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Abstract

Abstract
The Portage Lake Volcanics (PLV) on the Keweenaw Peninsula, Michigan, USA used to host
one of most famous and biggest native copper mining areas in the world and are now closed. The
rock sequence is also the locality of the first description of the low-grade metamorphic index
mineral pumpellyite (Palache and Vassar, 1925). Exploration and mining of the native copper
deposits in the approx. 5 km thick Keweenawan (Precambrian) Portage Lake Volcanics (PLV) on
the Keweenaw Peninsula have provided many drill cores. Due to a lucky coincidence, 195 km of
drill core material is still accessible. Part of this drill core is the basis for studying the history of
the low-grade metamorphism of the basaltic rocks of the Portage Lake Volcanics. Ten drill cores
were finally selected and studied, representing three vertical stratigraphic profiles through the
PLV. The three profiles are located northeast of the former main mining area along the SW-NE
striking PLV. They are correlated by interflow sediments. Furthermore, two samples from the
Calumet mine were studied to complement the fluid inclusion data.
Amygdaloidal flow tops and veins with abundant secondary alteration minerals, less altered
transition zones and massive flow interiors were sampled. The macroscopical and microscopical
description combined with X-ray diffraction analysis lead to an overview of the mineral
distribution in the studied area. The two already described low-grade metamorphic facies, a
pumpellyite-prehnite and a zeolite facies, were confirmed (Jolly and Smith, 1972; Livnat, 1983).
In contrast to the model of Jolly and Smith (1972) the samples do not indicate a stratigraphic
zonation, which was demonstrated by Livnat (1983). His data support a low-grade metamorphic
alteration plane, which crosscuts the stratigraphy of the PLV dipping towards the north at a
shallower angle than the original bedding. In contrast, this study suggests an irregular and
discontinuous distribution of the pumpellyite-prehnite index minerals with a slight trend to more
pumpellyite-prehnite abundance in the SW towards the main mining area. The zeolite facies is a
later, superimposed low-grade metamorphic alteration event related to late crosscutting veins.
Based on the results of the microscopical studies, a three-stage alteration model of the PLV is
postulated. These stages are subdivided into different pulses on the basis of electron microprobe
analysis, fluid inclusion study and cathode luminescence data. The alteration minerals, such as
quartz, pumpellyite and calcite, show major zonations, from 3 to 7 zones.
The investigation of alteration minerals in the different units of the PLV revealed that the growth
of the low-grade metamorphic minerals was strictly controlled by the fluid/rock interaction and
thus by the permeability of the surrounding rocks. In permeable rocks, secondary minerals like
epidote, pumpellyite and prehnite are abundant as initial secondary alteration minerals. In nonpermeable rocks such as massive flow interiors and in zones with non-connected small (<2 mm)
amygdules, phyllosilicates dominate as minerals of initial alteration.
Phyllosilicates are the dominant minerals in the PLV. They can be considered as relative
indicators of metamorphic grade (e.g. Kristmansdottir, 1979; Schiffman and Fridleifsson, 1991).
In the Ahmeek profile, containing slightly more pumpellyite-prehnite index minerals, two distinct
populations of phyllosilicates developped (chlorites and mixed-layered phyllosilicates). In
contrast in the Copper Harbor profile, simultaneously with less abundant prehnite-pumpellyite
facies index minerals, a continuous population of phyllosilicates (chlorite-corrensite-mixedlayered) is present.
The first and the third alteration stages are well distinguished on the basis of their δ18O values,
where epidote, clinochlore and quartz of the first stage have a range of 5 Ð 15ä and calcite of the
third stage shows a range between 20 Ð 30 ä.
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Abstract

The fluid inclusion studies in quartz and calcite close to the native copper precipitation revealed
two main fluid inclusion populations. In the Copper Harbor profile, these populations can be
divided into a high saline (> 30 wt%) and a low saline (≤ 10 wt%) population. Towards the
southwest, the differences between the fluid populations vanish. In the studied mine samples, no
populations could be distinguished so far.
Based on fluid inclusion and stable isotope data fluid mixing as suggested by Livnat (1983) was
confirmed. The recently obtained data indicate that meteoric and metamorphic waters were
mixed. The postulated seawater input (Livnat, 1983), however, could not be observed.
The process of native copper precipitation was probably different in the drill core profiles, where
only little native copper occurs, and in the mine samples. In the mine samples corrosive fluids
dissolved and precipitated quartz and calcite up to three times before the native copper
precipitation occurred. The gangue minerals of the available mine samples are epidote and quartz.
In the studied drill cores copper occurs together with prehnite. Two main types of native copper
emplacements could be observed. The first type was likely precipitated as a result of a short,
powerful, hydrothermal process such as pressure release, which is indicated by native copper
droplets in vein quartz and in quartz cement of the conglomerates. The second type formed
slowly as native copper sheets parallel to calcite cleavage or along grain boundaries. In contrast
to the typical mine samples, no corrosion could be observed here.
The low-grade metamorphism in the PLV must have been related to a high heat flux, which was
probably caused by an underplated gabbro at ca. 40km depth. Later thrusting along the
Keweenawan fault did not change the metamorphic conditions considerably but generated new
pathways for fluids depositing the same minerals or similar assemblages of alteration stage II.
The deposition of the native copper ores is connected to this alteration stage. A late retrograde
zeolite facies overprints the early alteration stages.
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Introduction
In general, metamorphism is a process of solid-state change in the mineralogy, texture and
chemistry of rocks (Frey and Robinson, 1999). Metamorphism includes low-grade
metamorphism (<400 oC, < 3kbar), high temperature metamorphism (>400 oC, > 4kbar) and high
pressure metamorphism (>10kbar). Metamorphic minerals are usually easily to distinguished in
high temperature-high pressure metamorphic rocks and therefore these types of metamorphism
are well studied. Although being nearly omnipresent, low-grade metamorphism is comparatively
little studied, because the minerals are not as easily identified. The first text book on very lowgrade metamorphism was published in 1987 by Martin Frey and therefore, this branch in the
geosciences may be considered to be relatively young. The low-grade metamorphic group of
Basel under the head of the late Prof. Martin Frey († 2000) studied several areas of low-grade
metamorphism in the Swiss Alps, (Wang et al. 1996 ; Schmidt et al., 1997), in the Andes of Chile
(Belmar, 2000) and on New Caledonia (Potel, 2001)

Figure 1: Topographic map of the study area. Black quadrangles indicate the locations
of the profiles and the single field-site (Keweenaw Point).

Motivation
This thesis is concerned with the low-grade metamorphism of the Precambrian or Keweenawan
basaltic rocks, named the Portage Lake Volcanics, on the south shore of Lake Superior in
Northern Michigan, USA (Fig. 1). Based on selected material of drill cores, with a total length of
195 km (600 000 feet), which were recovered during mining activities; it examines the
distribution of metamorphic minerals, the stable isotope composition of selected low-grade
metamorphic minerals as well as the fluid inclusion populations in quartz and calcite. The main
scope was to reinvestigate the proposed vertical metamorphic zonation, to generate a model how
4

the alteration could have taken place and to understand where the alteration fluids might have been
derived from. In chapter 3 of this thesis the whole alteration history is described, discussed and a
model of the alteration history is presented. In chapter 4 the occurrence of the phyllosilicates is
discussed with the three common formation models of clinochlore, corrensite and smectite. Chapter
5 presents the observations of the fluid inclusion studies, which confirm the present hypothesis about
fluid mixing during the alteration and especially during the native copper precipitation.
The Keweenaw Peninsula is famous for its rich native copper deposits, which were exploited from
1845 until the late 60ies of the 20th century. The area produced about 5 Mio t of refined copper
(Weege and Pollack, 1971) and was at this time the biggest copper mine in the United States of
America. The host rock of the native copper deposits is the unit of the Portage Lake Volcanics,
abbreviated as PLV in the following text. Various studies concerning the genesis of the native
copper deposits (e.g. Rath, 1874; Butler and Burbank, 1929; Broderick, 1931) were carried out. The
metamorphic index mineral pumpellyite was recognized and described for the first time from this
area by Palache and Vassar (1925).
Already as early as in 1959, Stoiber and Davidson recognized a stratigraphically dependent mineral
zonation in the PLV. Jolly and Smith (1972) applied the new ideas of the low-grade metamorphic
facies concept which was introduced by Coombs et al. (1959). They studied a diamond drill core
profile through the PLV focusing on the alteration minerals and proposed three metamorphic zones
with increasing stratigraphic depth. Livnat (1983) studied drill core samples, surface samples and
dump hill material from the former copper mines and showed evidence that the secondary mineral
zones and the δ18O isopleths of flow top minerals in the PLV dip at a shallower angle than
stratigraphy. Based on the first stable isotope analyses Livnat (1983) initiated a discussion about
seawater input during alteration processes of the PLV.
Low-grade metamorphism is also known from the Precambrian North Shore Volcanic Group on the
south-western side of Lake Superior. Within the 8 000 km thick volcanic rocks of the North Shore
Volcanic Group, a stratigraphically controlled metamorphic zonation is present spanning five lowgrade metamorphic zones from low zeolite to beginning greenschist facies (Schmidt, 1990, 1993;
Schmidt & Robinson, 1997)

Strategy
Sampling strategy
It was first necessary to overview the 600Ê000 feet (195 km) of accessible drill core from the Portage
Lake Volcanics stored in a building at Calumet, Michigan. The drill core is stored in wooden boxes,
which are piled up to a height of more than several meters (Fig. 2). Drill site locations on the
Keweenaw Peninsula and a short log-description of the rocks and minerals carried out at the time of
drilling are still available. This information is stored on microfiche at the library of the Michigan
Technical University in Houghton.
After a first examination of the drill core, the most suitable material was arranged in four drill core
profiles, which are located between the Calumet mining area and the tip of the Keweenaw Peninsula
(Fig. 1). This should allow a comparison of alteration close to the native copper main mining area
and metamorphism unrelated to significant copper deposition.
Altered flow tops and bases, transition zones and less altered massive flow interiors were sampled.
The flow tops and bases host the main amount of alteration minerals whereas the massive flow
interiors are the least altered parts.
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Figure 2: Part of the 195-km of diamond drill core. A) Drill core in the drill-core storage building in
Calumet/Michigan (box-length about 2-m); B) Core diameter 3 cm, numbers indicate
drill-depth in feet.

Initially, 912 samples from 17 different drill cores and an additional five surface samples were
taken (Fig. 3). During the laboratory work the number of drill cores was reduced to 10 drill cores
with a total number of 595 samples, and the surface samples were excluded.
The Copper Harbor profile, it is located in the eastern part of the Keweenaw Peninsula and
consists of three individual drill cores. The second drill core profile - located about 25 km to the
west of the Copper Harbor
profile - is the Eagle Harbor profile with five individual drill cores. These drill core section
represents in part the same section which was also investigated by Stoiber & Davidson (1959a,
b). The third profile, the Ahmeek profile, consists of three drill cores and is located in the vicinity
of the Calumet mine. Three different interflow sediments are used as marker horizons for the
stratigraphic correlation of the three profiles (Fig. 3).
For a descriptive purpose, the PLV are subdivided into four horizontal sections (A to D) from the
stratigraphic top (A) of the volcanic lava flows down to the Keweenawen Fault (D), which cuts
the PLV in a stratigraphically deeper level (Fig. 3).
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composition of the alteration fluid. They also might influence the formation of different mineral
assemblages and generations in the amygdules, veins and the matrix itself.

Chlorite geothermometry after Cathelineau (1988)
Phyllosilicates are the most abundant alteration minerals in the PLV. Cathelineau (1988)
introduced a chlorite geo-thermometer, which is based on the tetrahedral Aluminum content in an
uncontaminated chlorite. Mixed-layering of chlorite is a common feature in the PLV. Therefore
the geo-thermometer has its limitations and should not be applied. Nevertheless, the chlorite
formation temperatures were calculated and approximate formation temperatures were obtained.
Stable isotope investigations (D, 13C, 18O)
The purpose of measuring stable oxygen and hydrogen isotopes was to reveal the nature and
origin of the fluids, which altered the PLV. Livnat (1983) postulated that a seawater input and the
abundant boron minerals likewise support such a theory.
The laboratory of Prof. Ripley (Indiana University of Bloomington) was chosen because its
facility hosts an extraction-line for hydrogen from phyllosilicates (Ripley et al. 1998). Another
reason was to be able to exchange experience and ideas with colleagues that were involved in
similar projects. Therefore, this Ph.D. project included a 5.5 months stay at the stable isotope lab
of the Geological Department at the Indiana University of Bloomington during spring and
summer 2000.
Fluid inclusion studies
Fluid inclusions in low-grade metamorphic alteration minerals such as quartz and calcite contain
essential information about the temperature formation of the host mineral and the composition of
a fluid (Mullis, 1987). Various generations of low-grade metamorphic calcite and quartz were
investigated from veins. Samples with abundant native copper were not available since the drill
core with the native copper was probably removed immediately after drilling. Nevertheless, some
samples contain small amounts of native copper.
Scanning electron microscopy (SEM)
Some of the highly polished thin sections, already used in the EMP analysis, were used to obtain
highest quality back-scatter images. The SEM became an important tool in the context of the
genesis and timing of formation of the native copper deposits and its relation to low-grade
metamorphism. It allowed to generate in part a three-dimensional view of the native copper
inclusions in quartz and calcite. From these and EMPA-BSE (back scatter electron) images,
information about the mechanism of rapid copper precipitation could be derived.
Cathode luminescence
Cathode luminescence is mainly used in sedimentary geology to reveal the nature and generations
of carbonatic cements. It is based on the variations of trace elements (mainly Mn and Fe) in
minerals. In the PLV, different calcite generations usually contain different quantities of trace
elements, therefore showing different cathode luminescence colors. It confirmed the results of
stable isotope analysis to a certain extent.
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General Geology
The Keweenaw Peninsula is part of the North American Midcontinent Rift System extending
from Kansas through the Lake Superior Region and to southern Michigan with a total length of
about 2000 km (Fig. 1). The Mid-continent Rift System is the result of ex-tensional thinning of
the Precambrian Superior block by an asthenospheric mantle plume which resulted in the
extrusion and emplacement of large volumes of basaltic and rhyolitic rocks within the Rift
(Hutchinson et al., 1990). The rift is filled, beneath Lake Superior, with a succession of subaerial
volcanic deposits and clastic sedimentary rocks. Based on seismic profiles across the Lake
Superior, the present day total thickness of the rift filling rocks is estimated to be around 35 km
(Cannon, 1989; Hinze et al., 1990; Cannon and Hinze, 1992).

Figure 1: Context of the Keweenaw Peninsula in the Precambrian rift structure and general
geology of the Peninsula itself (redrawn from Bornhorst, 1997). The numbers (1, 2, 3)
in the schematic map indicate the approx. location of the studied drill core profiles.
Rift magmatism in the Lake Superior Region occurred ca. from 1.109 to 1.087 Ga. while the PLV
erupted during a 2-3 Ma period around 1.095 Ga (Davis and Paces, 1990; Paces and Miller
1993). They are composed of at least 200 subaerial tholeiitic basaltic lava flows, with minor
interbedded clastic sediments. The predominant rock type in the PLV is a fine-grained to ophitic,
plagioclase-rich olivine tholeiite (Jolly, 1972; Jolly and Smith 1972). Sometimes, in bigger flows
where in situ differentiation took place, the texture becomes pegmatitic (Cornwall 1951a, b, c;
Lindsley et al. 1971). Less then 1 vol. % of the PLV are intermediate to felsic volcanic and
subvolcanic rocks (Nicholson, 1987; Grimes, 1977).
Individual flows can have a consistent thickness over distances of 30-50 km and a few single
flows can be recognized over distances of up to 100 km along strike. Flow thickness varies from
one meter to over 500 m with an average of approx. 10 m (Paces, 1988). This average lava flow
may contain 10 to 50 km3 of magma. The largest flow within the PLV, and one of the largest
flows on Earth, is the Greenstone Flow with a thickness of up to 500 m. It is estimated to contain
more than 1500 km3 of magma (Longo, 1983, 1984).
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Figure 3: Schematic stratigraphic back-tilted profile through the Portage Lake Volcanics (PLV)
on the Keweenaw Peninsula (after White, 1971). Indicated are the 17 sampled drill
cores and one field-location (Keweenaw Point). Drill cores in bold are studied in detail
in this thesis.

Macroscopical, microscopical and x-ray diffraction mineral determination
While sampling the drill core, a brief sample description of the alteration minerals and the host
rocks was obtained. A more detailed examination was carried out in the lab in Basel and a
database of the occurrence and relative distribution of alteration minerals was obtained. With the
help of the generated database, several key questions were asked and answered. Such as: What is
the dominant mineral assemblage in the original stratigraphic levels? Is there a relation between
mineral distribution and tilting or current stratigraphic deposition. In other words, do the mineral
distributions show stratigraphic crosscutting relationships or is the distribution of alteration
mineral zones controlled by stratigraphy, by later tectonic thrusting or by fluid movement?
The macroscopical descriptions were supported and supplemented by the X-ray diffraction
technique to identify complex and individual mineral phases and by thin section microscopy.
Thin section studies gave a more detailed idea about the relative mineral growth in amygdules
and veins.

Electron microprobe analysis (EMPA)
Due to restricted sample material, almost all thin-sections are highly polished ones, which are
also suitable for electron microprobe measurements. Because of the fine-grained nature of the
alteration minerals, electron microprobe analyses were necessary to identify the minerals. In
addition, the chemical composition of minerals (e.g. pumpellyite, quartz, É) was analyzed to
obtain information about zonation. These chemical changes reflect changes in the physicochemical conditions during formation, such as temperature, fugacity or variation in the
7
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Figure 2: Schematic stratigraphic back-tilted profile through the Portage Lake Volcanics (PLV)
on the Keweenaw Peninsula (after White, 1971). Indicated are the 17 sampled drill
cores and one field-location (Keweenaw Point).
About 3% of the total volume of the PLV consists of interbedded sediments (Merk and Jirsa,
1982). These sediments are rare but an important feature within the PLV because they form
relatively continuous marker horizons, which allow a stratigraphic correlation of the three drill
core profiles of this thesis. In the PLV, there are 22 major interflow sedimentary horizons (Butler
and Burbank, 1929; White, 1952; and Merk and Jirsa, 1982). On the Keweenaw Peninsula, the
total stratigraphic thickness of the PLV is estimated to be 5000 m (Fig. 2).
The younger Keweenawan Copper Harbor Conglomerate covers the PLV. The PLV on the
Keweenaw Peninsula dip in general 25° to 70° North towards the present axis of the Lake
Superior syncline. These rocks are cut by a major thrust fault, the Keweenaw Fault, most of
which is buried beneath a younger gently dipping to flat-lying sandstone of the Jacobsville
Formation (Fig. 1).
The Keweenaw Fault transformed the original graben bounding normal fault into a high-angle
reverse fault (Cannon, 1989). It shows several kilometers of lateral displacement. Within the riftfilling strata of the Keweenaw Peninsula, faults, fractures and broad open folds developed in
response to this contractional event (White, 1968; Butler and Burbank, 1968). Cannon et al.
(1994) has determined that the faulting occurred about 1060 +/- 20 Ma ago, using reset Rb-Sr
biotite ages in older Precambrian basement rocks near the Michigan-Wisconsin border as
argument. The probable cause of this compressional event is the continental collision along the
Grenville front (Hoffman, 1989; Cannon and Hinze, 1992; Cannon, 1994).
A vertical section of a typical basaltic flow from the PLV can be subdivided into four parts (Fig.
3). The flow base consists of basalt with small and rare amygdules with a diameter of 2 mm. The
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massive flow interior (MF) consists of massive basalt that is mostly impermeable, except for
some cross cutting fractures. A transition zone (TZ) occurs between the MF and flow top. It
consists of basalt with amygdules that increase in abundance upwards. The flow top (FT) consists
often of a very porous, sometimes even cellular basaltic rock. In flow tops pipe-amygdules are
often observed. They indicate with their elongated shapes where the surface of the lava flow was.
Some FTÕs are brecciated and therefore infiltrated with clastic sediments in the open spaces.

Figure 3: Schematic lava flow of the Portage Lake Volcanics.
The PLV of the Keweenaw Peninsula are famous for the rich native copper ore deposits (Fig. 1).
Between 1845 and 1968, the refined copper production was ca. 5 Mio t (Weege and Pollack,
1971). About 96% of the production came from the area between Houghton and Calumet. The
copper was deposited as part of the widespread metamorphic / hydrothermal alteration process of
the PLV (Stoiber and Davidson, 1959). It is still unknown why the copper concentrations vary in
that area, where specific enrichment processes were to form economic deposits (Broderick,
1931), and why other similar settings such as Isle Royale, Michigan, Wisconsin, Minnesota or
Ontario, Canada do not show economic copper deposits (Cannon and McGervey 1991).
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