stock are overlain unconformably by
Tertiary ignimbrite, The ignimbrite has apparently covered
Mmuch of the stock which had been layed bare by post-Laramide
uplift and erosion., Core, recovered from drill holes approxi-
IMmately a mile to the east of the intrusive and at a depth
OF nearly 1,000 feet below the surface, reveals Tertiary
¥ low breccia lying unconformably on the intrusive. Out-
Yiers of quartz-monzonite found to the east of the drill
holes are believed to be apophyses of the intrusive,

Unpublished aeromagnetic maps indicate the intrusive
to be much larger than its outcrop exposure, Snow's con-
Clusion that the intrusive's roof is quite irregular appears
tao be correct from observations of the magnetic map. The

basin fault downdrops a portion of the stock west of the
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ramnge at least 780 feet for a well to that depth in the

al luvium and west of the fault does not penetrate the
quartz monzonite, This fact is also substantiated by the
aexomagnetics, On a regional scale the Melrose Stock is
on a magnetic high trend which can be traced from the Uinta
Mountains, through Bingham Canyon and Gold Hill to the
Dol1ly Varden Mountains (Zietz and others, 1968),

The rocks in the stock are of intermediate composi-
tion, porphyritic (0-15 percent phenocrysts) granitic rocks.
Most commonly the rocks are from medium to coarse grained.
Xenoliths from a few centimeters to a few tens of centi-
meters are rather common throughout much of the intrusive,
I'n hand specimen, variations exist in color and composition
Which permit the rocks to be easily divided into two types,
@ quartz-monzonite and a monzonite. The contact petween
the two units is transitional over a distance of about 10
feet. The monzonite constitutes about 25 percent of the

@xposed area of the stock.

1.3 Rock Sampling

A total of 48 sites was sampled during the summers
OFf 1968 and 1970, The site locations are shown in Figure
1~2, Hand samples were collected from all sites, oriented
Cores from 35 sites, and 5 additional sites have cores taken
fxrom unoriented hand specimens. A fairly uniform, site
Qens:l.*l:y was established over the stock. The location of

& 3ites was based on geophysical rather than geologic grounds.
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Drilling of the oriented cores was carried out with
a prortable drill unit similar to that described by Doell
anAa Cox (1967). Drilling of a three inch core generally
took about five minutes. The time required to obtain 6-8
coxes ranged from one-half to one hour. Breakage during
dri lling resulting from incipient fractures and weathering
amounted to at least 2 to 3 cores per site, The size of a
Collection site was in part dictated by the extent of the
Outcrop which generally ranged from 20 to 70 feet in the
mMmaximum dimension. The cores were uniformally selected
Ower the entire area of the outcrop.

The orientation of the cores was accomplished with a
Bxunton compass and an orienter made of copper. The con-
8| truction of the orienter is a slotted barrel mounted ortho-
S onally to a square plate upon which the compass is placed,
The precision of the orienter is estimated at 2 degrees.

From one to three specimens were cut from each core
And then all specimens were stored with the same orienta-
Tion in the ambient field of the laboratory from the time
OFf preparation to measurement. Thin sections were made
xrom the trimmings of the cores., Polishing of the thin
Sections permitted them to be used for reflected and trans-
mi tted microscope and electron microprobe investigations.
In addition , opaque section mounts were made for all of the
81 tes from the core trimmings.

The following convention was adopted for specimen

1hdentification. Example: VN-14D-2, The VN is the code
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fox the area, Victoria, Nevada. The 14 is the site
number in that area. The letter D refers to the fourth
coxe drilled at Site 14 and 2 indicates that it is the

second specimen from the end of the core nearest the

outcrop surface,



CHAPTER 11

PETROLOGIC PROPERTIES

2.1 Petrology

2.1,1 Introduction

A significant aspect of this investigation is to es-
Ttablish the relationship of the magnetic mineral suite to
Tthe constituent minerals in the rocks and to determine
Tthis relationship as expressed in the magnetic properties.,
The relation of the magnetic minerals to the host minerals
in the rock has not been previously investigated in the
manner presented in this chapter. Previous observations
Of other rock suites have given the stimulus to carefully
Observe the magnetic minerals in their environment for what
they can reveal about the history of the intrusive,

The data reported in this chapter will be used to draw
Conclusion, regarding the magnetic properties and history
OFf the Melrose Stock.

The petrologic investigation of this research project
involved the measurement of a number of physical quantities
A ncluding modal volumes , 8ize distributions and intergranular
Telationships, The latter gave rise to two parameters

Qeveloped by this investigator in an attempt to study in

11
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detail the magnetic mineral suite,

2.,1.2 Modal Analysis

Modal analyses were carried out at a magnification
of 140X with a total of 1,000 point counts per thin sec-
tion, permitting constituent minerals to be determined
relatively accurately. This relatively high point count
was made to accurately determine the modal volumes of the
ferromagnesian minerals because of their special interest
in this study. The modal volume of opaque minerals was
determined in conjunction with the association study of
approximately 9,000 counts per thin section.

Knowing the amounts of the ferromagnesians and mag-
netite will permit the evaluation of their association
with each other, how each is reflected in the magnetic
properties, and to what extent the geometry of the magma
chamber influenced the formation of these minerals.

The results of the modal analyses are shown in Figure
2-1, The results of the modal analyses fall into two
distinct groups, a quartz-rich and a quartz-poor, with a
subgrouping in the quartz-rich group. The quartz-poor
group falls into the monzonite field with the amount of
K-feldspar slightly greater than the plagioclase., The
data which do not fall into the general grouping may be
explained in the following manner. The specimen in the
syenite field may well represent the influence of the

proximity of the limestone-intrusive contact which is only
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100 feet away. The two data points in the syenodiorite
field are rather coarse grained and therefore may not be
representative of the rock.

The other major group is in the quartz-monzonite
field with the minor subgrouping in the granodiorite field.
The data point well in the granite field is from Site 14
and may represent a specimen from a granitic dike, one of
the accessory rock'types in the intrusive.

A plot of the constituent minerals on a ternary dia-
gram is shown in Pigure 2-2, 1In this representation two
fields exist with no evidence of further subdivisions as
in Figure 2-1, The upper group of data in Figure 2-2
corresponds to the quartz-monzonite sites of Figure 2-1,
the lower to monzonite sites. The monzonite group has
about 5 percent more ferromagnesian minerals and 10 percent
more feldspars than the quartz-monzonite, but the signifi-
cant difference is in the quartz content. The monzonite
is evidently a more basic phase of the stock which is
supported by the fact that it has augite as one of the
ferromagnesian minerals., Furthermore, a Michel-Levy deter-
mination of plagioclase composition shows values of An36
and An40 for the quartz-monzonite and monzonite plagioclases
respectively. There is a 93 percent probability that this
difference is real.

The lithologies delineated in Figure 2-1 are shown in
Figure 2-3., A dashed line separates the general areas of

these three rock types. The monzonite is confined to the
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southeast portion of the exposed intrusive. The one site

of monzonite in the southwest corner of the intrusive may

be connected to the main monzonite mass in the subsurface.
The spatial grouping of the granodiorite sites lends support
to the distinct subgroup as shown on the ternary plot of
Figure 2-1,

For the purposes of this study only the quartz mon-
zonite and monzonite rock types will be delineated. The
sites having compositions in the granodiorite field are
grouped with the quartz monzonite. This is done because
both are quartz rich and have no augite. The magnetic
properties appear to reflect differences in the quartz and
augite content and not in feldspar ratios. No field con-
tact is apparent between the granodiorite and quartz mon-

zonite,

2,1.3 Microscopic Description

A description of the various minerals will provide
a picture of the events which took place during solidifi-
cation of the magma., The opaque minerals appear to have
formed throughout much of the cooling history, and conse-~
quently the character of the constituent minerals will
shed 1light on the genesis of the opaque suite, The follow-
ing description applies to both rock types.

Plagioclase exists as both matrix material and large
crystals, but the crystals are not as large as the microcline

phenocrysts. The tabular plagioclase crystals, ranging to
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about 5 millimeters in length show albite, pericline and
carlsbad twinning in order of decreasing abundance., In

the ground mass of many specimens it is difficult to differ-
entiate the feldspars from each other because of the general
absence of twinning in the plagioclase., Alteration of the
plagioclase to calcite, epidote and albite is very common.
Many plagioclase crystals display a cataclastic fracturing
as if late stage emplacement or movement fractured them,

K-feldspar occurs as orthoclase and microcline, much
of which has excellently developed perthite. Myremekitic
texture is common., Most of the K-feldspar appears in the
matrix and is highly poikilitic to most of the other min-
erals, Carlsbad twinning is observed in the phenocrysts.
Microcline gridding is common, but it is poorly preserved
due to the pervasive argillic alteration. The effects of
fracturing in the plagioclase seems to have its equivalent
in the K-feldspar as kinking of the cleavage planes indi-
cating stresses were imposed on the grains late in the
cooling history of the intrusive. In a few thin sections
the K-feldspar is secondary, apparently related to hydro-
thermal activity.

The quartz is generally quite free of inclusions as
contrasted to the K-feldspar. It appears to have formed
primarily before the orthoclase because only approximately
one-fourth of it can be considered interstitial. The grains
are generally composite, but not to the extent of being

mosaic. In a few thin sections, however, a portion of the



19

quartz is obviously mosaic and related to hydrothermal
activity. A few specimens reveal the quartz grains to be
highly fractured.

The anhydrous, ferromagnesian mineral augite is nearly
completely restricted to the monzonite., A few of the quartz
nmonzonite and monzonite specimens show traces of augite,
Due to the point counter used in the study having a capacity
for tallying only six minerals, augite was counted with
the hornblende, 1Its modal volume varies from 20 to 90
percent of the hornblende volume in the sites where it
occurs in appreciable amounts., Augite averages approxi-
mately one-half of the hornblende in the monzonite sites
as determined by counts of the hornblende-augite ratio
in a few thin sections. Much of the augite is intimately
associated with the hornblende apparently as the result
of the incongruent conversion of augite before equilibrium
was reached.

Hornblende grains show a wide degree of alteration:

a fine mixture of chlorite, biotite and epidote £fill some
hornblende pseudomorphs, while others are fresh and show
excellent twinning. This variation can be seen in a single
thin section and indicates hydrothermal alteration along
minute avenues in the rock. The altered amphibole is
generally poikilitic, especially with magnetite. There

are instances of the hornblende showing peritectic con-
version to biotite.

Biotite is characteristically poikilitic and in the
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monzonlite occurs in distinctively larger crystals, It
does not show as much alteration as the hornblende, but
where it is altered, the product is chlorite, Biotite
does not appear to be as closely associated with hornblende
as the augite is to hornblende,

The plagioclase content is nearly the same in each
rock type. The quartz-monzonite has approximately 15
percent less K-feldspar than the monzonite. This effect
is more than offset by the great difference in the quartz
content., The monzonite has twice as much hornblende as
the quartz monzonite while the amount of biotite in each
remains nearly the same. Because roughly one-half of the
hornblende content in the monzonite is augite, the hydrous
ferromagnesian content in both rocks is approximately the
same, The magnetite is twice as abundant in the monzonite.

The accessory minerals in decreasing order of abun-
dance are magnetite, ilmenite, sphene, apatite, zircon
and corundum., The minerals appearing as alteration pro-
ducts are sericite, calcite, epidote, biotite, chlorite,
quartz, albite, leucoxene, and hematite. The accessory
minerals relating to the opaque mineralogy will be dis-
cussed individually in later sections,

A compilation of the modal analyses is given in Table
2-1, Listed for each of the constituent minerals and mag-
netite (including other opaque accessories) is the minimum
and maximum values measured with their respective arithmetic

means according to rock type.
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2,2 Apparent Grain Size Distribution of Magnetite

The size of the magnetic minerals was measured in an
attempt to understand more fully the behavior of the mag-
netic properties. Knowledge of the grain size distribution
will help predict the stability of the remanent magnetism.
If the bulk of the magnetite grains is in the size fraction
greater than roughly 50 microns, the remanent magnetiza-
tion will have a low coercivity and hence a soft remanence.

The measurement of grain size cannot be taken as ab-
solute since a thin section gives values of grain sizes
which only approach the true size, However, if a compari-
son is made on a relative basis, then valid conclusions
can be drawn from the data.

The size distribution count was divided into two cate-
gories, those opaque grains associated with quartz and
feldspar (nonferromagnesian) and those allied with the
ferromagnesian minerals, The two categories represent
zones where iron is present and deficient., In this manner
an insight into the growth history of the magnetite grains
will become clearer. The size of the magnetite grains is
expected to reflect the "supply" of iron available where
their growth was taking place. Zones in which the iron
"supply"” was limited, as well as the time for growing, will
show a smaller size of magnetite grains, The ferromagne-
sian minerals are a likely source of iron if it is avail-

able through some reactions,
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The following criterion was used to define the associa-
tion of a magnetite grain to a group. If a grain was in-
cluded or had more than half of its area embayed by a given
category (ferromagnesian vs nonferromagnesian), it was
counted for that group. There was also a problem of deal-
ing with composite magnetite grains., Composite grains
were treated as single grains when 15 percent of their
contacts were in common. The rational for this was that
the magnetic properties are a function of grain size and
hence a cluster of small grains together would tend to
express the magnetic properties of a large grain, In order
to express the properties of large grains, the cluster has
to be crystallographically continuous across the boundar-
ies of the individual grains, 1In other words, it is assumed
that when more than 15 percent of the perimeters are in
contact, one grain nucleated on another as an overgrowth
and are structurally continuous, though not necessarily
in the same crystallographic oriengation. The value of
15 percent was arbitrarily chosen. Magnetite grains altered
along fractures can be divided into many magnetically
independent grains, Exsolution of titanomagnetite or
ilmenite in a magnetite grain will also split up an appar-
ently homogeneous grain, This must be taken into account
as reported by Larson and others (1969), but this did not
have to be applied to the samples of the Melrose Stock,
because the magnetite was free of exsolution,

The above distribution of magnetite represents a
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frequency of occurrence based on the number of grains en-
countered and not volume for that percentage. For example,
if 96 percent and 4 percent of the magnetite grains were

in the 0-5 and 5-10 micron groups respectively, the percent
volume of magnetite in each fraction is approximately the
same, A larger size fraction, though having a small por-
tion of the magnetite in numbers of grains, can be the
major contributor to the magnetic properties.

A total of ten thin sections were measured for size
distributions, five from each rock type. From 500 to 800
grains were counted on each thin section. A magnification
of 280X was used with a graticule having 5 micron divisions
as a standard of reference., The number of grains in the
field of view falling into each of seven size groups was
recorded. The seven size groups are 0-5, 5-10, 10-25,
25-50, 50-100, 100-200, and greater than 200 microns.
Grains of 1.0-1.5 microns were at the limit of resolution.
Going to a higher magnification would have increased the
resolution to some extent, but the large grains would have
more than covered the field of view making their determina-
tion difficult,

The results of the measurements are shown in Figures
2-4 and 2-5, The histograms represent the percentage of
the grains encountered which fell into each of the seven
size groups.

All of the histograms have a maximum in the smallest

size fraction and then drop off sharply in succeeding
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intervals., The size distribution is expected to display

a bell shaped curve, consequently the results indicate the
right hand portion of such a curve, Without greater resolu-
tion, it cannot be determined whether the smallest size
fraction measured actually represents the most abundant
grains size group. Similar one-tailed distributions have
been recorded by Larson and others (1969),

In general, for both the quartz monzonite and mon-
zonite the grain size of the opaques associated with the
nonferromagnesian silicates is smaller than those related
to the ferromagnesian minerals., Within the nonferromag-
nesian group, 99 percent or more of the opaque grains fall
in the size fraction of less than 50 microns (See Table 2-2).
Grain sizes falling in the largest size group make up less
than 1 percent of the grains. The ferromagnesian group
on the other hand has much more magnetite in the coarser
fraction ( >50 «), more than ten times the number of grains
as the nonferromagnesian group.

The difference which was noted between the two cate-
gories suggests an influence of the ferromagnesian miner-
als on the size of the magnetite grains, Because the large
grains are ten times as abundant about the ferromagnesian
minerals as contrasted to the quartz and feldspar, the
iron silicates favored or enhanced the formation of larger
magnetite grains, Perhaps these minerals served as the
source of iron for the opaque oxides., This point is dis-

cussed in greater depth in the association study.
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Table 2-2, Percentage of opaque grains greater than
50 microns in diameter.

*Opaque Association

Rock Type Nonferromagnesian Ferromagnesian
Quartz Monzonite 0.4 8.8
Monzonite 0.4 4.4

*Based on 5 thin sections from each rock type
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A visual comparison of the histograms (Figures 2-4,
2-5) of each rock type shows that the magnetite in the
quartz-feldspar category has approximately the same frac-
tion distribution, but the magnetite associated with the
ferromagnesians in the quartz monzonite is noticably
coarser than the magnetite in the monzonite., The quartz
monzonite and monzonite respectively have 8.8 and 4.4
percent of the opaque grains in the size fraction greater
than 50 microns.

The larger grain size of the magnetite in the quartz
monzonite indicates that the magnetite had a longer time
to grow and/or that more iron was available for rapid
growth of the crystals. The viscosity of the monzonite
would have been expected to be less than that of the quartz
monzonite so that the growth potential of the magnetite
grains would be enhanced in the monzonite. However, the
results do not support this idea., The forthcoming section
on mineral associations shows the monzonite to have had a
shorter crystallization history than the quartz monzonite
which suggests a shortgr duration for the magnetite to
grow in the monzonite than in the quartz monzonite, It is
believed that a longer time span of crystallization per-
mitted growth of larger magnetite crystals in the quartz
monzonite, perhaps in part due to the deeper burial, The
hydrous phase content should help to promote the growth of
larger magnetite grains, but it is not known which magma

had the greater hydrous phase content,
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The results of the magnetite grain size distribution
study suggest that the stability of the remanent magnetiza-
tion will be inversely proportional to the ferromagnesian
mineral content, because the large magnetite grains ( > 50
) show a preference to the ferromagnesian minerals, Fur-
thermore, the higher percentage of large magnetite grains
in the quartz monzonite indicates that the monzonite should
have a more stable remanence than the quartz monzonite,
Nagata (1961) has shown the coercivity, hence the remanent
stability, of magnetite grains increases appreciably for

grains less than 50 microns in size.

2,3 Opaque Petroloqgy

2,3.1 Introduction

An integral part of this study was the investigation
of the opaque mineral suite, its connection to the genesis
of the constituent minerals and their relationship to each
other, To these ends, a total of 42 opaque mounts from as
many sites, 25 mounts from the quartz monzonite and 17
mounts from the monzonite, were examined at 450X, The
opaque species, their relative abundance by visual esti-
mates, their textures and relationships to each other were
recorded, The study primarily focused on the iron-titanium
oxides, but the occurrence of sphene was also noted for this
mineral may aid in the evaluation of the magnetic minerals,
The origin of sphene and the exsolution within the ilmenite

are considered as evidence for zoning within the intrusive,
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The following opaque species were identified: mag-
netite, ilmenite, hematite, goethite, maghemite, pyrite
and chalcopyrite, Distinquishing between sphene and goe-

thite occasionally posed a problem,

2,3.2 Magnetite and Ilmenite

The two primary opaque oxides of the Melrose Stock
are magnetite and ilmenite with hematite, goethite and
maghemite as alteration products. The two major opaques
do not show a significant difference in their relative
abundance with regards to rock type. The monzonite has
12 percent ilmenite, 85 percent magnetite and the remaind-
er as alteration products and the quartz monzonite has 10
percent ilmenite, 85 percent magnetite and the remainder
as alteration products, Tabulations of the sites with
sphene coronas and composite ilmenite-magnetite grains
revealed no preference to rock type.

Magnetite is present in all opaque sections and is
always the dominant opaque. Microprobe results indicate
the magnetite to be pure magnetite with no apparent exsolu-
tion. The polish of the magnetite grains varies consider-
ably, but in general it shows moderate to heavy pitting,
as a result of surface alteration to goethite which was
removed during polishing. The grains are anhedral to
euhedral with a tendency for the euhedral grains to be
more closely associated with the nonferromagnesian min-

erals, The habit of magnetite varies from single grains
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to clusters of several grains. No evidence of exsolution
was noted in the magnetite, but hematite was commonly seen
in the magnetite along structural planes. This occurrence
of hematite is interpreted as a result of hydrothermal al-
teration which is also associated with the alteration of
other minerals in the specimen. 1In several instances,
ilmenite and magnetite occur together as abutting grains.
The shape of the combined unit, which is often quite regu-
lar, suggests that the grains existed previously as a grain
of a single species, This abutting relationship is evidence
of an advanced stage of exsolution of an original titano-
magnetite according to Buddington and Lindsley (1963).

Two sample mounts displayed local alteration of magnetite
to maghemite, Sphene coronas occur around both magnetite
and ilmenite, however, they were more frequent around
ilmenite,

The few grains of ilmenite analyzed with the micro-
probe show them to be pure ilmenite., Exsolution was ob-
served in some of the ilmenite grains and is shown in
Figure 2-6a. The remaining photos of the sequence are
referred to in section 2.3.3.

Ilmenite generally displayed its prismatic shape in
cross section as contrasted to the magnetite which was
more equidimensional., The polished surface of the ilmenite
grains was more homogeneous than the pitted magnetite.
Commonly the ilmenite was altered to goethite, but this

alteration attacked the grains from the perimeter inwards,
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Figure 2-6a,b. Electron microprobe microphotograph of

an ilmenite grain with hematite exsolu-
tion and a sphene reaction rim., a) sample
current, b) titanium fluorescence.
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1 lom/div.

Figure 2-6c,d. Electron microprobe microphotograph of
an ilmenite grain with hematite exsolu-
tion and a sphene reaction rim. c) cal-
cium fluorescence, d) iron fluorescence.
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This is in contrast to the magnetite., Pseudomorphs of
goethite after ilmenite were occasionally seen. In sever-
al instances the nearly complete alteration of ilmenite

to sphene was seen with only a skeletal ilmenite remnent.

Ilmenite in many sites has what appears to be well
formed exsolution lamellae of hematite, These blebs,
approximately 0.5 microns in width, and 2,0 microns in
length parallel the long axis of the ilmenite grains,
Minor amounts of hematite occur as an alteration product
of ilmenite,

The lack of apparent difference in the opaque assem-
blage of the rock types suggests that the chemical and
physical condition of the two phases was similar, at least
in the later stages of crystallization. The two litholo-
gies cannot be differentiated on the basis of their opaque
assemblage., There are, however, differences in the opaque
assemblage, but these reflect influences due to the geo-
metry of the magma.

A tabulation of the opaque data is given in the Appen-
dix B,

2,3.3 Sphene

Sphene was selected for investigation because it
appears to be related to the ilmenite and to the geometry
of the intrusive, The occurrence of sphene was noted in a
qualitative way. The sphene content was classified into

three categories: trace, minor and common, In terms of
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actual modal volume, the common grouping approximates one
percent,

There is a lack of correlation of sphene content with
lithology. However, the plotting of the areal distribution
of sphene may reveal patterns related to the geometry of the
intrusive,

The sites in which sphene was noted as common are
plotted in Figure 2-7, In addition to the data obtained
from the opaque mounts, results of the thin section mea-
surements are also included. This was done as a check of
the opague mount data because of the possible errors of
identifying sphene as goethite., In thin sections there
is no problem in distinquishing between the two minerals.,
Figure 2-7 shows that sphene, where common, is limited to
the southern part of the intrusive, an observation support-
ed by both the opaque and thin section data. The fact
that data from both samples at each site do not substan-
tiate each other is not surprising because the two types
of sections are not always from the same core. Hence,
they may be sampling some of the heterogeneity existing
at a given site,

It is believed that the margin of the intrusive might
have been an influence on the formation of sphene., A mar-
ginal zone of approximately 5,000 feet width reflects the
influence of the host rock on the opaque mineralogy of the
intrusive, If the vertical margin did have a control on

sphene formation, the interior and northern portions of
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Figure 2-7,
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the stock were apparently greater than 5,000 feet from a
margin or contact., It is then inferred that at least
5,000 feet of rock have been removed from the stock and
additionally that the stock is much larger than its pre-
sent exposure,

The occurrence of the abundant sphene is believed
to be the result of limestone assimilation in the crystall-
izing melt, The effects of assimilation are expected to
decrease towards the interior of the magma chamber result-
ing in a halo or rim confined to the periphery of the
intrusive body. The formation of sphene requires CaoO,
Sio2 and 'rio2 under the proper pressure-temperature con-
ditions. The reaction

3 FeTiO, + 3CasiOy + %oz-e-Fe3O4 + BCaTiSiO5

as suggested by Verhoogen (1962) can well explain the
observations in the Melrose Stock. Wollastonite (CaSio3)
probably was not present as a reactant but more likely as
Ca0 from the dissociated limestone and Sio2 from the melt,
The oxidizing conditions necessary to drive the reaction
to the right would be enhanced by the limestone dissocia-
tion, H,0 derived from the sediment, and H,0 already pre-
sent in the melt. The Tio2 has a large affinity for CaoO
as shown by the very large negative free energy
(=77.1 kcal at 298°K) of the reaction.

The common sphene coronas about both ilmenite and
magnetite plus the sphene pseudomorphs after ilmenite

give strong support to the proposed reaction. The
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microprobe photos of Figure 2-6a through d show, in add-
ition to the exsolution, a portion of an ilmenite grain
with a sphene corona.

Photos "b", "c" and "d" are of the same area as “a",
however, they are made of the x-ray fluorescence of the
elements, titanium, calcium and iron., Titanium covers the
complete photograph (b) with nearly the same intensity,
but a faint outline of the ilmenite grain can be distin-
quished where the ilmenite concentration is slightly great-
er. The calcium and iron photos (c and 4 respectively)
are reverse images of each other, where the iron concen-
tration is high, the calcium content is low and vice versa.
The detail of the exsolution cannot be resolved in these
x-ray fluorescence photos. This series of photos substan-
tiates the reaction in which sphene is formed at the ex-
pense of ilmenite, Further evidence of the proposed reac-
tion would be obtained from the ratio of ilmenite to mag-
netite which would be expected to decrease near the margins
of the intrusive. The reaction produces magnetite at the
expense of ilmenite. A plot of relative ilmenite content
in all sites from the south contact shows no trend., This
is not particularly disturbing because near the contact
not all sites have abundant sphene., This may reflect in-
homogeneities resulting from the stoping of limestone
blocks. In other words, the effects due to the limestone
assimilation are probably not pervasive but more abundant

as subzones near the contact,
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The average ilmenite content of the sites possessing
common or abundant sphene in thin sections and opaque sec-
tions relative to all of the opaques is 8 percent and the
content in those sections having minor or a trace of sphene
is 14 percent. This inverse relationship, even though
there is overlapping of values of the two groups, does
support the idea of the sphene forming at the expense of
the ilmenite,

The conditions necessary for formation of ilmenite
from direct precipitation or by removal of titanium from
a pyroxene structure requires a reducing atmosphere early
in the crystallization history. The formation of sphene
necessitates a change to an oxidizing or high partial
pressure of oxygen later in the cooling history. The
change in the "atmosphere" of the magma reflects the normal
concentration of the hydrous phase as crystallization
procedes and the dissociation of the sedimentary host rock
releasing c02 and Hzo.

It appears that the geometry of the magma has influ-
enced the assemblage of magnetic minerals, but the effect
is not great enough that variations of magnetic suscepti-
bility due to the proposed reaction can be meaningfully
delineated, However, the influence of the host rock does

provide an insight into the geometry of the magma chamber,

2,3.4 Hematite

The occurrence of hematite can provide useful



43

information regarding the paragensis of the opaque miner-
als as well as of the intrusive. Normally the presence
of hematite indicates an oxidizing condition, perhaps as
a condition resulting from the abundance of intergranular
fluids, primarily water. However, hematite can also form
as a product of the unmixing of a hemo-ilmenite through a
slow cooling history. The habit of hematite to the other
opaque mineral may indicate something of the past events
of the Melrose Stock.

As mentioned earlier, the hematite occurs in both the
magnetite and ilmenite., The hematite associated with the
magnetite is undoubtedly due to late stage alteration. The
hematite associated with the ilmenite is open to question
regarding interpretation based on petrographic observation.
The two alternative origins, of the hematite oxidation and
exsolution, shall be considered.

The sites having the apparent hematite exsolution
within the ilmenite are distributed along the western bor-
der of the range as shown in Figure 2-8, The proximity
to the basin and range fault on the west side of the range
may indicate a cause and effect relationship. The fault
may have served as a major avenue along which fluids mi-
grated, and altered the rocks of the intrusive, thus suggest-
ing that the blebs of hematite are a result of alteration or
oxidation., A number of abandoned prospects are found on the
west side of the range indicating areas of alte<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>