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ABSTRACT

PALEOMAGNETISM AND SHEAR HISTORY
OF PRECAMBRIAN X DIKES

By

Mark Allen Fortuna

A paleomagnetic study was conducted on the Archean
gneisses and Lower Proterozoic metadiabase dikes intruded
into the Archean Granite-Greenstone terrain north of the
Marquette Trough, Upper Michigan. From the standard thermal
and A.C. (alternating current) demagnetization techniques
used to date the rocks, four different thermal events were
determined to have effected this area. The Compeau Creek
Gneiss thermal event yielded poles which fell on Irving's
Apparent Polar Wander Path at approximately the 2.5 G.a.
position ¢+ .06 G.a., closely corresponding to dates given
for the Algoman Orogeny. Metadiabase intruded the gneiss in
what appears to be a period of tension that effected the
area about 2.18 G.a. t .04 G.a. Following this extensional
phase came the compression and metamorphism of the Penokean
Orogeny which partially reset the paleopoles in the gneiss

and metadiabase and was dated by such at 1.88 G.a. t .03 G.a.



Mark Allen Fortuna

Lastly, another series of diabase dikes, the Keweenawan
Series, intruded the region at about 1.11 G.a. t .02 G.a.

in what is thought to be a failed attempt at continental

rifting.
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INTRODUCTION

This study was undertaken to ascertain whether, in
the absence of isotope dates, the paleomagentically deter-
mined age and magnetic history of certain Precambrian meta-
diabase dikes could be determined through the analysis of
their paleomagnetic pole positions. In order to do this it
must be demonstrated that the magnetism held within the
rocks has remained stable since the acquisition of remanence.
This requirement can be satisfied in a number of ways but
the method of choice when working with igneous rocks is the
"baked contact test" (Irving, 1964). This test utilizes
the field relationships at contacts between igneous rocks
which were intruded and cooled at different times. In this
study it must be shown that unintruded country rock, the
Compeau Creek Gneiss, carries an Archean palopole (Figure 1),
and that in areas reheated by intrusion of metadiabase the
gneiss has acquired the same younger pole as the metadia-
base. A third pole should also be discernable due to the

metamorphism of the Penokean Orogeny.



Age

570 M.a. . . Cambrian

Precambrian 2 Upper
Proterozoic

800 M.a. .

Precambrian Y Middle
Proterozoic

l.6 G.a. . .

Precambrian X Lower
Proterozoic

2.5 G.a.

Precambrian W

Figure 1.

Events Orogenies
Jacobsville
Post
Keweenawan
Tilting
Intrusion
Keweenawan
Diabase
1.85-1.9 G.a. .
Penokean
Huronian,
Animikie,
Marquette
Supergroup,
Mafic Dikes
and Sills
2.5 G.a. . .
Algoman =
(Kenoran)

Algoman Granite

Precambrian Chronology and Sequence of Events.



General Geology

The major elements of the Superior Structural Pro-
vince can be readily observed in and about the region of the
Marquette Trough, Michigan. The province is divided into
two contrasting terrains, an older Archean gneiss sequence
south of the Trough and extending into Wisconsin that may
be greater than 3.1 billion years old (Sims, 1976) and a
granite-greenstone terrain north of the Trough, also of
Archean age but younger than the gneiss (2.7-2.6 G.a.).
Besides differing in age and geographic location these two
terrains reflect differences in rock assemblage, structural
style and metamorphic grade (Morey and Sims, 1976). The
greenstone sequences were originally deposited primarily
underwater along with shales, cherts, and volcanoclastics
possibly offshore of the protocratonic gneisses to which
they are now joined (Morey and Sims, 1976). This sequence
was then folded and metamorphosed concurrently with the
emplacement of the granitic plutons (Compeau Creek Gneiss)
during the Algoman Orogeny at the end of the Archean. The
span of time following the Algoman Orogeny and extending
through the next major metamorphic event, the Penokean
Orogeny, is known as the Lower Proterozoic (Precambrian X).
The approximately 800 million years between these two events
saw the formation, subsidence of, and sedimentation in a
series of basins, including the Marquette Trough, situated
at the juncture of the two Archean terrains. Sedimentation

of the Marquette Supergroup within the basin is cyclic and



records a complete transition from stable shelf to deep water
eugeosynclinal environments (the Chocolay, Menominee, and
Baraga groups respectively). Emplacement of the series of
mafic dikes and sills in the Marquette Trough area (the
objective of this study) is thought to have occurred prior
to, or synchronously with the sedimentation of the Menominee
Group (Sims, 1976). The trough sequence, but apparently not
the basement rocks, were then folded and metamorphosed
during the Penokean (Canon, 1973). Although a correlation
with other mafic dikes, such as the Nipissing Diabase, has
been suggested (Sims, 1976), the lack of isotopic dates for
these rocks makes correlation at present just speculation.
With the entire timing of subsidence and sedimentation in
the Marguette Trough dependent on dates determined to an
accuracy no better than 800 million years, the need to date
these rocks paleomagnetically becomes apparent. The methods
of dating formations by their paleomagnetic pole positions
are not new, nor is the separation of several poles from

one site (due to igneous cooling, metamorphism, viscous
effects, and others). However, these techniques have never
been tried in this area on rocks as old or as metamorphosed
as these. During the Middle Proterozoic (Precambrian Y--
about 1.1 G.a.) another series of diabase dikes and lavas
were emplaced in the Superior Province. Known as the Keween-
awan Series, these rocks are believed to be a failed attempt
at continental rifting (Chase and Gilmer, 1973). Minor

uplift and sedimentation then followed during the Upper



Proterozoic (Precambrian Z). The study area itself con-
sisted of seven collecting sites spaced over some 20 square
miles north and northwest of Marquette, Michigan. Sites
chosen reflect the varying Archean and Proterozoic rock
types and crosscutting relationships that occur in the

Granite-Greenstone terrain north of the Marquette Trough.

Location and Topography

Originally the study was planned to investigate the

relationships between the X age metadiabase and the W age

gneiss at 5 to 10 locations. Seven sites were finally chosen

and collected at, six of them shown in Figure 2.

Outcrop terrain varied, but as sites were chosen
mainly for easy road accessability, gneiss and metadiabase
generally appeared as low rounded domes or low steep sided
ridges rising above a forest canopy rooted in Pleistocene
outwash and till. The following is a list of site locations

and lithologies sampled.

Site 1 T48N R25W sec 3. 765'N.L. 765'E.L. Metadiabase

Site 2 T48N R25W sec 4 3960'N.L. 1795'E.L. Metadiabase &
Gneiss

Site 3 T49N R25W sec 30 3696'N.L. 396'E.L. Metadiabase &
Gneiss

Site A T49N R26W sec 24 3009'N.L. 122'E.L. Gneiss

Site B T49N R25W sec 29 3764'N.L. 2587'E.L. Diabase & Gneiss

Site C T49N R25W sec 32 3748'N.L. 2100'E.L. Metadiabase &
Gneiss

Site F T48N R27W sec 15 1478'N.L. 792'E.L. Metadiabase
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Field and Laboratory Methods

The geologic maps used in this investigation were
prepared by the U.S.G.S. and appeared in Professional Papers
#788 (Puffet, 1974) and #397 (Glair and Thaden, 1968).

At each site chosen an attempt was made to collect
at least five oriented blocks for each lithology observed
(Irving, 1964) i.e., Site C--five blocks of gneiss, five
blocks of metadiabase.

In the laboratory the blocks were then reoriented,
cut and cored to produce samples that could be analyzed at
the University of Michigan's Paleomagnetic Laboratory.
Standard A.C. and thermal demagnetization techniques were

employed during the work.



GEOLOGY AND MINERALOGY

Four different jigneous rock types are recognized
in the literature as outcropping in the study area. These
are the Mona Schist, the Compeau Creek Gneiss, the Lower
Proterozoic Metadiabase bodies, and the Middle Proterozoic
Keweenawan Diabases (Glair and Thaden, 1968). Of these,
the only rocks not sampled or studied were those of the Mona
Schist. Thin sections were used for mineralogic identifi-

cation and compositions were determined optically.

Precambrian W--Gneiss

The gneiss is best exposed in clean patches on the
shores of Lake Superior and Harlow Lake but typically out-
crops throughout the area is massive, poorly jointed, domes
or low rounded hills rising above intervening forested
valleys. Although often encrusted with lichen and moss the
gneiss is easily identifiable when well exposed by its
characteristic light grey to pale salmon weathering colors
and by its predominant west-northwest to east-southeast
foliation.

Based on the classification scheme found in Moorhouse

(1959) , the composition of the gneiss ranged from some rare
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granitic forms (Site A) to granodiorite (Sites 1 and 2),
qguartz monzonite (Site 3), and quartz diorite (Sites B and
C). This variability is almost never discernable in the
field due to weathering and the compositional description
almost always given is "granitic" (Glair and Thaden, 1968).
The dominant minerals, quartz, microcline, and
plagioclase account for 90% to over 95% of the rock. De-
pending on the variety of gneiss examined, compositions
ranged from 20-40% quartz, 2-40% microcline, 30-50% plagio-
clase, 1-14% hornblende, chlorite, and chloritoid, and 1-5%
opaques and accessory minerals. The opaques and common
accessory minerals consisted of hematite, magnetite, pyrite,
pyrrhotite, leucoxene, illmenite, sphene, epidote, and
zircon. Euhedral to anhedral plagioclase grains, although
extensively saussuritized, were determined to be in the
compositional range AnlO-An30 by the Michel Levy method.
In the granite, clear unaltered microcline occurred mostly
as anhedral grains whereas up to 20% have quite pronounced
vein microperthite. Minor amounts of granophyre micropeg-
matite were found in samples of quartz diorite grouped
about plagioclases. Effects of strain could be readily
seen in aggregates of quartz grains showing strain lamellae.
Hornblende occasionally retained euhedral twinned crystals
but was most often found as ragged pleochroic fragments
difficult to distinguish from chlorite. 1In all cases any
original igneous texture has been replaced during metamorphism

by a granoblastic arrangement of lobed decussate grains.
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Although of uncertain origins and with often unclear
field relationships, it is suggested that the gneiss probably
acquired its foliation when it was deformed during the
Algoman Orogeny, perhaps being intruded contemporaneously

with the deformation (Sims, 1976).

Precambrian X--Metadiabase

X age metadiabase dikes and sills intrude all earlier
Precambrian units in the study area and some of the meta-
sediments within the Margquette Trough.

Weathering dark grey to grey-green, often lichen and
moss covered, the poorly jointed, massive metadiabase can be
found to outcrop individually or within the gneiss. In the
former case the dikes appear as low steep sided elongate
hills surrounded by valleys filled with Pleistocene glacial
deposits. In the latter case their appearance is best seen
in cleared gneiss domes on the shores of the lakes or ex-
posed in railroad and highway cuts.

While some of the thinner dikes are distinctly
chloritized and display an internal foliation, the larger
metamorphosed bodies still retain recognizable traces of
igneous fabric. Textures are fine grained intragranular
and diabasic although these have been altered by metamorphic
recrystalization. Dominant minerals are chlorite and
amphibole, plagioclase, and opaques. Amphibole with com-
positions in the actinolite-tremolite group varies in

appearance from relatively well preserved crystals, often
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pseudomorphic after pyroxene, to shred-like pleochroic
fragments. Except for extinction angle, these fragments

are often difficult to distinguish from chlorite which also
makes up a significant portion of the rock. Amphibole and
chlorite together account for between 30 and 40% of the
identifiable minerals. Sodic plagioclase (Anlo_zo) is the
common feldspar making up about 35 to 45% of the rock. It
occurs as twinned and untwinned laths pseudomorphic after
calcic plagioclase which is commonly sericitized and/or
extensively saussuritized. Opaques and accessories consti-
tute the remaining fraction of minerals. The opagques identi-
fied under reflected light, include in decreasing amounts
hematite, pyrite, magnetite, leuxocene, pyrrhotite, and
illmenite. These can be found disseminated throughout the
sample or isolated in skeletal bodies about relic pyroxenes
and amphiboles. Common accessory minerals encountered are
epidote, sphene, and zircon. These mineral assemblages along
with the alignment of chlorite and amphibole are taken as
indicating metamorphism in the chlorite zone or Greenschist

facies.

Precambrian Y--Diabase

The predominantly east-west trending unmetamorphosed
Keweenawan dikes are the youngest rocks in the area and are
seen to cut all previous units except the X age metadiabase.
The larger X age dikes are unfoliated and are often mistaken

for these diabases due to their similar fresh appearance and
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grey-green color. The only certain methods of distinguish-
ing between the two are the existence of sheared margins on
the X dikes, the mineralogy, and the differences in re-
manent magnetism.

Composition of the diabase is dominated by plagio-
clase feldspar, 40-60%, of the andesine-labradorite family.
Among the remaining minerals, pyroxenes comprise between
30 and 40%, followed by hornblende and chlorite 5 to 15%,
opaques 5 to 10%, and minor amounts of serpentine and
accessories. Over 95% of the opaques are magnetite, occur-
ring as disseminated grains and irregqularly shaped bodies
near pyroxenes and serpentine, the remaining 5% being
hematite and pyrite. Dewatering of the diabase probably
accounts for the remaining alteration minerals chlorite and
serpentine. Textures among the plagioclase and pyroxene

grains are intergranular and subophitic, typical of diabases.

Structure--Foliation Study

Besides the primary paleomagnetic objective of this
study, a secondary structural objective was to obtain a
statistical number of internal shear foliation orientation
within the X age metadiabase dikes. It was hoped that this
foliation could be used to define a direction of final
applied stress during the Penokean Orogeny (Berger, 1971).
Unfortunately during the study the lack of fresh exposures
plus the need to visit larger dikes to acquire the oriented

blocks meant that fewer than a statistical sampling of dike
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orientations were recorded. This objective therefore had

to be abandoned.




GEOPHYSICS

Paleomagnetic Theory

Physicists have described several states of magnetism,
only one of which is of importance in carrying natural
remanence in rocks, that being ferrimagnetism. There are
very few ferromagnetic rock forming minerals, therefore those
few have been studied in great depth; they are magnetite--
maghemite--ulvospinel solid solution, hematite-illmenite
solid solution, and pyrrhotite-pyrite solid solution. The
first end-member of each solid solution is ferrimagnetic
while the other is either paramagnetic or antiferromagnetic.
Fortunately there is great difficulty in forming and/or
maintaining a solution between any two end members except at
high temperatures. This means that the magnetism measured
in normal rocks is essentially pure ferrimagnetism (McElhinny,
1973).

Two magnetic mineral properties that are especially
important in paleomagnetic considerations are the Curie
temperature and grain size. Normally the Curie temperature
can vary with the percent solid solution but since the
minerals are almost pure end members the values are essenti-

ally constant. The Curie point, the temperature above which

15
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ferromagnetic materials become paramagnetic, is distinctive
for each mineral: magnetite 578°C, hematite 680°C, and
pyrrhotite 320°C. The grain size, on the other hand, varies
considerably and controls the number and size of the magnetic
domains. Since each domain carries its own individually
oriented magnetic vector, the number of domains per magnetic
grain controls the orientation of the total remanence vector
and the ease with which it can be broken into its original
components. The situation of one domain per grain being the
least complex both physically and mathematically to handle.
In hematite the grain size threshold, above which grains are
multidomain, is about .15 centimeters while in magnetite the
threshold is 3 to 30 microns (depending on the grain shape).
From these sizes Stacy (1967) has concluded that virtually
all rocks of interest paleomagnetically contain enough mag-
netic minerals below this threshold size for single domains
to dominate the remanence.

Paleomagnetism in igneous and metamorphic rocks is
founded on the important assumption that the domains in rock
forming magnetic minerals are aligned in a direction parallel
to the direction of the Earth's magnetic field at the time
the rock cools through its Curie point(s) (Irving, 1964).
Although this assumption can never be proven, its constant
use and production of coherent results appears to make it
valid. If these domains were aligned parallel to the field
lines of some ancient pole then the position of this ancient

pole can be located by measuring the direction and intensity
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of the magnetism left in the minerals. Studies which com-
pare the isotopic ages and associated paleopole position

give consistent groupings of poles for each geologic period;
connecting these groupings creates the so-called "Apparent
Polar Wander (A.P.W.)" paths (Irving, 1964), which are
thought to be more a reflection of plate motions than of the
wanderings of the North Pole (Irving and McGlyn, 1976).
Therefore, if the age of a rock is known only to the accuracy
of an era but its paleopole is well defined, then it can be
compared to the appropriate A.P.W. path and its age approxi-
mated. Moreover, if the rocks are metamorphosed then often
more than one pole can be determined, one for the metamorphism
and one for the original igneous thermal event (Buchan and

Dunlop, 1976).

Techniques

Two methods that are commonly applied in paleomag-
netic investigations of igneous rocks are stepped thermal and
A.C. (alternating current) cleaning techniques (McElhinny,
1973) , both of which were used in this study. As the word
cleaning implies, the original magnetism of the rock is
cleaned out in successively larger amounts by each increase
in thermal or A.C. intensity. The aim in removing the mag-
netism by steps is to sample, in a short period of time, the
spectrum of variation in strength and orientation of the
magnetic vectors contained within the domains of the magnetic

minerals. The pattern of variation can then be used to
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determine the stability of the magnetism and whether the
sample contained one or several superimposed magnetizations.

In A.C. demagnetization, the specimen is placed
within a shielded container and is subjected to a peak A.C.
field which then decays exponentially. This has the effect
of randomizing domains by imposing an exponentially decreas-
ing hysteresis loop on those whose coercive force is less
than the peak field generated. By increasing the field by
discrete steps, one samples the pole contribution of domains
with increasingly high coercive energies (Figures 3 and 4).
Note this is not always equivalent to the highest temperature
T.R.M. (thermal remanent magnetism) pole (McElhinny, 1973).
The magnetic intensity values for each step were eventually
normalized to a ratio of the original N.R.M. (natural re-
manent magnetism) value, Jo’ for presentation in the figures.
The amount by which the step is incremented reflects a com-
promise between the time available for study and the amount
of data needed for a pattern of variation to develop. 1In
this study the step increments varied anywhere between 50 oe
and 150 oe (oersteds) and 75° and 200°C.

At this point the data could then be analysed and
paleopoles determined, either by the use of sophisticated
computer programs (Stupavsky and Symons, 1978) or through
the traditional method of vector subtraction by the use of
Zijderveld diagrams (Zijderveld, 1967) Figures 5, 6, 7, 8,
and 9). Computer programs, as opposed to graphical methods,

have the advantages of being quick, accurate, and relatively
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Figure 5. Typical Zijderveld Diagram for A.C. Demagnetized
Metabiabase (Sample 2-10).

Open circles are in vertical plane; solid
circles_are in the horizontal plane; units
are 10~3 emu/sample.
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Figure 6. Typical Zijderveld Diagram for A.C. Demagnetized
Gneiss (Sample A-5B).

Solid circles are in the horizontal plane; open
circles are in the vertical plane; units are
times 10-5 emu/sample.
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Resultant Vector Subtraction Diagram for A-5B.

Vectors to open circles are in the vertical
plane; vectors to solid circles are in the
horizontal plane; units are times 10> emu/
sample.
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Figure 7. Typical Thermal Demagnetization Diagram for
Gneiss (Sample A-5A4).

Open circles are in the vertical plane; solid
circles are in the horizontal plane; units are
103 emu/sample.
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Figure 7a. Resultant Vector Subtraction Diagram for A-5A.

Vectors to open circles are in the vertical
plane; vectors to solid circles are in the
horizontal plane; units are times 10-5 emu/
sample.
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Figure 9. Typical Zijderveld Diagram for Baked Gneiss
(Sample C-8B).

Open circles are in the vertical planes; solid
circles are in the horizontal plane; units are
times 10~2 emu/sample.
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Figure 9a. Resultant Vector Subtraction Diagram for C-8B.

Vectors to open circles are in the vertical
plane; vectors to solid circles are in the

horizontal plane; units are times 10-3 emu/
sample.
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unbiased in their treatment of data (inevitably some bias
must occur when the programmer creates the program). Graph-
ical methods, on the other hand, are typically slower, more
approximate, and more likely to be biased; while bias is
normally something to be avoided, in this case it can be
valuable since it allows the experimenter the ability to vary
parameters and incorporate information in ways not readily
programable. Ideally use of computers and Z2ijderveld diagrams
should compliment each other in yielding similar results,
that occurs in this study with more use being made of Zider-
veld diagrams due to their simplicity of use and clearity of
results. During thermal demagnetization, at any given
temperature the vector measured is the sum of the T.R.M. and
any secondary components formed at temperatures higher than
the one used. If all goes well, as the step temperature is
increased, more and more domains will be randomized till all
secondary components are destroyed and only the original
T.R.M. is left. Finally the Curie temperature is reached
and all remanent magnetization is destroyed. This method in
particular lends itself to analysis on Zijderveld diagrams
where, working from the origin out, one encounters and can
identify the poles due to intrusion, metamorphis, and the

viscous effects of the Earth's field (Figures 10 and 11).
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Sampling Techniques and Sample Preparation

Irving describes a set of minimum criteria that must
be met for the acceptance of paleomagnetic data (Irving,
1964) , foremost among these criteria is "that there be con-
sistent observations from five or more separately oriented
samples" (per lithologic units). However, since the true age
of the dikes was unknown and also the temporal and lithologic
continuity of one dike to another uncertain, every attempt
was made to collect five separate blocks of each lithologic
type (gneiss and/or metadiabase) at each of the seven sites
in order that dates from each site could be established
separately and then compared to each other. As it turned out,
one of the original seven sites could not be used in the
study, however, this did not effect the statistical validity
of the dates obtained for the other sites. Although McElhinny
has proposed that the minimum number of separately oriented
sample blocks be eight instead of five, he allows the accep-
tance of data with fewer than this number if they were drawn
from several sites and their poles agree with each other.

So, in either case this study meets the minimum requirements
and more.

The most important aspect of the field sampling
scheme, next to obtaining enough sample blocks, is a test to
independently establish the stability of the pole over geo-
logic time, apart from any statistical tests. As mentioned
earlier, the method of choice is the "baked contact test"”

(McElhinny, 1973, and Irving, 1964). "When an igneous rock
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intrudes a rock formation at a time subsequent to the forma-
tion of the latter, the intrusion heats the surrounding rock
which upon cooling will acquire a remanence in the same field
as that in which the intrusive rock becomes magnetized. Since
the country rock and the igneous intrusion are generally very
different materials, agreement between the direction of the
intrusion and of the country rock provides evidence for the
stability of the magnetization of the intrusion" (McElhinny,
1973). For that reason gneiss and metadiabase were collected
together at all possible sites. So, at each of the earlier
described sites various insitu blocks were selected, oriented
by Brunton compass, labeled, recorded, and removed. Prepara-
tion of the blocks for paleomagnetic analysis required that
they be reoriented in the laboratory, cut, and cored. De-
pending on the size of the original oriented block, anywhere
between two and six specimens were cut and analyzed. Error
amassed during these steps was probably less than 5° per
sample-block, far less than the variability between specimens
from the same block. Therefore, for reasons of practicality,
the errors encountered up to this point were carried forward
into the analysis of specimens and incorporated into the

plotting of poles.

Analysis
Once prepared, the cores were transported to the Uni-

versity of Michigan's Paleomagnetic Laboratory where, with

the help of Dr. Rob VanDerVoo and Doyle Watts, the analysis
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of the magnetic vectors took place. Enough samples were
prepared to do at least one A.C. and one thermal demagneti-
zation per oriented block, though usually there were enough
to do two of each. Typical step demagnetization measure-
ments were taken for A.C. samples at: N.R.M., 100 oe, 200 oe,
300 oe, 400 oe, 500 oe, 600 oe, and 700 oe. Due to the age
of the A.C. specimen demagnetizer, peak fields above 500 oe
sometimes caused the solenoid to induce an antihysteretic
component in the samples. For that reason measurements
above this value are usually excluded (Figure 7).

Superparamagnetism, an interesting phenomena, was
noted in some of the more highly sheared metadiabases at
A.C. fields above 300 oe and at temperatures above 450°C
(Figures 12 and 13). This effect develops when extremely
small domains (below .03 microns for magnetite) are random-
ized by A.C. or thermal means. The relaxation energy of
these randomized domains is such that when they are perturbed
by even a very weak magnetic field they align themselves
parallel to it. Although part of this magnetism can be
observed to decay during the time of a measurement, the bulk
will not decay for many hours or days, effectively masking
the weaker remanent vector for that length of time (McElhinny,
1973).

Due to their extremely low intensity, the magnetism
of the majority of the metadiabase samples and all the
gneiss samples were determined on the U of M's cryogenic

magnetometer. Sample intensities ranged between 6 x 10-3
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3 emu/cc. The

and 5 x 10”8 emu/cc and averaged about 1 x 10~
balance of the more strongly magnetized samples being

measured on the spinner magnetometer.

Results and Discussion

Once the specimens were step demagnetized, the data
were transfered onto Zijderveld diagrams and analysed to
yield pole positions and blocking temperatures-fields.
Among the gneiss samples blocking temperatures were typi-
cally bimodal (three magnetic components). In all cases a
low temperature (low coercivity) V.R.M. (viscous remanent
magnetism) component existed, separated between 150° and
300°C and below 150 oe associated with the Earth's present
field direction, and in baked gneiss an intermediate and
high temperature component separated between 550° and 650°C
and corresponding to the separation of the Penokean P.T.R.M.
(partial thermal remanent magnetism) metamorphic pole from
the T.R.M. due to the intrusion of the metadiabase (Figures
9 and 9a). In those gneisses not baked by metadiabase, a
low temperature viscous pole (280°C) could be separated
from the original T.R.M. of the gneiss (Figures 7 and 7a).

Blocking temperatures for the metadiabase are also
bimodal but tend to occur at lower temperatures than the
gneiss. However, a great difficulty was encountered due
to the tendency of samples to become superparamagnetic below
temperatures where useful blocking phenomena could be ex-

pected. Still there were enough specimens that did not
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become superparamagnetic to establish the existence of a low
temperature V.R.M. pole (present day Earth's field), a
P.T.R.M. metamorphic pole and the original T.R.M. pole
separated between 300° and 500°C (Figure 8).

Analysis of the paleopoles derived from the unmeta-
morphosed diabase and associated baked gneiss samples showed
that the poles for both are basically unimodal about one
mean pole with the slight amount of scatter attributably to
minor isothermal viscous effects (Site B, Figure 17).

As was mentioned earlier, many metadiabase dikes
often display sheared margins and a foliation, both believed
to have been impressed during the Penokean Orogeny. While
it can be argued that the pre-metamorphic paleopoles should
have been rotated during the metamorphism into accordance
with the shears, this appears not to have happened. Alter-
natively, it can be argued that since the poles for meta-
diabase dikes oriented at different angles to the direction
of Penokean compression agree closely with poles for baked
gneiss samples (Figures 14, 15, 16, and 17) this shows that
insitu recrystalization of minerals within dikes, in response
to stress, is more important than physical shearing in pro-
ducing a foliation.

Specimen poles determined for a particular lithology
(gneiss or metadiabase) and site were then grouped together
according to the order in which they were thermally blocked
out. These groups were then put into a computer program

(Appendix A) designed to analyze statistically their scatter,
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determine a mean pole inclination and declination, and a
V.G.P. (virtual geomagnetic pole) latitude and longitude, in
accordance with Fisher's criteria as outlined by Irving
(1964) . While a list of pole positions and results from
tests can be found following the text in Appendix A, a
summary of V.G.P. results for each site and the 95% confi-
dence ellipse are printed superimposed on the revised A.P.W.
path (Irving, 1979) in the preceding figures (Figures 14, 15,
16, and 17). Each 95% confidence ellipse represents the
effective summation of errors amassed in previous procedures.
Dates found on the A.P.W. paths are in millions of years.
Roughly speaking, A.P.W. paths are constructed for a recog-
nized continential unit by comparing and connecting the
paleomagnetic pole positions from isotopically dated (or
after the Precambrian, stratigraphically dated) samples.

The A.P.W. path thus forms a concise way to picture the
magnetic stratigraphy of a continent which of course bears
on the nature of the orogenic and tectonic activity that
formed the continent. For that reason there are different
A.P.W. paths designed for different continents and for
different time periods (though for one continent they will
ideally be continuous through time).

A.P.W. paths for the Precambrian tend to be more
speculative than for the Phanerozoic due to their dependence
on isotopic dates (often difficult to obtain) to fix the
poles at the proper times, due to effects of later meta-

morphisms, fragmentary records, and due to the possibilities
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of several coexisting continental fragments instead of one
unified mass. For this reason the A.P.W. tract for Precam-
brian times is a fairly wide path with a total error width
of 20° (t 10° from the center of the tract). Still in all,
a relatively simple, reasonably well documented A.P.W. path
has been constructed by Irving (1979) for the Precambrian
back to about 2.35 G.a. beyond which, he admits, the path
rapidly becomes more speculative as information about those
times decreases. Still, for those times it is better than
no path at all.

As can be seen in the previous figures (Figures 14
and 16), the high temperature T.R.M. poles for the baked
gneisses and metadiabases range between the 2.13 and 2.19
G.a. section of the A.P.W. tract with reasonably small
error ellipses. This then is the suggested date of intrusion
of the metadiabase dikes into the gneiss. The high values
of the precision (Fisher, 1953), the high correspondence
between the metadiabase poles and the baked gneiss poles
for the "baked contact test," and the close grouping of
poles between the three sites indicate that this date is of
high reliability. Furthermore, the thermal stability of
the baked gneiss can be demonstrated by its acquisition and
maintainance of reversed Keweenawan magnetization imparted
to it during the intrusion of the Site B dike, almost a
billion years after the last event in the area. The un-
baked gneiss yields a T.R.M. pole directly on the A.P.W.

path dating it at about 2.5 G.a. Although of lower absolute
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reliability than the previously discussed poles, the author
considers this pole to be as accurate and reliable as the
first, due to the coincidence of the dated pole position
and the times given for the intrusion and metamorphism of
the gneiss during the Algoman Orogeny (King, 1969). The
P.T.R.M. metamorphic poles are of lowest reliability in this
study. Although the values range from 1.91 to 1.85 G.a.,
spanning the period often quoted for the Penokean Orogeny
in this area, the scatter of some of the individual poles
has become quite great, as seen by the larger error circles.
Although a greater amount of scatter among these poles is
expected from magnetic theory (the lower the blocking tem-
perature the more susceptible the pole is to perturbations
of position during the course of time), the P.T.R.M. meta-
morphic poles for metadiabase of Site 2 and 3 must be
excluded from interpretation because they violate Irving's
third criteria of reliability, requiring better than a 25°
radius of confidence. Although usually of little signifi-
cance in Precambrian studies, it is interesting to note
that the Penokean poles are made up of two groups, one
normal and one reversed in magnetization. While both deter-
mine the same V.G.P. pole it is possible that a magnetic
reversal may have occurred during the cooling following the
metamorphism and was recorded by the paleopoles. Finally
the lowest temperature V.R.M. pole, calculated for selected
sites, was found to coincide with the present day Earth's

field (Figure 15, Site 3, metadiabase pole C). All told,




60

the poles determined in this study more than satisfy all of
Irving's minimum reliability requirements and in the opinion
of the author represent valid Precambrian paleopoles.

Four thermal events have then been defined by the
paleomagnetics, which, when combined with the regional
geology, will allow a possible thermal history to be con-
structed for this area. The original T.R.M. pole in the
Compeau Creek Gneiss (Site A), dated at about 2.5 G.a.,
corresponds to either the original gneiss intrusion or its
intense deformation during the Algoman Orogeny. Following
a period of little tectonic activity, the gneiss was intruded
by metadiabase at about 2.16 G.a. This reset the gneiss
poles in the dike wall region (Sites 2, 3, and C) and is
suspected to be coincident with the faulting and subsidence
which led to the development of the Marquette Trough. The
Trough itself appears as a marginal or intracratonic basin
with similarities to the fault bounded Triassic basins on
the Atlantic coast. 1In this case the metadiabase would be
associated with the incipient rifting and active motion in
the grabens between the two Archean terrains. Although no
decisive paleomagnetic evidence can be offered to decide
whether there was a narrow or wide ocean basin associated
with this rifting, the amount of time between the hypothe-
sized period of trough opening and its closure, folding,
and metamorphism during the Penokean Orogeny is enough to
permit the development of quite a major ocean (Cambray,

1976) . Finally another period of relative quiet ended at
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about 1.11 G.a. when the area was subjected to another
series of diabase intrusions and incipient rifting (Chase
and Gilmer, 1973). The intrusion of the diabase reset the
gneiss poles in the vicinity of the dike (Site B), yielding
the date mentioned. Apart from some possible Eocambrian
sedimentation and minor uplifts, the tectonic history of
the area was ended.

In summary, probably the only serious problem that
can arise in accepting the previously stated pole positions
and dates is attributable to the metamorphic effect on the
blocking temperature magnetization (Chamalaun, 1964 and
Briden, 1965). McElhinny (1973) suggests that during meta-
morphism, if the temperatures are either high enough (con-
tact metamorphism) or lasted a long enough time at lower
temperatures (regional metamorphism), the blocking tempera-
tures could be so affected that any original T.R.M. magnetism
would be completely destroyed, as is the case in the baked
gneisses. Comparisons using these data show that tempera-
tures and times may have been enough in this region to
obliterate any magnetism older than the Penokean metamorphism.
However, other authors in more recent publications (Buchan
and Dunlop, 1976 and Pullaiah, Irving, Buchan, and Duplop,
1975) have questioned the extent to which regional metamor-
phism can effect an original T.R.M. pole. Results from the
experiments they carried out led them to suggest that in
rocks with a stable remanent magnetization, the original

T.R.M. vector can survive intact and detectable after
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metamorphism into the Upper Greenschist facies (Pullaiah

et al., 1975). Although it must be stressed that there are
problems in the paleomagnetic analysis of rocks of this age,
the results of these studies offer additional reassurance
beyond the aforementioned success of the "baked contact
test," agreement of poles between sites, and the corrobora-
tion from statistical tests, that the poles determined in

this study are valid.



follows:

1.

CONCLUSIONS

A summary of the findings of this study are as

Standard paleomagnetic techniques will succeed when
applied to the meta-igneous rocks of the Marquette
area.

The Compeau Creek Gneiss is paleomagnetically dated
at 2.5 G.a. * .06 G.a., which is in good agreement
with dates for the Algoman Orogeny.

The date of metadiabase intrusion into the study
area is determined to be 2.18 G.a. * .04 G.a.

The P.T.R.M. metamorphic overprint found in both
the gneiss and metadiabase is dated at 1.88 G.a. #%
.04 G.a. which is consistent with dates given for
the Penokean Orogeny in this area.

Intrusion of the Keweenawan Series dikes into the

gneiss is dated at 1.11 G.a. * .02 G.a.
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APPENDIX A

Once a set of paleopoles were calculated for each
specimen and grouped with respect to lithology, the results
were analyzed statistically to determine the degree of
scatter among poles, the V.G.P. pole position on the Earth's
surface (latitude and longitude) and the amount of confidence
that can be placed on that value. To perform these tasks
a computer program was written by the author utilizing the
equations listed by Irving (1964). This program, printed
at the end of this section, was written in extended FORTRAN
4 for use on Michigan State University's Control Data 6500
computer system. Explainatory text for the program follows
here.

Given a sample of points dispersed on a sphere about
a common center, the best estimate of the position of this
center (the mean direction) is the vector sum of the indi-
vidual specimen unit vectors. In paleomagnetic studies the
direction of magnetization in the rock samples is given by
the declination (D), measured clockwise from true north,
and by the inclination (I), measured positively downwards
from the horizontal. This direction may be alternatively

specified by three direction cosines as follows:
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north component l=cos D cos I

east component m=sin D cos I

vertical component n=sin I
The direction cosines of the resultant of N sample directions
are proportional to the sum of the separate direction cosines

as follows:

N N N
X =1/R L li Y=1/R L m, Z =1/R L n;.
i=1 i=1 i=1

The vector sum of these component sums will give a resultant

vector (mean direction) of length R, where

2 _ 2 2 2
R = (Z 1i) + (Z mi) + (Z ni) and R < N.

The declination and inclination of this mean direction then

follow from these equations:

D, = arctan (Zmi/Zli) Im = arcsin (Zmi/R).

The parameter Kk is called the precision parameter (Fisher,
1953) and determines the dispersion of the points. When

K = 0 they are uniformly distributed on the sphere (and
therefore random) and when k is large the points cluster
about the true mean direction. When k is not too small the
distribution is confined to a small portion of the sphere
near the maximum, and tends to conform to a two-dimensional
Gaussian distribution. In such cases the precision para-
meter Kk is in effect the reciprocal of the variance in all
directions. The best estimate k of the precision parameter

K is given for k > 3 as
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k = (N-1/N-R).

The probability of any one direction being observed to make
a angle 8 with the true mean can be given for the various

probabilities as follows:

1) P =.5 5] 67.5/ k degrees

50
2) P = .37 0o = 81/vk degrees
3) P = .05 095 = 140/v/k  degrees

These are analogous to 1) the quartile distance, 2) the
standard deviation, and 3) the 95% deviation, for normal
distributions. The last represents the angle from the mean
beyond which only 5% of the directions lie. Fisher (1953)
has shown that the true mean direction of the population of
N directions lies within a circular cone about the resultant
vector R with a semiangle of =, When « is small the approxi-

mate relations

standard error of the mean A, = 81/vkN
circle of 95% confidence Age = 140/vkN

may be used. In order to determine whether a paleomagneti-
cally determined direction differs significantly from some
known direction, such as the A.P.W. path or the present
Earth's field at the sampling site, A95 may be used directly.

The two directions are significantly different at the 95%
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confidence level if the angle between them is greater than
A95.
The question then arises as to whether or not these
directions could arise from the sampling of a random popula-
tion, in that case the mean direction would have no signi-
fiance. For a truly random population k is zero, in
practice however, k, the best estimate of k, is never zero,
this therefore requires the following test. For a sample
of size N, the length of the resultant vector R will be large
if a preferred direction exists or small if it does not.
Assuming no preferred direction exists, a value R, may be
calculated which will be exceeded by R with any stated
probability. Irving (1964) has tabulated R, for sample
sizes up to N = 100 for P = .05. To carry out the test one
merely enters the table at the row corresponding to the
sample size N in order to find the value of Ro which will
be exceeded with the given probability.
The V.P.G. paleomagnetic pole (A', ¢') can then be
calculated from the site mean direction of magnetization
(D, Iy) according to:
A = station latitude ¢ = station longitude
p = arctan (2/tan Im)
A' = arcsin (sin X cos p + cos A sin p cos D )
B = arcsin (sin p sin Dm/cos A')
if cos p > sin X sin X' ¢' = ¢ + B

if cos p < sin X sin A’ $' = ¢ + 180 - B
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Since the mean direction has its associated circle of con-
fidence, A95' corresponding to errors in inclination and
declination, the error in the inclination will correspond

to an error dp in the ancient colatitude, p, given by:

_ 2
dp = 8A95(1+3cos p) .

The error dp lies along the great circle passing through the
sampling site S and the V.P.G. pole P and is the error in
determining the distance from S to P. The error in declina-
tion corresponds to a displacement dm from P in the direc-

tion perpendicular to the great circle SP where:

dm = Ags(sin p/cos Im).

The polar error (dp, dm) is termed the 95% confidence
ellipse about the pole.

The following represents a summary of the statisti-
cal tests just outlined when applied to the paleopole data

of this study.
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