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ABSTRACT

GEOCHEMISTRY OF THE UNNAMED FORMATION
A CENTRAL VOLCANIC COMPLEX OF KEWEENAWAN AGE

By
Michael Patrick McDermott

The Unnamed Formation (UF) is located in the Lake
Superior Region of Michigan. It represents the waning stages
of volcanism associated with the Mid Continent Rift in
Michigan. The UF is comprised of basalt, andesite, and
felsite lava flows interbedded with subordinate sedimentary
rocks.

The basalts and andesites are relatively evolved lavas
(Mg & Ni depleted). The variation within the basalts and
andesites can primarily be attributted to the fractional
crystallization of olivine, pyroxene, and plagioclase. The
basalt and andesite trace element distributions cannot be
explained by simple crystal fractionation, and require up to
30% magma mixing with a rhyolitic magma such as those present
within the UF.

The rhyolites of the UF contain up to 76% Si02. The
variation present within the rhyloites is consistent with
partial melting of more than one source. The rhyolites of
the UF were likely formed due to wholesale or partial melting
of the crust as it was heated by injection of the basaltic

magma.
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GEOCHEMISTRY OF THE UNNAMED FORMATION

A CENTRAL VOLCANIC COMPLEX OF KEWEENAWAN AGE

INTRODUCTION

The Unnamed Formation (UF) is 1located in the Lake
Superior Region of Michigan, U.S.A. (Figure 1) and is part of
the Keweenawan volcanic and intrusive rocks of the Lake
Superior region. The Keweenawan igneous rocks have been the
subject of considerable geologic interest for over a century.
In many cases, however, knowledge of these rocks is limited
to preliminary characterization of the various major rock
units exposed within the Lake Superior Basin. A compilation
of work summarized in G.S.A. Memoir 156 "GEOLOGY AND
TECTONICS OF THE LAKE SUPERIOR BASIN" edited by Wold and Hinze
(1982), presents data and interpretations that serve as an
evolving model of Keweenawan magmatic and tectonic activity.

They conclude that an "...integrated, multidisciplinary
approach in which each geologic discipline built upon the
results of previous studies, has led to the acceptance of the
theory that the Lake Superior Basin is a surface manifestation
of a major crustal rift. Questions that remain concerning the
geologic history of the basin-particularly in regard to the

mechanism responsible for its origin, subsequent development
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3
of the rift and basin, and relationship of the rift to
contemporaneous tectonism and orogenesis-depend for their
answers on new investigative approaches and more detailed
studies, particularly of a geochemical and geophysical
nature." (pg. 274)

This tectonic activity in the Lake Superior Basin is
associated with the Midcontinent Rift system (MCR) of North
America (Wold and Hinze 1982) with its pronounced gravity
anomaly, hence "the Midcontinent gravity high" (e.g. Chase and
Gilmer, 1973). The rift, which extends approximately 2300 km
from central Kansas northeastward to Lake Superior through
Michigan, constitutes one of the major continental rift
systems of the earth.

Exposures of the group of rocks associated with rifting
in Michigan provide a nearly complete history of the rift
interval, from the development of the quartz arenites of the
Bessemer Quartzite which conformably underlie the very
earliest volcanic products related to rifting, to the rocks
which record the abrupt transition from a volcanic dominated
sequehce to a period of sedimentation. The early volcanic
stages of rifting are represented by the Powder Mill Group
(PMG) (Gell, 1988) and the Portage Lake Lavas (PLL) (Paces,
1988). The PMG and PLL are composed primarily of basaltic
lava flows. The 1last volcanic stage of the rifting in
Michigan is represented by the mafic to felsic lavas that make

up the UF. The UF terminates in the abrupt transition of the
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volcanic dominated sequence to a period of sedimentation.

The UF is a sequence of subaerially deposited andesite,
felsite, and quartz-porphyry rhyolite lava flows interbedded
with subordinate sedimentary rocks. Miller (1986) stated
that "the origin of great abundances of siliceous volcanic
rocks from quartz latites to rhyolite...is unknown and has
received little study to date." Kopledowski (1983) and Miller
(1986) have however hypothesized as to the origin of the
rhyolite bodies associated with the MCR volcanism.

Kopledowski (1983) studied the petrologic and basic
geochemistry of the UF and concluded that it is the remnant
of a middle Keweenawan central volcano. He divided the mafic
lavas into three groups flood basalts, shield basalts, and
andesites. He believed that the more evolved lavas were
derived by long lived open system fractionation of a magma
chamber as described by O'Hara (1977). The compositional
variation from basalt to rhyolite was due to a complex
volcanic system with multiple vents and magma bodies.

Miller speculates based primarily on the abundance of the
silicic magmas that they were not formed by fractional
crystallization and instead correlate with his troctolitic
stage of wholesale or partial melting of granitic crust.

The purpose of this study is to evaluate petrogenetic
models, using standard petrographic techniques, as well as
major and trace element variations within the UF, for the

evolution of the lavas of the UF, and to test the hypothesis
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of Kopledowski (1983) (open system fractionation) vs. that of
Miller (1986) (partial melting of crust) for the evolution of

the rhyolite flows.



GEO IC SETTING

The extent of the MCR is defined by the Midcontinent
Geophysical Anomaly that extends from northeastern Kansas
through the Lake Superior Region, and through the Michigan
basin. The rocks of the MCR are exposed only in the Lake
Superior Region.

The Keweenawan Lake Superior lavas have been recognized
as one of the worlds major plateau or flood basalt provinces
(Green, 1983). The lava flows are laterally extensive and
volumetrically large, up to 400 km’ (Huber 1973). "As in
other continental flood basalt provinces the environment of
eruption was one of a broad, flat plain, slowly subsiding, but
repeatedly covered by large volumes of fluid...," (Green 1983,
pg. 419).

The geology of the UF has been mapped and described by
the following U.S.G.S. geologists: Hubbard (1975a) Little
Girls Point Quadrangle and North Ironwood Quadrangles; Hubbard
(1975b), Carp River and White Pine Quadrangles; Johnson and
White (1969), Matchwood Quadrangle; and Whitelow (1974)
Rockland and Greenland Quadrangles.

The UF is a sequence of subaerially deposited andesite,
felsite, and quartz-porphyry rhyolite lava flows interbedded
with subordinate sedimentary rocks. The upper 2,500 feet of
the formation forms the knobby upland of the Porcupine
Mountains. Regionally, the formation is a volcanic pile which

reaches its maximum thickness measurable at the surface of
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8,000 feet in the Bergland, and Thomaston quadrangles, about
5 miles south of the Porcupine Mountains. It wedges out in
the Greenland quadrangle to the east and the Little Girl Point
quadrangle to the west.

The UF is conformable with the underlying Portage Lake
Lava Series (PLL) but is distinguishable from it by
differences in rock type. The mafic PLL are predominantly
basalt, whereas those of the UF are predominantly andesite.

The rocks of the UF are finer grained and contain a greater
proportion of porphyritic and felsic rocks than do the PLL.
The formation was first recognized by Johnson and White (1969)
near Oak Bluff in the Matchwood Quadrangle, but they did not
name it formally (Hubbard, 1975b).

The formation dips N-NW toward Lake Superior exposing
eroded cross sectional views of the flows. The formation is
cut by a steeply dipping reverse fault the Keweenawan fault
(Figure 2) as well as several minor faults. The outline of
the mapped surface of the formation is lensoid, resembling the
cross sectional view of a broad central shield volcano
(Kopledowski, 1983). Folding has resulted in the finger like
projection of the formation in the vicinity of the Porcupine
mountains. The cross sectional exposure of the flows makes
sampling of successive flows relatively easy in most
locations. The folding, faulting and overall poor exposure
makes sampling of individual flows along strike difficult at

best.



METHODS

The Unnamed Formation outcrops in the western upper
peninsula of Michigan in Gogebic Co. and Ontonogan Co.. The
aerial extent of the UF is shown on Figure 2 (Hubbard Figure
1 1975). Most outcrops of the formation occur where streams
have cut through the mantle of glacial deposits (Hubbard
1975) . Exposures of the formation can also be found in the
steep slopes, along road cuts, and within quarries.

Sixty three samples of the UF were collected from ten
different areas. The sample areas were chosen in order to
provide profiles of the formation both across and along
strike. The sample areas are located within the North
Ironwood, Thomaston, Bergland, and Little Carp Quadrangles.

Each sample was collected from a fresh relatively
unmetamorphosed portion of the formation. Where possible
consecutive flow centers were sampled in each area. When
individual flows could not be identified samples were
collected from periodic intervals across strike. Descriptions
of each sample location are presented in Appendix A.

Standard petrographic thin sections of the hand samples
were prepared in order to determine phenocryst phases and
modal percentages present within each sample. This data is
used below to help place constraints on the fractionation
models. Bulk rock chemistry was determined using X-ray
fluorescence for the major oxides and selected trace elements,

and instrumental neutron activation analysis (INAA) for
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10
additional trace elements and selected rare earth elements
(REE) . Analytical methods and equipment are described in
Appendix B. The bulk rock analysis are used along with the
methods of Harker (1909), Allegre et.al (1978) Minster et.al
(1978), and Pearce (1968) in order to evaluate the
fractionation parameters, and to test the hypothesis of

Kopledowski (1983) and Miller (1986).



FIELD AND PETROGRAPHIC OBSERVATIONS

The Unnamed Formation is composed of a wide range of rock
compositions from mafic to felsic. The mafic rocks are dark
colored extrusive rocks of basaltic or andesitic composition.
The felsic rocks are 1light colored extrusive rocks of
rhyolitic composition. Andesites and rhyolite are the
dominant rock types at the center of the volcanic complex.
They are usually exposed on the steep slopes and in quarries.
The basalt are dominant on the flanks of the formation. They
usually outcrop along rivers and streams.

The mafic rocks range in color from light grey to brown.
Unlike the PLL they are usually andesites. Most of the flows
are less than 25 ft. (8m) thick and have pahoehoe tops, but
some have autobrecciated tops. Flow tops generally contain
sparse irregular vesicles filled with chlorite, epidote,
quartz and calcite (Hubbard, 1975b). They are fine grained
to porphyritic. Plagioclase is generally the dominant ﬁineral
phase. Pyroxene, olivine (and/or pseudomorphs), opaque
minerals, and minor amounts of amphibole are also present.
A summary of the range of modal percentages of minerals
determined by thin section is presented in Appendix C. Most
of the plagioclase crystals exhibit Albite twinning. The
extinction angle of the Albite twins was used to determine the
anorthite (An) composition of the plagioclase by the Micheal
Levy method. The plagioclase ranged from An 60 (Labradorite)

to An 73 (Bytownite). Normal extreme oscillatory zoning of

11
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the plagioclase destroyed the usefulness of this technique in
many of the samples. The oscillatory zoning is common in
rapidly cooled extrusive basalt.

The porphyritic rocks contain phenocrysts of plagioclase
and may also contain phenocrysts of pyroxene and/or olivine.
The plagioclase phenocrysts occur as well shaped laths. The
pyroxene phenocrysts are subhedral and exhibit ophitic texture
although subophitic texture is also present. The olivine
phenocrysts generally occur as psuedomorphs with the olivine
being partially to totally replaced and altered to serpentine
and opaque minerals. The matrix of these rocks consists of
microcrystalline plagioclase, ferromagnesian minerals and
opaques with minor amounts of glass.

The nonporphyritic rocks contain equigranular plagioclase
and pyroxene. They are generally trachitic in texture. The
subhedral to euhedral plagioclase laths are the dominant
mineral phase. Pyroxene, opaques and unidentified alteration
products are also present in minor amounts.

The felsic rocks make up approximately 25% of the UF.
They range in color from light red to red brown. They are
aphanitic to porphyritic. The aphanitic 1lavas consist
primarily of microcrystalline alkali feldspar, plagioclase and
quartz. The porphyritic rocks contain phenocrysts of alkali
feldspar, plagioclase and quartz that are generally set in a

devitrified cryptocrystalline matrix of quartz and feldspar.
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The feldspars are usually altered to sericite.
Plagioclase can be distinguished from the alkali feldspars by
the presence of exsolution perthites in the former. Quartz
phenocrysts are either round or embayed with both varieties
occurring in some of the samples. The quartz phenocrysts are
also cracked in many cases.

An ash-flow tuff was also sampled in section 21 TS5ON,
R41W of the Matchwood NW quadrangle. The tuff contains red
brown pumice fragments up to 2 inches in length in a light red
to white matrix of cryptocrystalline quartz and feldspar.
Minor amounts of small (<2mm) phenocrysts of quartz and
feldspar are also present. Ash flow units are commonly

associated with silicic volcanism.



GEO MISTRY
hemjst

The rocks of the Unnamed Formation have thus far been
divided into two diverse groups, mafic and felsic, based on
their color and mineral composition. The wide range of rock
composition of the UF is also evident in the major oxide
chemistry. SiO, ranges from 44.25% to 76.91% and MgO from
0.05% to 8.27%. Chemical analysis for all the samples
associated with this study are presented in Appendix D. The
rocks of the UF appear to span the normal range of
compositions from basalt to rhyolite.

In order to relate the variation of the major element
data to each other a series of X-Y variation diagrams are
presented in Figure 3. Due to the wide range of MgO within the
UF, MgO was chosen as the absica with the other major oxides
being presented on the ordinate axis. The symbols on the
diagrams are referred to as, basalt(o), andesites(*) and
rhyolite(a) based solely on SiO, compositions of <52%;52%-
66%;>66% respectively. A great deal of scatter exists in the
diagrams, but there appears to be two populations, the basalts
and rhyolites, while some basalts and the andesites appear to
be transitional between the two populations.

Scatter in X-Y plots, such as those presented on Figure
3, is often observed within phenocryst rich lavas (Cross et.
al. 1903). The CIPW norms for the UF samples are presented

in Appendix E and show that the rocks of the UF are silica

14
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saturated to silica oversaturated. Irving and Baragar (1975)
used the CIPW norm in presenting a classification scheme for
common volcanic rocks. The AFM diagram on Figure 4 shows that
the rocks of the UF are calc-alkaline to tholeitic. A slight
iron enrichment trend is evident within the tholeitic basalts

of the formation.
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Trace Element and Rare Earth Element Chemistry

The trace elements examined in this study are Ni, Cu, 2n,
Sr, Rb, Y, 2r, Nb, Ba, Cr, Hf, Th and the rare earth elements
La, Ce, Sm, Eu, Tb, ¥Yb, and Lu.

Major element geochemical variations are governed by the
stoichiometry and phase relationships of the melt. Their
concentrations are also subject to the statistical element of
closure. Trace elements are considered to be dilute
components of both the solid and liquid phases. Because
dilute solutions are not controlled by the same physical and
chemical constraints which apply to the essential constituents
(Hanson and Langmuir 1978) and they are not subject to the
statistical elements of closure, trace element variation can
provide independent criteria for the analysis of petrogenetic
models.

The trace element data is presented along with the major
element data in Appendix D. As with the major element data
it is important to plot the data on some sort of variation
diagram so that any trends or patterns become more obvious.
Selected trace element data is presented on X-Y plots with MgO
as thé abscissa in Figure 5. The symbols on the diagrams are
the same as presented in Figure 3. As with the major oxide
data a great deal of scatter exists. The basalt and rhyolite
show two different populations, with some basalts and the

andesites transitional between the two populations.

20
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The use of trace element ratios rather than absolute
values is important. Ratios make it possible to eliminate the
influence of heterogeneous source concentrations, and examine
relative trace element behavior. It has been shown that within
evolutionally related rocks trace elements behave in a
predictable manner (Allegre et. al 1978). Assessment of the
relationship of various trace elements in a suite of rocks
can lead to constraints on the evolutionary process(es) that
lead to their formation.

A commonly used relationship is that of chondrite
normalized rare earth elements (REEH). Partial melting of a
source will enrich the liquid in the light rare earth elements
(LREE) relative to the heavy rare earth elements (HREE).
Conversely, the original source will be depleted in the LREE
relative to the HREE. The assessment of REE data leads to
constraints on the source composition.

Plots of the chondrite normalized rare earth element
(REE) data of the UF are presented on Figure 6a. Figures 6b
to 6d show the basalt, andesite and rhyolite data
respectively. The REE data spans the range from 50 to 1,000
times chondrite, La and from 9 to 40 times chondrite, Yb. The
LREE,, ratio increases more than the HREE., ratio with La/Yb
ratios ranging from 4.40 to 39.81.

The basaltic rocks have REE patterns that are
approximately linear with low slopes and no Eu anomaly. The

andesite REEH data also exhibits an approximate linear
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pattern with a greater slope than the basalts. A slight Eu
anomaly appears within the andesites and sample TQ-5 shows a
positive Eu anomaly. The rhyolite REE patterns have steeper
slopes than the andesite data and include a pronounced Eu
anomaly. The Eu anomaly is more pronounced for lower LREE_

values.



QUALITATIVE ANALYSIS OF DATA
Allegre and Minster (1978) and Minster and Allegre (1978)

have presented graphical methods for identifying the
process(es) involved in the evolution of a rock series by the
use of qualitative characters of trace element behaviors.
Three categories of elements are considered to distinguish
between the main processes (a) Elements of high solid-liquid
partition coefficients e.g. Ni or Cr: these elements vary
drastically in successive 1liquids during fractional
crystallization, the concentrations of such elements in lava
derived by partial melting are insensitive to the degrees of
melting. (b) Elements of low partition coefficients: these
elements have been called hygromagmatophile elements by Treuil
(1973) or H elements by Allegre et. al. (1977). Their bulk
partition coefficients can be approximated to be 0. In
fractional crystallization or partial melting processes, the
concentration of such an element in the liquid is inversely
proportional to F, the percent 1liquid remaining. As a
consequence its abundance is far greater in the case of
melting processes. (c) Elements of intermediate partition
coefficients: in the case of partial melting the bulk
partition coefficient should be compared with the degree of
melting (F) because when the degree of melting is low two
elements with intermediate partition coefficients (i.e.
negligible against 1, but not against F, e.g. D=0.1) may not

yield constant concentration ratio in the 1liquid. The
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variation of such ratios is larger for fractional melting than
for batch partial melting. It is negligible during fractional
crystallization.

A series of the process identification diagrams (Allegre
and Minster, 1978 and Minster and Allegre, 1978) is presented
in Figure 7. These diagrams use incompatible trace elements
and ratios of incompatible trace elements to assess the
variation within a rock suite. The clustered data of the
basalts and andesites indicates that they may have been formed
through fractional crystallization processes. As a magma
crystallizes the incompatible elements would be preferentially
excluded from the crystallizing minerals. This would increase
their overall abundance, but their ratios will remain constant
until large degrees of crystallization have occured.

The rhyolite data has distinct non horizontal 1linear
trends that indicate they were formed due to melting
processes. As a source rock is melted the incompatible trace
elements are preferentially incorporated in the liquid. This,
coupled with various degrees of melting (F) leads to a wide
variétion in their abundance in the resultant magma. The
slight differences in incompatible trace element bulk
distribution coefficients also leads to changes in the ratios
between two incompatible elements. These slightly differing
D's and the wide variation within each incompatible trace
element lead to the non horizontal 1linear trends on the

incompatible element process identification diagrams.
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QUANTITATIVE ANALYSITS OF DATA
Basalts and Andesites

As stated earlier the major element data is subject to
the statistical elements of closure. Stanley and Russell
(1988) have developed a computer program to analyze rock
compositions based on Pearce element ratio diagrams (Pearce,
1968) . Pearce recognized that if at least one conserved
element is present within a suite of rocks the analytical data
can be used to determine the exact relationship between the
non-conserved elements. The conserved element is used as the
denominator in ratios of non-conserved elements in order to
assess the relationship between the non-conserved elements.
In essence the data are normalized to the conserved element
and this eliminates the closure problem.

Pearce element ratios can also be used to distinguish
comagmatic lavas. Figure 8a shows Pearce element ratios of
Ti/K vs. P/K to test a comagmatic hypothesis for all of the
lavas of the unnamed formation. Comagmatic lavas on this
diagram should form a cluster or the elements are not
conserved. As can be seen from Figure 8a, the basalts and
rhyoiites do not form a single cluster. The basalts as a
group however, do form a single cluster and are therefore
comagmatic.

A series of Pearce element ratio diagrams were prepared,
using only the basalt and andesite data, that assess various

crystallizing phase assemblages. Figure 8b represents
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crystallization olivine and augite and Figure 8c represents
crystallization of olivine, augite, and plagioclase. Each
diagram was constructed so that fractionation of the above
mentioned phases would define a slope with a trend of one.

From Figures 8b&c it can be seen that the basalts and
andesites were derived primarily from fractional
crystallization of olivine, plagioclase, and augite. The
slope of the line on Figure 8c is 0.92 with an R? of 0.99 as
opposed to Figure 8b, 0.53 and 0.97, respectively. Clearly
the majority of the variance within this suite of rocks can
be accounted for through fractionation of these phases. There
is however something else that accounts for the rest of the
variation.

Through least squares analysis using a primitive basalt
(NIQ-2, Ni=188ppm) as the parent and an evolved andesite (LC-
2, Ni=85.80) as the daughter it was determined that the
relative proportions of olivine, plagioclase, and augite were
on the order of 26:54:20. The least squares analysis is
presented in Appendix F. Sum of squares residuals were
relatively good (0.578), but there were still other factors
involved. The high residuals that were calculated for the
compatible element Cr led to the assumption that spinel was
also a fractionating phase.

The bulk distribution coefficients listed in Appendix G
were taken from Miller (1986) and assigned to the trace

elements as an independent test of the fractionation scenario.
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Figure 9a shows the results of 10,20 and 30% fractionation of
plagioclase(53%), augite(20%), olivine(25-27%)and spinel(0-
2%) from an original liquid of composition similar to NIQ-2
with respect to two compatible elements (Ni vs. Cr). The
symbols on the diagram represent the basalts and andesite data
as previously described. The theoretical fractionation trends
are represented by [, /\, and [J with spinel varying from 0-
2% respectively and olivine varying accordingly. It can be
seen from this diagram that the compatible element diversity
can be accounted for by up to 30% fractional crystallization
of olivine, plagioclase, and augite + spinel from an original
composition like NIQ-2.

A plot of two incompatible elements (La vs. Ce) for the
basalts and andesites is shown in Figure 9b. The basalt and
andesite symbols are as previously described. The theoretical
fractionation of up to 30% of NIQ-2 is represented by the A.
It can be seen from this diagram that the diversity in the
incompatible trace elements can not be accounted for by the
same fractionation scenario that accounts for the diversity
in the compatible trace elements.

Because the basalts and rhyolites are spatially and
temporally related, magma mixing may have occurred between the
two magmas. Again using the composition of NIQ-2 as the
parent it was theoretically mixed with up to 50% of an evolved
rhyolite (MNW-1). The La vs. Ce plot shown on Figure 10

contains the basalt and andesite data as well as the
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theoretical mixing derivatives ((5J). The diversity in the
trace elements within the basalts and andesites can be derived
by mixing of up to 30% of an evolved source (MNW-1) with a
primitive parent (NIQ-2).

Appendix F also contains an example of a least squares
regression analysis of NIQ-2 with the addition of MNW-1 as
well as the subtraction of the fractionating phases. As can
be seen from the example, this effort was less successful at
achieving a good match with a particular daughter product.
This does not preclude the magma mixing hypothesis since the
incompatible trace elements would be much more mobile within
a partial melt and are thus more sensitive indicators of this
process.

It is concluded from the above information that the
diversity within the basalts and andesites is consistent with
fractional crystallization as indicated through the Pearce
plots but that the fractional crystallization must have been
accompanied by magma mixing with an evolved source to account

for the trace element distributions.



Rhyolites

The process identification diagrams (Figure 7) indicate
that the rhyolites of the UF were formed due to varying
degrees of partial melting. An equilibrium batch partial
melting model was used to model the effects of varying degrees
of partial melting on a likely source rock. LC-2, an average
andesite, was chosen as the source.

As with the fractional crystallization data theoretical
products were plotted on a variation diagram (Figure 1llaé&b).
The []'s represent 1%,10%,20%, and 30% partial melting of LC-
2 with mineral percentages of 25:20:55; olivine, augite and
plagioclase, as determined earlier and melting percentages of
14:52:34 after Miller, 1986. It can be seen from Figure 1la&b
that the majority of the variation within the rhyolites may
be accounted for by partial melting of this source. The
rhyolites that fall above the main linear trend on the Ce vs.
La plot (Figure 11b) show, however that not all the data is
consistent with partial melting of a single source. This may
be the result of the rhyolites being formed from more than one
source location or could be indicative of magma mixing.
Further efforts to quantify the degree of magma mixing and
extent of partial melting were unsuccessful due to the
complexity of the multi-source, multi-mixing components

regime.
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METAMORPHISM

Jolly and Smith (1972) concluded that the Portage Lake
Volcanics were subjected to low rank metamorphism of the
zeolite and prehnite-pumpellyite facies. Scofield (1976)
described this metamorphism as resulting from geothermal
fluids ascending along permeable zones in the flow tops and
conglomerates. Kopledowski (1983) concluded that the
rhyolites of the Unnamed Formation underwent some type of
potassic alteration were the rocks were relatively enriched
in potassium and depleted in sodium. As discussed in earlier
sections the UF does exhibit signs of low rank metamorphism.

Potassium was used as the conserved element in the Pearce
element ratio diagrams which were the basis for the fractional
crystallization scenario. 1Inorder to assess the importance
of the potassic metasomatism a plot of Rb vs. Rb/Sr (Hammond,
1986) was used because of the similarity in geochemical
behavior between Rb and K. This plot is presented on Figure
12. The non-horizontal linear trend within the basalts and
andesites is indicative of plagioclase fractionation. The
rhyolites that fall to the right of this line indicate that
Rb (and thus K) has been added to the system.

The trace element distributions used to provide evidence
of melting processes could also have arisen do to this
potassic metasomatism. If the metasomatism has given rise to
the trace element distribution then the trace element

distribution should be correlated with some indicator of the
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degree of metasomatism. Correlation coefficients of the trace
element data with K,0 and Fe,0; is presented in Appendix G. It
can be seen from this data that although the UF may have
undergone some degree of metasomatism the only trace element
distributions that may have been affected are Th and Sr.

It is evident that potassic metasomatism has taken place
within the rhyolites of the UF. The basalts and andesites
appear to be unaffected by it. The metasomatism does not
however, affect the trace element distributions that are used

herein to develop petrogenetic hypothesis.



DISCUSSION

Models for the development and evolution of the MCR have
been presented by Miller (1986), Gordon and Hempton (1986),
Green (1983) Wieblen and Morey (1980), Chase and Gilmer
(1973), and Burke and Dewey (1973) among others. Green (1983)
summarizes many of the previous models and- presents his
"preferred model".

In Greens model lavas were erupted into nine temporally
and spatially separate plateaus that developed along the Lake
Superior portion of the MCR. The plateaus were fed by
numerous fissures, now occupied by dikes that parallel the
MCR. The mechanism that begins this process is a heat source
from a deep upwelling that caused the earliest primitive
melts. As the convection lost its thermal impetus volcanism
ceased abruptly.

Gordon and Hempton (1986) present evidence that the MCR
formed as a result of convergence related to the synchronous
Grenville Orogeny. The MCR formed due to the strike slip
faults in the hinterland of the convergent strain.
Extensional zones due to the sheer faults would form pull
apart basins. Miller (1986) also appears to favor rift
development as being syngenetic with the Grenville Orogeny.

Miller (1986) presents a petrochemical scheme for the
development of the MCR volcanics. The volcanism occurs in
three stages that appear to be present in Michigan 1) an early

volcanism stage (PMG) 2) an anorthositic stage (PLL) and, 3)
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a troctolitic stage.

This study has shown through the use of petrographic
analysis and major and trace element variations that the
basalts and andesites of the UF are related through fractional
crystallization of olivine, augite and plagioclase + spinel.
To account for the variation of incompatible trace elements
within the basalts and andesites magma mixing with an evolved
source must have occured. The same data has led to the
conclusion that the rhyolites of the UF were formed due to
partial melting. The partial melting occurred in more than
one source and the melts were probably mixed with the more
mafic magmas.

The rocks of the UF are interpreted as being the result
of changing magmatic conditions within the MCR. The basalts
and andesites were derived from the partial melting of a
relatively evolved original source. These partial melts
ponded in the crust and under went fractional crystallization.
Changes in pressure, and/or temperature 1likely due to
injection of new magma into the chamber resulted in the
eruption of the basalts and andesites of the UF. The
rhyolites were likely formed by wholesale or partial melting
of the crust as it was heated by injection of the basaltic
magma.

These conclusions are consistent with the hypothesis of
Miller, 1986, presented above, and would correlate to a

transition from his anorthositic stage to the troctolitic
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stage.

The nature and extent of the crustal melting within the
troctolitic stage may provide valuable clues as to why the
volcanic activity ceased so abruptly. Future studies of the
UF should concentrate on the timing and nature of the crustal
melting in order to gain an understanding of how this led to

the failure of the rift.



co

ONS
The lavas of the Unnamed Formation are remnants of a
Keweenawan age central volcanic complex.
The lavas of the Unnamed Formation were deposited during
basin subsidence.
The rocks of the Unnamed Formation are calc alkaline to
tholeitic and span the range of compositions from basalt
to rhyolite.
Andesite and rhyolite are the dominant rock types at the
center of the volcanic complex. The basaltic rocks are
dominant on the flanks of the formation.
The felsic rocks make up 25% of the Unnamed Formation.
The felsic rocks contain SiO, up to 76.91%
The rocks of the Unnamed Formation have undergone low
grade metamorphism.
The trace elements were relatively unaffected by the low
grade metamorphism.
The basalts and andesites were formed by fractional
crystallization of olivine, plagioclase, and augite+
spinel along with magma mixing with a more evolved lava.
The rhyolites were formed by wholesale or partial melting
of more than one evolved source. Which supports the
hypothesis of Miller, 1986.
The rhyolitic lavas were likely the lavas that mixed with

the more primitive basalt and andesite magmas.
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Appendix A

SAMPLZ LOCATICONS

SAMDTE TOWNSHZ? RANGZ SECTZON 1/4 /4 1/4
-2 48N 4SW 20 SW SE SW
°%-2 48N 4SW 20 S4 Sz SW
03 48N iSW 20 NW SE sw
T3=¢ 48N 4ASW 20 Nw SZ SW
T3-3 48N 4SW 29 Sz sw NE
we=3 49N 44W 20 NE NE NW
Q- 49N 42w 10 S# sw SW
Q-2 49N 42W 15 Nw W NW
3Q-2 49N 2w bR Sw NW NW
3Q-s 49N 42W s SW Nw NW
3Q-3 49N 42W s NW sw NW
3Q-5 49N 42w 3 Nw sw NW
3Q-7 49N 42W s SW Sw NW
3Q-3 49N 42W s SW SW NW
MNW=1 SON 41W 23 NE SZ SwW
MNW=2 SON 41w 22 NE SZ sw
MNW-3 SON 41W 21 NE SE s
MNW-4 SON 41W 22 NE SZ W
MNW-35 SON 41w 21 NE SE sw
MNW-§ SON 41w F 58 NE ST W
MNW=-7 48N 41W 2 sw W Nw
MNW-8 48N 41W 12 sw W Nw
MNW=9 48N 41W 1 sz ST NE
MNW-10 SON 41w 24 -2 4 sw Rw
MNW=11 SON 41W 24 SE sw NwW
MNW-12 SON 41W 24 s W Nw
MNW=-12.5 sSoN 41w 24 NE sw Nw
MNW-13 SON 41W 24 NE SW NW
-2 SON 435w 14 NZ NE NE
b=t SON 45W 14 SW sW NW
3-3 SON 4SW - S4 SW NE
pited T} SON 45W 3 NE Sz sz
NIQ=-2 48N 46W 32 NW NW SW
NI3=2 48N 4A6W 32 NW NW sw
NI3=3 43N 46W 32 NW NW SW
NI3=¢ 48N 46W 32 NwW Nw sw
NIQ-8 48N 46W 32 NW NW SV

Q-5 48N 46W 32 Nw NW Sw
N23=7 438N 46W 32 s9 NE NE
NI3-38 48N 46W 28 SW sw sw
NI3-9 48N 46W 28 sS4 sw sw
NI3-10 48N 46W 29 SE SE SZ
NI3-12 48N 4A6W 29 SZ SE ST
NI-2 48N 46W 28 SW SW SW
NZT=2 48N 4A6W 29 Sz Sz Sz
CWCT=9 438N 46W < ST sz NW
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SAMPLE LOCATIONS

SAMPLE TOWNSHI® RANGE SECTION 1/4 1/4 =/4
GWCF=10 48N 46W 32 NE NE sW
CWUN=13 48N 44W 19 sw SW NwW
JWUN=14 48N 44w 9 SW SwW NW
cWUN=16 49N 42W 4 NE NW SW
cs-L 49N AW b8} SZ Sz NE
cS-2 49N 43W is SE SE NE
cS-3 49N 43W ils SE SE NE
CS=¢ 49N 43w 18 SZ SE NE
cs-3 49N 43W b8 | Sw SE NE
CS-$ 49N 43w ls sw SE NE
CS-7 49N 43w b8 | sw Sz NE
<Q-1 49N 42w s NW NW Nw
JQ-2 49N 42% s NW NW NW
JQ=3 49N 42W s Nw NW NW
JWUr-12 498 44W 16 Nw sw NW
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Analytical Methods

The bulk rock chemistry was determined using X-ray
fluorescence and Instrumental Neutron Activation Analysis
(INAA). Samples were slabbed, trimmed of any weathered rind
and secondary mineralization, and ground into a homogenous
powder (200 mesh). Powdered samples were dried in an
evacuated oven at 50°C for 24 hours to remove nonstructural
water.

For X-ray fluorescence analysis two types of sample
preparation were used. Glass wafers were made using 1.0000
gram of dried sample, 9.0000 grams of lithium tetraborate, and
0.160 grams of ammonium nitrate. This mixture was liquified
by firing for thirty minutes at about 1100°C. The mixture was
poured into a mold and slowly cooled. The glass wafers were
used to analyze for Si, Al, Fe, Mg, Ca, Na, K, Ti, P and Mn.

Analysis for trace elements Cr, Ni, Cu, 2Zn, Rb, Sr, Y,
Zr, Nb and La by X-ray fluorescence were done using pressed
powdered pellets.

iNAA was conducted using 1.00000 gram powdered samples
in sealed polyvinyl vials. Samples were irradiated for about
18 hours over a three day period. Elements analyzed were La,

Ce, Sm, Eu, Tb, Yb, Lu, Hf, Th and Cr.
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AYERAGE MODAL PERCENTAGES OF MINERALS IN THIN SECTION

OUYINE AUGITE OPAQUES PLAGICCLASE ALBITE QUARTZ

BAGALT 10 20 20 50
ANDESME 5 10 35
RHYOLITE 60 10 30
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Chemical Analysis
NIG-1 T4 MI-2 0 MIE-3 MEG-2 €C-S T4 CC-7T  TRe2  TR=3 JWM-LD  NIG-T  JWUN-1b

§i02 46,20 A3 4189 4T.el 47,87 48,03 4814 4814 48.22 463 MB.9B 49,3 4934
Tig2 1.81 2.03 2.02 1.49 1.40 2.0 0.82 1.97 0.92 0.9 1.92 1.68 1.48
Al203 1641 15,99 16,55 16,50  16.40  15.36  17.05 15,59 16.62  1hJI4 15,32 1400 1576
Fe203 .9 10,69 7.82 .10 .87 1110 1.67 .04 0.1 1.9 i.ib .7 9.01
Fed 10.36 .8 419 3.07 S.73 2.48 %.31 6.6% 9.89 .76 467 1.13 .54
fnd 0.2¢ 0.16 0.17 0.16 0.17 0.16 0.16 0.20 0.16 0.17 0.14 0.2 0.13
L 1] 1.8 4.80 6.03 6.9 7.46 .13 8.27 1.07 .22 1.97 4.9 M 831
a0 8.92 9.48 1.85 9.% 9.12 8.41  10.53 1.9 1110 10.93 8.37 8.39 9.04
Na20 .3 .89 307 .z .2 2.56 11 3. 2.01 2.03 2.3 3.7 1.99
K20 0.80 1.08 1.59 0.50 3. .11 0.37 0.49 0.38 0.40 1.0 1.09 0.16
P203 9.26 0.57 0.48 0.27 0.23 0.3 0.14 0.48 0.16 0.18 0.43 0.3 0.2
W20+ .61 2.% . 2.76 0.00 2.08 0.32 P 0.90 0.44 4.08 1.67 p3s: 73
H20- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 929.22 9.7 9.2 9.74  98.61 98.98 99.11 99.32  99.29 .15 W4 N4 NW

138.1 1148 89.4  180.7 188.0 113.0  10S.4  103.2 1217 1012 8.7 7.2 19
97.3 2.6 7S.0  106.4 418 3.2 36.2 8.3 N 8.3 4.4 7.4 N2Ls
125.8  128.1 140.6 103.8  103.0  141.8 .6 114.8 80.3 80.8  120.4  112.0 .3
341 960 4949 3234 3239 4268 380.9 4903 [ IWA T R 326l
13.3 19.7 .6 8.1 8.9 A4.2 T.4 1.1 1.9 8.7 18.0 x.1 0.7
2.9 3.1 40.2 4.9 3.9 3.4 17.3 313 18.4 19.9 36.8 . .3
166.7 283.6 3.7 1808 132.0 288.% 9.2 1.8 93.9 1010 93] 1M 1328
8.0 16.0 12.6 1.4 1.0 13.0 43 12.8 3 49 12.9 8.4 3.4
08.2 864.56 1113.4  477.1  460.8 11647 288.1 4510 3le.b  330.7  Bbe.9  519.9 2989
18.7 3.3 RN.9 ™ 12.1 3.9 3.1 2.4 2.7 6.3 4.3 13.9 z.7
3.3 8.7 9.61 0.00 .37 8.97 0.00 643 0.00 0.0 8.72 .0 78

2.88 b2 6139 0.00 19.91 38.19 0.00 3N 0.00 0.00 63.68 20.02 24.08
30.90  116.07 120.61 0.00 48.49 106.7%4 0.00 75.63 0.00 0.00 117.68 &3.5% M.07
2.43 3.14 483 0.00 .3 .83 0.00 3.87 0.00 0.00 2% .30 .16
0.39 0.43 0.70 0.00 0.39 0.47 0.00 0.42 0.00 0.00 0.38 %31 0.38
139.40  163.77 6.9 0.00 189.71 148.11 0.00 176.21 0.00 0.00 112.09 113.71 29121
.78 6.02 6.98 0.00 .26 6% .00 6.17 0.00 0.00 .8 4.6 2
3.00 w3 8.6b 0.00 2.81 49 0.00 wn 0.00 0.00 6.48 .9 L.bé
1.81 .7 N 0.00 1.3 .40 0.00 2.03 0.00 0.00 2.8 i.08 1.5%
1.03 1.2 0.97 0.00 0.8¢9 0.83 0.00 1.08 0.00 0.00 1.03 0.64 1.03

SPFEQCEIPL ¥LCTPITBY5PE

£
3

9.42 0.8 13.8 ERR 8.35  16.48 ERR 9.9 ERR ERR  14.73 .8 112
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Chemical Analysis

JUCF-10  NIR-10 JUCF-9 mai-!1 LC-t cc-t  mw-12 -2 -6 c-2 CC-3  NIE-S  WiG~4
5i02 9.9 S0.34  %0.77  30.9% 5.0 5159 R KN Nel WY N LM KL
T 1.4 1.43 .72 wn 1.87 1.63 L1 1.1 0.91 1.5 1.32 .2 .4
A1 203 16,26 15,10 1404 1273 1552 1.4 13,03 1543 1S.T3 0 1484 A91 11,085 8.82
Fe203 474 .08 1.6 9.78 S 1.38 8.39 1.2 3.30 .n 4.3 1.28 8.12
Fed .00 b.04 1.94 .19 .09 4.3 LY 3.8 8.5b (N 4.8) b} .79
o 0.1 0.16 0.17 0.17 0.14 0.13 0.19 0.14 0.17 0.18 0.18 0.12 0.09
L] b.34 6.37 3. 3.20 3.9 406 .7 .3 6.4 4.18 AN L7 1.94
Ca0 .77 1.54 . .n .1 8.83 A2 3.82 478 S8 15 1034 12,00
a2 2.06 LR 4.01 LT3 L4 2.% 3.06 3.00 Wn 2.86 .9 1.3 0.08
0 0.38 1.2 .35 N 1.60 1.17 .78 .02 1.50 3.0 .06 0.47 0.09
P203 0.26 0.28 0.28 L3 0.37 0.38 113 0.34 0.08 0.41 0.40 0.20 0.21
H20+ 1.88 3.03 1.61 1.57 1.9 0.87 .14 1.89 .43 2.05 1.90 .24 4.03
K20~ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.00 0.00 0.00

TOTAL 9.3 9.3 9.4

98.72  98.39  99.47 99.4¢ 9932 .43 9.9 N3

8
u
8
e

175.0  118.9 98.7 0.0 83.8 1.9 0.0 83.8 62.3 a9 36.1 ®.7 .4
n.7 4.1 9.0 0.0 6.3 L) 0.0 8.7 T3.b 18.2 9.4 203.2 1.7
100.2  120.8  108.7 0.0 113.8  100.3 0.0 113.0 8.6 1199 1191 121 1261
318.3 481 WS 0.0 4.4 93 0.0 497 665.5  630.7  M6.0 387.2  4%.3
4.9 2.9 149.0 0.0 3.9 20.9 0.0 87.9 3.8 .4 3.7 3.0 .3
X0 30.7 36.4 0.0 2.4 6.3 0.0 2.6 26.7 %7 LB 3.3 30.7
N7 182.0  190.6 0.0 302.4 289.8 0.0 281.4 132.3 4042  T9R.T  280.2 63
1.1 o2 15.2 0.0 12.1 16.8 0.0 12.0 3.0 13.3 17.3 2.3 19.7
328.8 0.4 2.8 6.0 3.3 .9 0.0 93%.7 S38.6 11567 10763 1729 1B.S
19.1 16.4 13.3 0.0 k.2 0.9 0.0 X[.1 B2 61.8 69.7 0.1 3.2
474 6.08 .TT 1518 0.00 8.62 14.41 1.9% 3.6 10.96  10.42 1.3 1.4

8.2 N .09 T6.63 0.00 5400 T4 .79 1767 TR T .U BN
$%.2 62.63 37.81 150.95. 0.00 100.89 149.0¢ 9571 9.3 140.93 145,77 674 6639
.00 .68 3.04 6.06  0.00 .38 .62 2.0 .24 (-] 3.30 LT 410
0.3¢ 0.34 0.48 0.68 0.00 0.61 0.70 0.5¢ 0.3} 0.8 0.8 0.3 0.36
199.97 1N 1083 . 0.00 96.91 .93 88469 8BS TAT TN 0T 100.9
3.00 L& 430 10.19 0.00 .3 10.44 .1 .54 %.12 9.1 6.08 .70
.08 S.46 489 8.90 0.00 .71 8.04 4.63 145 12,9 1.3% %4 (/[
1.31 1.76 L.4b 417 0.00 .08 .4 .11 .12 .20 .3 1.9 2.01
1.04 1.7 .11 1.9 0.00 1.3 L8 089 1.07 0.97 1.30 .42 0.90

FEFEREIFLPL PLPEY VN5 EOE

2

12.81  11.36 8.58  12.65 R 1235 17,20 2.8 .39 7.0

u
I:

12.12 1.02
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Appendix D
(Continued)

Chemical Analysis

5] Nt Be-4 -3 mw-2 8e-o 8e-7 G2 M=l NS MR W=t et
85.54 70,34 TLL4 LA The2  TIL9Z A9 TLW TALES TLIY T4 TReL TS0
.83 0.30 0.7 0.3% 0.2b 0.2 0.57 0.9 0.20 9.3 0.22 0.34
13.37 133 156 13,26 12,19 13.20 0 139 1.9 11.88 19T I3 1122 il

o
s
8

T.16 .20 3.34 1.99 433 2.05 (9 3.74 3067 .30 .90 3.87 HH)
0.1§ 0.2 0.94 0.39 0.26 0.74 0.7% 0.2 0.2 0.2t 0.12 0.47 0.2
014 0.03 0.04 0.04 0.08 0.04 0.04 0.05 0.96 0.08 0.06 3.07 0.06
0.41 0.4 0.3¢ 0.43 0.80 0.37 0.8 B 0.3 0.42 0.41 2.5 0.3
1.95 0.18 0.2 0.88 0.21 0.81 0.90 0.43 9.14 0.14 0.2 0.1¢ 0.21
378 PRl 76 2.9 1.09 %18 4 1.50 L.42 0.83 1.60 1.9 174
4.38 8.% 13 6.00 7.5 3.88 N .10 2.20 8.9 .2 %) 8.99
.11 0.04 0.05 0.93 0.0¢4 0.04 0.03 0.03 0.01 0.01 0.0 0.03 0.04
0.73 0.47 1,04 1.04 1.10 0.96 0.99 0.97 0.73 0.8 1.08 0.77 0.4}
0.90 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 .00 0.00
%.29 9.l 99.01 9928 9972 99.3%F 9930 99.42 NI M N3 9.4 S

0.6 18.0 17.3 [ 1 1.3 6.3 o2 0.0 15.8 0.9 0.0 14.3 18.4
7.4 43.3 8.2 o Ted 1.7 .7 0.0 0.5 0.0 0.0 .83 H

971.0 a2l 3.3 8.2 Bl.e 62.0 87.8 0.0 1437 0.9 0.0 181, 1737
122.2 2.4 87.2 o2 76.0 67.8 &5.9 0.0 4.4 0.0 0.0 .8 81.0
129.4 2.1 168.1 1A% 0.3 1761 1712 0.0 207.6° 0.0 0.0 189.9 178.9

.3 T 18.7 70.7  118.3 63.4 6.1 0.0 138.2 0.0 0.0 114 128.1
741 10859 LT OWALT T2 LS LS 0.0 1ZM.2 0.0 0.0 10719 1009.3

J.2 N6 2.4 2.4 W3 %.9 8.5 0.0 36.7 0.0 0.0 .8 =.

WS .4 1320.9 S W21 U N 0.0 4044 0.0 0.0 2.8 I3
0.0 0.0 2084 0.0 0.0 0.0 0.0 0.0 0.0 9.0 0.0 0.0 0.0
1648 T4 1.9 1513 2.3 0.00 .00 2.4 N.08 .0 1.8t 2AUB 1.0

117.96  270.36  163.37 144,59 218.80 0.00 0.00 210,03 3IN.39 24332 121.83 AL18 14515
02,63 49%.3 WL 2T UL 0.00 0.00 409.39 3IN2.98  315.02 360.8Y 307.13 34495
1.60 7.63 1.59 .3 6.0 0.00 0.00 &7 8.40 T.2¢ (W 1) 1.08 893
.20 1.2 0.92 0.7 .31 0.00 0.00 1.0 1.42 1.16 1.06 t.09 .46
.30 2.7 10.12 1.9 .13 0.00 0.00 8.8 B LW L2 T N.B
18,93  %.12 1.42 8.% U1 0.00 0.00 2.8 .35 B AT T AN
U085 ST N8 B B4 0.90 0.00 [ 3.3 .20 S 66T I
697 3.0 1.82 1.84 1.63 0.00 0.00 .n 1.2 1.3 1.42 1.49 .70
L2 .28 1.2 1.08 L.74 0.00 0.00  2.84 .1 .90 2.6 .56 %

15.82 N.8 .2 .98 TD.18 ERR ERR .09 39.31 [ 187 .97 20.88
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JWN-14
si ns
Tin 0.17
A1203 1.9
Fe203 2.00
Fed 0.1
Mo 0.04
0 2.08
Cad 0.31
Ty i
X20 5.7
P205 8.01
H20+ 0.27
H20- 0.90
TOTAL 98.14
N 13.5
(M 6.9
In 83.5
S 1.9
» 161.4
Y n.s
Ir 606.1
» M
N 1369.5
L 0.0
Sa 0.00
La 0.00
Ce 0.00
™ 0.00
L 0.00
C 0.00
Hf 0.00
™ 0.00
[ 0.00
n 0.00
L/ &R

80~9
w1
0.19
13.02
1.30
0.34
0.02
0.1
0.81
19
.3
0.03
1.30
9.00

101.9?

3.9
8.1
5.4
.1
367.6
197.9
68.3
4.0
.2
1197.5
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

ERR

-3
DLPYH
0.3
11.32
.5
0.34
0.03
0.31
0.13
1.01
1.97
0.02
0.50
0.00

141,60
2275
6.89
1.00
9.28
0.3
3145
0.97
287

.17

8e-1
wn
0.18
12,91
0.94
0.34
0.02
0.18
0TS

[}

0.00
0.00
0.00
0.00

ERR

Chemical Analysis

Be-1
T.07
0.19
12.98
0.89
0.36
0.04
0.26
0.7¢
L6
8.35
0.03
1.26
0.00

99.90

8.0
10.1
u.1
37.8

213
78.6
4.3
.6
640.3
0.0
.37

1L
192.92
.88
0.39
0.04
T.47
9.3
1.23
0.80

.80
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JWUF-12
p- M
0.16
11.2¢

13.98

9.3
168.08
S.2b
0.76
S.10
14.72
8.2
0.34
1.98

17.94

63

Le-3
76.36
0.13
11.17
.18
0.09
0.03
0.22
0.13
9.57
3.58
0.00
0.67
0.00

100.15

12.3
9.2
132.9
4.3
8.4
93.0
36,3

3.8,

142.5
0.0
1.683

M)
201.07
1.2
1.09
9.34
14.31
40.467
0.16
1.19

L4
76.84
0.14
10.62

a
boa

0.13
0.04
0.98
0.31
2.18
9.19
2.00
0.53
0.0

99.87

2.1
3.7
9.9
0.3
1349
7.9
$0.2
B.3
136.0
0.0
16.37

.16
160. 41
1.9
1.08
1.8
14.06
36.13
0.43
1.4

1.4

NiR-8
T6.91
0.14
10.59
.1
0.19
0.02
9.09
0.1
0,30
9.53
0.00
0.26
0.00

100.21

10.8
9.7
4.7
13.0
1.6
112.
304.2
30.4
907.6
0.0
11.83

7.1
161.53
.1
0.83
3.81
15.21
.82
0.92°
2.04

13.02
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Group
Qual

Ref

Fel8
FIF+A

N10-{

1.00
!
0
l

3.9
1.88
17.06
14.4
0.25
1.3
9.27
.8
0.83
0.27
100.00

8.7
0.00
T3

19.90

3.9
8.7%
.8

1.7
4.80
3.4
0.60

LN
0.660
.7

cC-4
i.00

1

0

1

49.54
.14
16.30
12.60
0.17
5.02
9.9
.5
1.3
0.60
100.00

7.2
1.31
6.38

A.00

A.17

12.4

16.04
0.00
3.3
3.89
1.32

12.60

0.718  0.4%3 0.62t

.70

NI-2
1.00
1
(]
1

9.33
2.10
17.18
11.58
0.18
Py}
1.93
3.19
1.61
0.50
100.00

%.73
0.00
.1

3.9%

.73
6.36

1.0t
1.08
3.10
3.
L4

11.68

2.68

NIO-3
1.00
L]
0
!

49.40
1.33
17.12
11.599
0.1
1.16
9.92
2.30
0.52
0.28
100.00

.13
0.4
2.9

n.n

1.8
.83

3.3
0.00
L3
.8
0.63

1.5

.70
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CIPW NORMATIVE ANALYSIS

Ng-2  CL-$
100 1.00

1 1

0 0

l !
48.63 0.1
L8 2.09
16.73  16.04
11.26  13.03
0.17  0.17
Tl 5.3
9.30 8.78
.26 247
.33 1.1
0.2 0.38
100.00 100.00
084 85,82
0.00 2.0%
3.9 %
1.7y .6
a9 .14
12,71 .00
.64 19.3%
13.15  0.00
L0 5.0
L6 300
.38 1Y
11.26  13.03
0.600 0.711
.69 270

T84
1.00

]

0

!

48.81
0.83
1.9
11.17
0.16
8.39
10.70
.14
0.38
0.14
100.00

66.82
0.00
.19

17.83

33.9%

12.66

16.06
9.7
.42
1.%
0.32

11.47

0.573 0.618

N

64

cc-7
1.00

{

0

l

9.92
2.04
18.17
11.63
0.2
1.8
8.29
3.39
0.3¢
0.50
100.00

0.0
0.00
.9

.6

u.‘z
8.18

18.98
un
,.o;
3.
L4l

11.83

.60

-2
1.00

3
0
3

49.04
0.9
16.90
10.7¢
0.16
8.3
11.29
2.04
0.39
0.16
100.00

67.43
0.00
.3

17.01

”cu

13.43

14.66

10.67
1.03
.73
0.57

10.71

0.363

wn

9.3
0.97
16.37
11.33
0.17
8.08
11.09
2.06
0.4
0.16
100.00

66.27
0.00
.3%

17.18

B.n

13.94

18.5%
6.4
.31
1.82
0.37

11.33

0.388

N

JUUN-1

1.07
0.48
100.00

8.8
.4
.9

20.03

2.1
8.32

17.1%
0.00
9%
3.63
1.04

1.7

0.69%

2.67

NIG-7
1.00
1
0
1

31.18
174
14.32
1.1
0.3
3.33
8.70
l.n
.13
0.2¢
100.00

36.03
0.00
(R

3.9

18.02

18.23
.37
8.32
4.6
3.1
0.3

.n

0.701

2.68

JHUN-L
1.00
13
0
l

31.37
1.33
16.47
11.14
0.14
8.39
10.08
.08
0.47
0.23
100.00

66.61
.0
0.95

16.84

.60

10.43

0.3
0.00
4.32
wn
0.31

11.14

0.431

2.68

JNCF-{
1.00
1
0
i

31.42
1.48
16.72
10.56
0.13
673
10.06
.12
0.3¢
0.27
100.00

66.07
9%
.3

1.8

n.”

10.44

20.84
0.00
4.2
an
0.60

10.56

0.816

.8

N1G-10
1.00
{
0
!

2.34
1.49
13.76
11.08
0.17
6.86
1.4
2.89
1.28
0.2¢
100.00



Appendix E
(Continued)

CIPW Normative Analysis

Sasple JWCF-9 WM#-11 LC-1  CC-i  mm-12 (C-2  CC-6 CC-2 (CC-3 NIQ-3 NIQ-4 TG-5  MI-l  BO-4  §G-8

Group § 100 100 1.0 1,00 200 2,00 2.00 2.00 2,00 2.00 2.00 2,00 3.00 3.00 3.00
Sval 1 1 ] 1 1 1 1 1 1 1 L { 1 1 1

Key 0 0 0 0 1 1 1 1 1 { 1 1 ] ] 3

Ret 1 1 1 t 1 1 1 1 1 1 ! 1 { 1 1

Sily 514 55,21 5312 S3.12 95,20 SS.14 9S4 5626 ST.1L 60.44  53.38 67.68 TL.I8  TS.01  72.88
Ti0s 178 3.0 LT3 Le8 2.8 1.5 0.9 1.5 1,57 238 2.4 0.65 030 0.2 0.29
Mol 1436 1331 16,07 15,39 13.63 15.62 16,29 15.35 15.40 11.83  9.30 13.81 13.70 13.48 13.91
Fed 12,44 13.37 10.82 1134 12.46  10.87  9.97 10.10 9.00 9.37 9.60 677 348 3.0 2.4
M0 0.18  0.18 0.14 0.5 020 0.14 0.18 0.7 0.9 0.13  0.09 0.4  0.03 0.04 0.04
L1 6.07 334 bl 490 3.9 553 4.6 432 N6 2.87 2,08 042 024 0.5 0.4
Cal .99 402 7.42 9,09 400 5,80  4.95 S5 5.9 10.89 12,66 2,01 0.18  0.53 0.9
Nagd 16 2.8 2.3 2.4 320 3.0 390 2.% 3.9 159 0.08 3.8 2.13 2.82 3.04
ka0 2.4 3,05 146 1200 291 209 185 320 213 0.49 0,09 452 905 - .07 612
Pals 0.2 1.4 038 039 118 0.35 0.08  0.42 0.4  0.21 0.2 041 000 0.05 0.05
Total 100.00 100.00 100,00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
L] 8.27 377 %08 4.9 3428 46,26 40.40 43.36 45,57 63.28 919 I1.3B 445 080 13.81
] 0.00  7.9% 5.6 60% 9.5 576 1.B4 670 9.1 25,62 333 0.0 .08 N4 2.1M
or 13.89 17.26 %4 491 143 119 086 10.26 1247 278 0.3 25.88 52.83 5.4 35.4
@ BN 0.7 0.2 2066 2589 2539 3.9 24.20 25.30 12.78 0.6 31.82 1.7 B 8.2
] 13.37 13.82 2.3 26,37 13.90 21.85 21.62 18.53 .18 2.9 B.M 647 0.8 2.5 404
¢ 0.00 000 0.00 000 004 000 000 0.00 0.00 000 0.00 0.00 0.1 1.3 0.3
[} 10.90 4% 533 12,32 0,00 3l 1,28 483 383 2L 1644 L9 0.00  0.00 0.0
hy .U 13,90 2091 15,97 1.8 21,10 2599 16.22 1689 0.00 0.0 5.% 3.04 3.85 318
w 0.00 0.00 0,00 000 0.00 0.00 000 0.00 0.00 075 401 .00 0.00 .00 0.00
ol 12.72. 0,00 0,00 000 0.00 0.00 000 0.00 0.00 0.00 000 0.00 0.00 0.00 0,00
ot 4487 b1 460 A3 b3 A3 349 439 438 545 5.7 309 1.8 1.8 1M
il L2753 37T 30 S8 2,87 L3 2.9 2.8 A A% 1,20 0.7 051 0.3
1] 0.3 3.3 .86 0.88 2.82 0.7 0.9  0.99 0.93 046 049 025 002 0.12 0.12
FeO8 12,44 13.57 10,82 11,34 12.46 10,67  9.97 10.10 9.00 9.37 9.0 677 3.8 320 2.4
FIFet 0.475  0.805 0.542 0.705 0.781 0.562 0.603 0,704 0.440 0.768 0.826 0.942 0.930 0.854 0.864
den 265 269 264 2.3 262 2.61 259 258 257 250  2.60 2.42 234 235 .M
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Appendix E
(Continued)

CIPW Normative Analysis

Saaple Mai-2  RQ-6  80-7  J@-2 MW=L M-S M6 J0-1 M4 Jum-l Be-9 J0-3 B2 BG-1  JWUF-L
6roup § 3.00  3.00 300 300 300 3.00 3.00 3.00 300 3.00 3.00 3.00 3.00 3.00 3.00
Sual 1 3 3 { 1 { 1 1 1 S 5 1 1 1 !

Key ] b 3 ] 3 ] S ) 3 ] ] L] ] ] ]

Ret t 1 { 1 1 1 ! 1 1 1 1 i 1 1 {

Sily 7295 Tl TI.M TIB2 T3NS TI.80  74.ST  TAL91 75,08 76,06 75,36 7S.92 TS.T3 6.7 Te.Tb
Ti0s 0.0 0256 026 0.38 030 0.30 0356 0.33 0.35 0.17 0.19 0.23 0.18 0.9 0.1b
Ala0y 12,42 1351 13,80 12,16 1211 12,16 12,08 11,72 11,89 12,23 13.13 11.50 13.08 12.76 11.39
Fed 28 2,63 247 L0 38T 3.2 332 38 5.2 2.0 182 2 L0 18 .M
L] 0.08 0.04 0.04 0.05 0.06 0.05 0.06 0.07 0.06 0.04 002 0.05 0.02 0.00 0,02
L] 0.81 038 039 0.3 037 043 042 054 034 0.08 0.27 0.31 0.18 0.26 0.09
Cal 0.21  0.82 0.92 0.4 0.14 004 0.2 0.9 028 032 0.82 0.3 076 075 0.20
Nas0 {10 323 37 L6t 084 L3 197 LT 27T 3.2 103 2.12  2.19 L.
ke .70 5.9 e.02  7.26 836 9.04  0.33 .38 742 5.8l S.M 809 670 b4 1.3
Pals ¢.o4 004 005 0,05 0.00 0018 0,05 0.03 004 0.01 003 0.02 0.03 0.3 0.00

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

~ 7.80 1223 1.9 1.7 6 A2 833 43S 503 .07 12,00 5.8 1662 1SN 6.3
] B2 7.2 2.3 .00 3. 3176 438 35.01 A8 32,47 W47 W70 B2 N1 3.2
or .68 7Y 34T AL% 4.4 2.6 4267 37.05 4131 3351 3185 47.10 V.06 37.S3  42.14
» .22 2.9 26.32 1330 . 7.02 13.58 1642 T2 .99 26,99 0.55 17,09 10.28 1003
') 0.78 376 44 181 063 063 076 075 078 147 382 0851 352 3.4 0.9
c 1.3 032 026 0.9 093 073 1.3 127 093 004 054 034 1,03 0.88 0.41
by .36 2.9 0.9 ALl 7Y 338 3.6 AL 3T L84 067 2.9 CT0 065 .33
st 223 L3 LT LY L8 L2 LS 2,03 1.9 1,08 0.1 143 0.4 OM 130
il 0.74 049 049 070 0.55 0.57 0.6 0.61 085 032 035 0.4 034 0.3 0.3
hes 0.00 0,00 029 0.00 0.00 000 0.00 000 0.00 000 0.88 0.00 0.5 0.45 0.00
» 0.09 0,09 0.12 012 0.02 0.02 0.12 0.07 0.09 0.02 0.07 0.05 0.07 0.07 0.00
FelS 28 2,83 217 370 3T 325 332 ek 2 2.0 1.2 T2 L2 18 .M
FIFen 0.843 0.877 0.851 0.876 0.9%08 0.886 0.890 0.879 0.907 0.9%2 0.850 0.898 0.870 0.818 0.963
den P20 20 T % [ B 2 L R 2 | R 25 6.+ R 2 25 - S 2%. » S 38 0. S 6 ) S 20§ S v
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Appendix E
(Continued)

CIPW Normative Analysis

Sasole LC-3  LC-¢  nIG-8
6roup § 3.00 300 3.00
Qual 1 1 1

ey H ] ]

Ref 1 1 1

Si0y 76.93 T2 T
Tile 0.29 0.14 0.14
Alals 11,35 1071 10.62
Fed .07 .14 2.0
"m0 0.03  0.04 0.02
ne0 0.22 0.08 0.05
Cad 0.13  0.31  0.13
Naqx0 0.57 0.18 0.3
(&) 8.4 .27 .97

Total 100.00 100.00 100.00

~ 11.79 0.3 0.0
] 38 BT N7
or 30.71 W31 %M
» R L2 1L
a 0.64 1.03 0.00
¢ 0.7 0.00 0.2
di 0.00 0.45 0.37
hy 220 LT L®2
& 0.00 0.00 1.09
ot 1.0 L14 0.33
il 0.28 0.7 027
FeQ8 2,07 2.4 2,06
F/IF 0.905 0.964 0.97%
den P20 S 40 S 0 41
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Least Squares Regression of NIQ-2



Appendix F

Least Squares Regression of NIQ-2

The Parent lava is NIQ-2
Coef %
0.146 0.262 OL(OS1)
0.302 0.542 BYTOW
0.109 0.196 CHAUG
0.434 LC-2 is the daughter

Si02 TL02 Al203 Fe0 MnO Mg0 Cao Na20 K20 P205
g%aZ §5.14 1.56 15.62 10.686 0.14 5.53 5.80 3.10 2.09 0.35
-2
CBS 49.239 1.45 16.99 11.43 0.18 T7.73 9.45 2.30 0.83 0.26
CALC 49.67 N.74 16.82 11.43 0.15 7.686 9.41 2.16 0.96 0.1
DIF -0.11 0.71 0.08 -0.00 0.02 0.07 0.04 0.14 -0.13 0.10
Sum of squares of residuals=s 0.578
D CALC 0BS RE3SID LC-2
RB 0.07 32 9 =23 70
BA 0.186 481 477 . =3 970
3R 1.83 929 336 -593 464
v 0.00 0 0 0 0
CR 0.01 40 197 157 92
NI 0.01 39 195 183 89
ZR 0.01 127 137 10 291

Do another one? (Y/N)
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Appendix F
(Continued)

The Hybrid lava is NIQ-10

Cceft %

2,281 D.061 OLIUSL:

0.004a D.204 CHAUG

0.090 0.C90 BYTOW

2.720 0.718 NIg-2

0,127 D.127 MNW=-:

3iZ2 Ti22 A120T FeQ MnC

OL/US 23.67 Q.06 .0 41,27 c.8
C=AUG *T.22 Q.30 Z.82 6.7 Q.19
BYTOW 49.:8 CG.u0 322.22 Q.24 Q.90
NIQ-2 48.62 1.4 15.73 11.26 0.17
MNW=-1 73.93 0.370 12.11t S.57 0.06
NIQ-10
0BS 2.2 1.49 18.76 11.08 0.17
CALC S1.:.7 1.07 16.50 11.14 0.16
DIF 0.47 0.42 =0.37 =0.06 0.00
Sum of squares cf residualss= Z.588
Do ancther cne? (Y/N)
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MO

me o
- e &

16.49
0.20
7.61
0.2

6.86
7.03
-0.17

Least Squares Regression of NIQ-2

Cal
.28
20.08
13.42
9.30
0.14

7.87
8.20

-0.23

Na20
0.00
0.29
=.9%58
2.26

1.14

2.83
2.01
0.84

k20

0.00
0.01
0.17
2.23

8.36

1.28
2.77
-1.48

P203
0.038
Q.00
0.00
0.26
0.01

0.29
0.19
0.10
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Trace Element Partion Coefficients



Appendix G

Trace Element Partition Coefficients

,OL- 1
12.0000
0.0100
0.0050
0.0100
0.0100
0.0100
0.0100
0.00%50
0.0050
0.0200
0.0200
1.0000
0.0100
0.0010
0.0100
0.0150

CPX- 2
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4.0000
0.1000
0.0200
0.5000
0.1000
0.0200
0.4000
0.1000
0.2000
0.5500
0.5500
5.0000
0.3000
0.0100
0.5000
0.6000

PLG- 3
0.0400
2.0000
0.0500
0.0200
0.0300
0.3000
0.0700
0.1200
0.0800
0.0400
0.0400
0.0400
0.0200
0.0100
0.5000
0.0600

SPN- 4
6.0000
0.0500
0.0100
0.1000
0.1000
0.0200
0.0500
0.0300
0.0300
0.1000
0.1000

175.0000
0.0100
0.0050
0.0500
0.0700



Appendix H

Correlation Coefficients with Alteration Indicators



Appendix H

Correlation Coefficients with Alteration Indicators

Fe203 K20

K20 -0.545

Ni -0.771

Cu -0.395 0.456
Zn -0.099 0.246
Sr -0.820 0.702
Rb 0.662 -0.549
Y 0.643 -0.463
Ir 0.520 -0.362
Nb 0.319 -0.323
Ba -0.038 -0.011
Lax 0.016 -0.087
Sm 0.621 -0.520
ba 0.630 -0.490
Ce 0.661 -0.507
Yo 0.600 -0.515
Lu 0.622 -0.491
Cr -0.607 0.696
Hf 0.690 -0.5560
Th 0.821 -0.605
Eu -0.146 -0.094
T 0.524 -0.399
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