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Abstract

The Keweenaw fault is likely the most significant and most studied fault associated with
the Midcontinent Rift System. The fault roughly bisects the Keweenaw Peninsula and
places Portage Lake Volcanics (~1.1 Ga) over much younger Jacobsville Sandstone (~1.0
Ga). Published bedrock geology maps with cross sections from the 1950s show the fault
as a single continuous trace that is locally associated with smaller cross faults and splays.
The accompanying cross-sections show hanging-wall volcanic strata having a well-

defined, listric geometry with dip decreasing away from the fault to the northwest.

This M.S. thesis presents a structural analysis and interpretation of the Keweenaw fault
system between Lake Linden and Mohawk, MI, which includes the well-known localities
of Houghton-Douglass Falls, the St. Louis ravine, the Natural Wall ravine, and the
anomalous rhyolite body near Copper City. Objectives of the study were to better define
the geometry, movement, and slip kinematics of the Keweenaw fault while also
characterizing the fold patterns associated with the fault system. Field observations and
data were used to revise existing bedrock geology maps, construct new cross-sections,
and analyze fold geometry and fault slip behavior to infer aspects of the tectonic regime

that caused the deformation.

New field mapping has refined the trace geometry of the Keweenaw fault and smaller
associated faults, revised intersections between several splay faults and the main fault,
and suggested the existence of several footwall splays not previously recognized. These

map changes better define the Keweenaw fault system in this area as consisting of: 1)

Xii



major NNE-trending segments that define the fault system’s overall trend and probably
have mostly reverse slip; 2) NE-trending segments that branch off the major fault
segments and define wedge-shaped fault blocks that widen to the northeast in the
footwall; and 3) NNW-trending segments that connect faults of the first two types. At a
point southwest of Copper City, the main fault surface abruptly changes strike from
N16°E to N58°E traveling in a northeasterly direction and it shifts ~650 m deeper
stratigraphically within the Portage Lake Volcanics. This abrupt change in trend and
stratigraphic level of the main fault occurs at a complex junction of the Allouez Gap fault
with two major segments of the Keweenaw fault at the northeast end of the Mayflower

fault block.

Orientation analysis of Jacobsville Sandstone strata in the footwall of the fault system
defines fold axes subparallel to nearby faults and with plunge directions that change from
southwest to northeast moving in the same direction. Fault-slip analysis reveals both
strike slip and dip slip along the fault system rather than only reverse movement as in the
generally accepted model. Measured slip directions collectively define a 0.84:1 ratio of
strike-to-dip slip for the fault system, and a fault-slip inversion analysis computes a
nearly north-south maximum shortening direction of 2°-182°. Fold axis trends in the
current area indicate shortening along an ESE-trending line, whereas fault-slip inversion

analysis indicates a north-south shortening direction.

Xiii



1 Introduction

The Keweenaw fault (KF) is one of several major faults that generally trends parallel to
the margins of the Midcontinent Rift System (MRS) and is arguably the most significant
fault associated with the MRS (Fig. 1). The fault roughly bisects the Keweenaw
Peninsula and extends from the northeast-most tip for 250 kilometers southwesterly to
northern Wisconsin. Published bedrock geology maps and associated cross sections from
the 1950s show the fault as a single continuous trace that is locally associated with
smaller cross faults and splays. Reverse slip on the fault, estimated to be on the order of
10 km (Cannon and Nicholson, 2001; DeGraff and Carter, 2023), has juxtaposed Portage
Lake Volcanics (PLV, ~1.1 Ga) against much younger Jacobsville Sandstone (JS, ~1.0

Ga).
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Figure 1: Mesoproterozoic Keweenawan Supergroup rocks of the Midcontinent Rift System
(black outline of inset; red box is area of main figure) in the Lake Superior region. Main rock
units of interest: PLV—Portage Lake Volcanics; JS—Jacobsville sandstone. Main fault of
interest: KF—Keweenaw fault. Other letter codes: DF—Douglass fault; LOF—Lake Owen
fault; IRF—Isle Royale fault; TF—Thiel fault; MIF—Michipicoten Island fault; MF—
Munising fault; SS—Superior Shoal. Red “U” indicates upthrown sides of faults. Keweenaw
Pen. —Keweenaw Peninsula. (modified from DeGraff and Carter, 2023).



The U. S. Geological Survey (USGS) mapped the bedrock geology of the Keweenaw
Peninsula in the 1950s because of its important historic copper mining history and
remaining mining potential. Native copper was mined along the Keweenaw Peninsula
from the 1840s to the 1960s, and Michigan’s Copper County was the nation's leading
producer of copper from 1845 to 1887 (Stevens, 1909). An analysis of the distribution of
mine workings and drilling in the Keweenaw Peninsula (Bodwell, 1972) showed that
large volumes of potentially mineralized rock remain untested by drilling, including
within the intensely mined portions. Thes copper deposits are interpreted to be the result
of mineralizing hydrothermal fluids likely derived from the rift-filling volcanic rocks that
migrated upwards following the active rifting (Bornhorst and Barron, 2011). Some have
postulated that the Keweenaw fault and, presumably, lesser faults and fractures acted as
conduits for copper-rich hydrothermal solutions to follow and ultimately to deposit these

large volumes of native copper (Brown, 2008; Rose, 2020).

Government and copper industry geologists have mapped the position of the Keweenaw
fault by finding contacts between the PLV and JS and by interpreting relatively primitive
aeromagnetic surveys from the 1950s (Fig.2; Irving and Chamberlin, 1885; Butler and
Burbank, 1929; White et al., 1953; Davidson et al., 1955). While state of the art for the
time, methods to locate geological features and to create paper maps during the 1950s
were somewhat primitive by today’s standards of satellite-based positioning and
computer-aided digital map production, which made the earlier geologic mapping more
difficult, time consuming, and less accurate. Also, during that time, much less was known
about fault systems and surface features that indicate slip direction and sense, and so

measurements of slip lineations typically were not made. This made characterizing fault
2



movement and inferring principal strain directions somewhat speculative. Mapping of the
Keweenaw fault system since 2017 using modern mapping methods, however, has started
to resolve its geometric details and slip kinematics in a way that permits a better

interpretation of its origin (DeGraff et al., 2018; 2020).
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Figure 2: Cross-section of the Keweenaw Peninsula north of Portage Lake (see Figure 2). No
vertical exaggeration (Cannon and Nicholson, 2001).
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Figure 3: Generalized bedrock geology of the Keweenaw Peninsula showing three
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Field-based research by graduate students at Michigan Technological University,
supported by USGS Educational Mapping Program (EdMap) grants for 2017-2018 and
2019-2020 (Fig. 3), has enhanced understanding of the Keweenaw fault system (KFS) by
improving resolution of fault segment geometry using satellite-based location and by
defining fault slip characteristics using fault-surface features. The first EdMap project
eastward from Béte Grise Bay revealed the Keweenaw fault to be a complex fault system
of ESE-trending, left-stepping faults connected by ENE-trending faults (DeGraff et al.,
2018; Tyrrell, 2019), rather than being a single sinuous fault as portrayed on older maps.
Measured fault-slip indicators showed that collective slip along the fault system was
mostly right-lateral with a lesser, north-side-up, reverse component. The second EdMap
project between Mohawk, MI, and Béte Grise Bay recognized three categories of faults
within the KFS: 1) ENE-trending segments subparallel to the overall fault trend; 2) ESE-
trending segments with a left-stepping echelon pattern; and 3) NNE-trending segments
that connect members of the other two fault sets (Mueller, 2021; Lizzadro-McPherson,
2023). Again, this fault segment geometry and fault-slip observations indicate a mostly

right-lateral strike-slip system with lesser north-side-up reverse movement.

A third EdMap Project in 2021-2022 (Fig. 3) focused on the Keweenaw fault system
between Hancock and Mohawk, MI, where it trends more northerly in contrast with
previously investigated parts of the system that trend more easterly (DeGraff et al., 2022).
The goal was to test whether previous findings regarding fault geometries, slip
kinematics, and related deformation would apply to the more northerly trending part of
the Keweenaw fault system (KFS) and to identify any differences and explain their

significance for fault slip behavior. Abundant structural data collected during two field
4



seasons have been analyzed and interpreted to explain fault and fold patterns regarding
deformation along the fault trace in the new area. By comparing previous and current
analyses, fault-slip kinematics and fold geometries have been re-evaluated with regard to
how they change along the Keweenaw Peninsula and what they imply about principal

strain directions.

The third EdMap project forms the basis for this thesis, which focuses on fault geometry,
fold geometry, and slip kinematics of the Keweenaw fault system between Lake Linden
and Mohawk, M1, i.e., the northeast half of the EdMap project area (Fig. 3). The project
results reported here provide an improved representation of bedrock geology along the
KFS, an updated interpretation of the fault system’s slip kinematics, and new insights on
deformation patterns in the hanging wall and especially the footwall of the fault system.
One potential societal impact of this research is an improved ability to drill successful
water wells because of more precise knowledge about fault position and the influence of
fault-related deformation on hydrogeologic architecture. Project results also have
important scientific implications for fault-system evolution and its tectonic drivers such
as the Grenville Orogeny, as well as economic implications about possible fault system

control on the location of native copper deposits.



2 Geologic Background and Setting

The Keweenaw Peninsula near the center of Lake Superior’s southern shoreline generally
follows the arcuate shape of the Lake Superior portion of the Midcontinent Rift System
(MRS) and its margins (Fig. 4). The bedrock geology of the peninsula is dominated by
Mesoproterozoic rocks related to the rifting and basin subsidence phases of the MRS.
Strata associated with active rifting include great volumes of basaltic lavas with minor
interflow sedimentary layers, whereas strata associated with basin subsidence are largely
sedimentary basin fill. During or after basin subsidence, reverse faulting occurred along
the Keweenaw Peninsula during one or more compressional tectonic events probably
related to the Grenville Orogeny. Thus, the northwest dipping Keweenaw fault juxtaposes
Mesoproterozoic volcanic strata of the Portage Lake Volcanics in the hanging wall
against younger Meso- to Neoproterozoic sedimentary strata of the Jacobsville Sandstone

in the footwall.

The origin, timing, and nature of the fault have been debated since the late 1800s. The
consensus over the last few decades is that the fault began as a rift-related normal fault
and was later reactivated as a reverse fault by a subsequent compressional event or events
(Cannon et al., 1989; Hinze et al., 1990; Cannon, 1994). More recently, a detached model
has been proposed for the Keweenaw and related faults which suggests that they initiated
during the Grenville Orogeny and did not exist during the earlier rifting event (DeGraff

and Carter, 2023). Additional details about the Midcontinent Rift System, Grenville



Orogeny, and Keweenaw fault are presented below to provide context for the new

structural observations being documented along the Keweenaw Peninsula.
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Figure 4: Extent of the Midcontinent Rift System relative to the Superior Craton and
position of the Grenville Front (Stein et al., 2011).

2.1 The Midcontinent Rift System

The Midcontinent Rift System (MRS), formed by crustal extension of Laurentia ~1.1 Ga
ago, extends ~1,100 km from Kansas northeast to the Lake Superior basin (Fig. 4), and

then turns southeast and continues ~800 km beneath the Michigan basin (Woodruff et al.,



2020). The extent of the MRS is defined mostly by large gravity and magnetic anomalies
resulting from great volumes of mafic volcanic rocks and intrusions associated with the
rift, which are covered by Phanerozoic sedimentary strata except in the Lake Superior
region. Evolution of the MRS has been described in terms of an active period of
magmatism and crustal extension, followed by a waning period with thermal subsidence,
and culminating with a compressional period that caused crustal shortening (Fig. 5;
Woodruff et al., 2020). The compressional period is considered to be unrelated to rifting
processes and so is discussed separately below. Ignoring the compressional period for
now, the active magmatic and extensional period of rifting and the waning period of
magmatism with thermal subsidence can be further subdivided into four stages as
follows: 1) Plateau Stage (~1112 to 1105 Ma); 2) Rift Stage (~1102 to 1090 Ma); 3)

Late-Rift Stage (~1090 to 1083 Ma); and 4) Post-Rift Stage (~1081 to 1060 Ma).

MRS evolution Magmahsm Thermal subsidence Compression
S AT | NS R
Tectonicstages | T Ll e "3?2.52“ | C“”“E[S;‘“;'””*"
: II-III_H IIiIIiI e et o et o
Magnetic polarity [l l ' R
Age (Ma) 120 1110 100 100 1080 10 1060 1050 1040

Figure 5: Timeline of the stages of Midcontinent Rift System evolution. Time intervals for
magnetic polarity are shown as ‘R’ (reversed) and ‘N’ (normal) (from Woodruff et al.,
2020).

The Plateau Stage of rifting produced reversely magnetized basalt flows (Powder Mill
Group) that formed a <10-kilometer-thick volcanic plateau in the Lake Superior region
(Green, 1989; Woodruff et al., 2020). Volcanic strata of this stage crop out at Silver

Mountain south of the Keweenaw fault and ~17 kilometers west of Baraga, Michigan,



where they dip 15° to the northeast (Kulakov, 2013). The main Rift Stage produced
normally magnetized basalt flows (Bergland Group), which includes the PLV that crops
out along the Keweenaw Peninsula. This group is estimated to be up to 14 kilometers
thick in some parts of the western Lake Superior basin (Stewart et al., 2018).
Sedimentary interflow units make up 2-3% of the PLV section and become more
abundant in the upper PLV, indicating a gradual transition from magmatism to
sedimentation (White, 1972b). The Late-Rift Stage marks the end of intense magmatic
activity and the beginning of subsidence dominated by clastic sedimentation. During this
stage, alluvial fan conglomerates and fluvial lithic sandstones were deposited along with
locally extruded basaltic lavas dated at 1087.2 + 1.6 Ma to 1085.57 + 0.25 Ma (Davis and
Paces, 1990). Subsidence and sedimentation continued during the Post-Rift Stage, first as
a sequence of green-gray-brown shale, siltstone, and sandstone (Nonesuch Formation),
followed by red-brown lithic arkosic sandstone, silty shale, and siltstone (Freda
Sandstone). Together, the sequence of the Copper Harbor Conglomerate, Nonesuch
Formation, and Freda Sandstone form the ~7-kilometer thick Oronto Group (Cannon and

Nicholson, 2001).

The Portage Lake Volcanics (PLV) of the main Rift Stage is a sequence dominated by
flood basalts, with lesser rhyolitic and intermediate rocks, exposed in the hanging wall
west-northwest of the Keweenaw fault system (Figs. 1 - 3). Volumetrically, the PLV is
made up of approximately 95% tholeiitic basalt flows, 2% intermediate to felsic
volcanics, and 3% conglomerates (Paces, 1988). At least 5 km of volcanic section filled
the Lake Superior basin during PLV time within a timespan of less than 5 Ma (\White,

1968; Nicholson, 1992). High-resolution age dates from the Copper City Flow (1093.37
9



+ 0.53 Ma) near the base of the section and the Greenstone Flow (1091.59 + 0.27 Ma)
near the top of the PLV stratigraphic section (Fig. 6) constrain the eruptive timing and

rate of basalt emplacement (Swanson-Hysell et al., 2019).
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Figure 6: Simplified stratigraphic column of the Western Upper Peninsula of Michigan.
Radiometric ages are shown, and ‘R’ and ‘N’ represent time periods of reversed and
normal magnetic polarity (Davis and Paces, 1990).

Basaltic lava flows display a variety of textures (Fig. 7) and characteristics that are
distributed across a flow’s thickness in predictable but variable ways and are useful for
correlation (Fig. 8; Butler and Burbank, 1929; Self et al., 1998). The interiors of PLV
lava flows typically exhibit textures described as melaphyric, ophitic, porphyritic,
glomeroporphyritic, and pegmatitic, which may be roughly related to flow thickness

(Butler and Burbank, 1929). Massive or melaphyric basalts have uniform crystal size
10



ranging from fine to medium grain and result from relatively fast cooling of thin flows or
at the margins of thicker ones. In thicker flows that took longer to cool and solidify, such
as the Copper City flow, feldspar and pyroxene crystals may grow larger to form an
ophitic texture, featuring pyroxene crystals surrounding feldspar crystals that create a
white, circular patchy texture with patches ranging from 0.5 cm to 2 cm across. In very
thick flows such as the Greenstone flow, crystal size in the flow interior may exceed 2 cm
to form a pegmatitic texture. Porphyritic and glomeroporphyritic textures display bimodal
crystal sizes with larger grains distributed evenly or clumped within a finer-grained

matrix, respectively.

Figure 7: Main PLV basalt textural varieties observed in the map area: A) massive, B)
amygdaloidal, C) pegmatite, and D) ophitic. Photos from Keweenaw Geoheritage and
Michigan Technological University (Rose, 2020).
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Figure 8: Idealized sketch of a cross section through an inflated pahoehoe lava lobe.
Upper crust: 40-60% of the lobe has vesicular texture, often with horizontal vesicular
zones (VZs); bubble size increases with depth. Core: Sparse vesicles in vesicle
cylinders (VCs) and vesicle sheets (VSs). Lower crust: Vesicular like the upper crust,
fewer joints, and 50-90% glass (Self et al., 1998).

The tops and bases of the lava flows are generally vesicular to amygdaloidal, with the
upper flow-top zone being better developed and thicker than the lower flow-bottom zone.
Amygdaloidal basalt is vesicular basalt with the vesicles filled by secondary
mineralization. The amygdules or vesicles range in size from millimeter to centimeter-
scale, and they typically have rounded, ellipsoidal, or irregular shapes. Minerals in the
amygdules commonly include chlorite, epidote, quartz, copper, calcite, laumontite,
prehnite, and pumpellyite. Flow tops are often brecciated, oxidized, and have abundant to

moderately abundant amygdules that may be aligned to coalescing. The brecciation that
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took place during emplacement (auto-brecciation), promoted subsequent weathering and
a crumbled appearance. Flow tops also display a reddish-brown hue due to oxidation and
may break down and weather into a lithic sediment during long intervals between
eruptions. In contrast, flow bottoms are generally unbrecciated and melaphyric, may have

pipe vesicles, and generally have fewer amygdules in a thinner zone than at flow tops.

Rhyolitic bodies have been described as lensoidal flows and dome complexes with
associated pyroclastic deposits that are largely associated with the stratigraphic interval
of the Bohemia conglomerate (Nicholson, 1992). The rhyolites can be split into two
groups primarily based on textural differences and chemical variations. Type | rhyolites
make up nearly all of the rhyolitic bodies previously investigated (Nicholson, 1992) and
are associated with the bohemia conglomerate well to the northeast of the current project
area. They typically have a red to pinkish red color, a very fine-grained ground mass that
locally shows flow banding, and sparse small phenocrysts of quartz and plagioclase
feldspar. They have a silica content that ranges from 71 to 75 wt% and are slightly
enriched in light rare-earth elements (Nicholson and Shirley, 1990). Type Il rhyolite is
defined by a single body southeast of Copper City and near the level of the St. Louis
conglomerate within the current project area (Fig. 14). This Copper City rhyolite body
has a grayish green to pinkish gray appearance, fine-grained groundmass, and moderately
abundant phenocrysts of quartz and lesser feldspar up to 2.5 mm across. It is
characterized by silica content higher than 75 wt%, low rare-earth element abundance,
and enrichment in Th, Rb, U, Nb, and Ta (Nicholson and Shirley, 1990; Nicholson,
1992). The Copper City rhyolite accounts for only about 5% of the known PLV rhyolite

occurrences and is distinguished from Type I rhyolite in outcrop by having an abundance
13



of large phenocrysts of subhedral quartz, a larger overall grain size, and a distinctive

color (Nicholson, 1992).

Interflow sedimentary units within the Portage Lake Volcanics are easily identifiable and,
therefore, are used to correlate within a somewhat monotonous sequence of lava flows.
The finer-grained, sand-prone strata also provide opportunities to obtain accurate bedding
measurements. The sedimentary units are mostly conglomerate to conglomeratic
sandstone and, less commonly, well-bedded sandstone to siltstone. Conglomerate clasts
consist of mafic to felsic volcanic rocks likely derived from rift-related flows and
pyroclastic deposits. They are typically sub-rounded to angular in shape and vary in size
from 0.5 to 20 cm (Cannon and Nicholson, 1990). The coarse-grained matrix between
clasts is usually composed of volcanic rock fragments and minerals like feldspar, quartz,
and pyroxene, which locally may display bedding. Interflow sandstone and siltstone
layers are typically reddish to purplish to tan in color, have sub-angular to sub-rounded
grains similar to the matrix between conglomerate clasts, and are well indurated by

calcite or quartz cement, or both.
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2.2 Post-rift Compression and Crustal Shortening

During or near the end of post-rift thermal subsidence, one or more compressional events
affected the Lake Superior region as part of a new tectonic regime. The resulting crustal
shortening led to extensive reverse faulting, such as along the Keweenaw fault, and
further deformed the Lake Superior syncline that originated as a sag basin at the end of
MRS extension (Cannon et al., 1993, Woodruff et al., 2020). As a result, PLV strata on
the hanging wall of the Keweenaw fault dip moderately to steeply northwest, and their
dip gradually decreases in a northwest direction towards the synclinal axis beneath Lake
Superior (Fig. 9; Cannon et al., 1993, Woodruff et al., 2020). Postulated tectonic causes
of the post-rift compression and crustal shortening are the Grenville Orogeny (~1200-980
Ma; Spencer et al., 2015) and the Appalachian Orogeny (~325-260 Ma; Dallmeyer et al.,
1986), with the former most often mentioned (Cannon, 1994). Recent updates on the
timing of Grenville events suggest that this orogeny involved three stages: Shawinigan
(1200-1150 Ma), Ottawan (~1090-1030 Ma), and Rigolet (~1010-980 Ma) (Hynes and

Rivers, 2010; Swanson-Hysell et al., 2019).
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Figure 9: Regional cross section spanning the entire width of the MRS
(DeGraff and Carter, 2023).
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The Jacobsville Sandstone, deformed in the footwall of the KFS, is the youngest
sedimentary unit within the Keweenawan Supergroup. Its age and relationship to post-rift
thermal subsidence and later crustal shortening is still debated due to age estimates
ranging from 1060 Ma to less than 960 Ma (Cannon et al., 1993; Malone et al., 2020;
Hodgin et al., 2022). In a paper about Neoproterozoic sedimentation, Malone et al. (2020)
used detrital zircons to infer that part of the JS section is at least 140 million years
younger than the end of MRS extension, therefore post-dating thermal subsidence and the
Rigolet phase of the Grenville Orogeny. Hodgin et al. (2022), however, used a refined
process for detrital zircon analysis to conclude that younger JS strata along the
Keweenaw Peninsula were deposited before the end of the Rigolet phase. Based on the
latest data and remaining uncertainties, Jacobsville Sandstone in the footwall of the KFS
probably was deposited sometime after 1060 Ma and as late as 990 Ma, which places its

deposition within the time of the Grenville Orogeny.

Based on limited drilling and geophysical modeling, the Jacobsville Sandstone may attain
a thickness of greater than 900 meters and perhaps as much as 3,200 meters in the
footwall of the Keweenaw fault (Bacon, 1966; Kalliokoski, 1982; Cannon and Nicholson,
2001). This unit is composed mostly of quartzose to somewhat feldspathic, cross-bedded
sandstone and siltstone with lesser conglomerate near the base and shale near the top
(Hamblin, 1958; Kalliokoski, 1982). Jacobsville strata often display irregular color bands
that alternate between deep to rusty red and opaque to chalky white. Sedimentary features
and lithofacies observed in most of the Jacobsville Sandstone are interpreted to represent
fluvial and lacustrine depositional systems associated with sediment transport from

higher elevations around the sag basin toward its interior. The base of the Jacobsville
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southeast of Keweenaw Bay locally consists of basal conglomerate with locally derived
clasts that reflect the underlying rock types (Hamblin, 1958). Jacobsville strata low in the
exposed section at Natural Wall ravine consists of conglomerate and conglomeratic
sandstone with mafic to intermediate volcanic clasts likely derived from PLV strata
(Hamblin, 1958). Similar conglomeratic strata found farther northeast in the footwall of
the KFS have been interpreted as basal conglomerate of the JS (DeGraff et al., 2020,
DeGraff et al., 2022), although they have been interpreted differently by Brojanigo

(1984).

2.3 The Keweenaw Fault

The Keweenaw fault was first established as a fault by Irving and Chamberlin (1885),
who carefully documented the contact relationships between the PLV and JS along the
Keweenaw Peninsula. Based on their convincing observations, the fault trace has since
been drawn on maps wherever the Portage Lake Volcanics is in contact with or adjacent
to the Jacobsville sandstone. The fault was originally interpreted as a simple reverse or
thrust fault, which held through the 1970s (Irving and Chamberlin, 1885; Butler and
Burbank, 1929; White, 1972b). In the mid-1980s after acceptance of plate tectonic
theory, geologists postulated that the Keweenaw fault began as a rift-related normal fault
that later inverted as a reverse fault during post-rift crustal shortening (Cannon et al.,
1989; Hinze et al., 1990; Cannon, 1994). More recently, DeGraff and Carter (2023) used
modern cross-section construction methods to integrate detailed mining data across the
Keweenaw Peninsula and regional geological and geophysical data to infer the downdip

geometry of the Keweenaw fault (Fig. 9). The new cross-sectional model interprets the
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Keweenaw fault and related faults as parts of a thrust fault system detached at mid-crustal
levels, thus contradicting the idea that the Keweenaw fault began as a rift-related normal

fault that inverted during post-rift crustal shortening (Figs. 9 and 10).
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Figure 10: Local cross section across the Keweenaw fault near Dover Creek. HF—Hancock
Fault; KF—Keweenaw Fault (DeGraff and Carter, 2023).

The Keweenaw fault generally strikes northeast and dips northwest over most of its
length, but it curves to an east-southeast direction near the tip of the Keweenaw Peninsula
(DeGraff et al., 2022). Similarly, the northerly dipping PLV strata changes strike by over
90° from N35°E near Hancock to N60°W at Keystone Bay. The curved fault geometry
implies that fault-slip characteristics should vary along strike of the fault system. Reverse
slip on the Keweenaw fault is estimated to be on the order of 10 km (Cannon and
Nicholson, 2001; DeGraff and Carter, 2023), but an important component of right-lateral
strike slip has also been documented (DeGraff et al., 2019; Mueller, 2021; Lizzadro-

McPherson, 2023).

The timing of fault movement is inferred to have been as early as 1060 Ma, based on

reset Rb-Sr dates of biotite in granitic basement (Cannon et al., 1993) and gangue
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minerals related to native copper mineralization (Bornhorst et al., 1988; Cannon and
Nicholson, 2000). The latest movement on the fault is estimated to be 985 Ma based on
U-Pb dates of calcite veins within the fault zone and detrital zircons in deformed JS
(Hodgin et al., 2022). This age range for fault movement, which includes both phases of
the Grenville Orogeny, may represent more than one period of movement (Irving and
Chamberlin, 1885; Butler and Burbank, 1929) or one longer continuous period of
movement during Keweenawan time (Cannon and Nicholson, 2001). The nature and
timing of fault movement in relation to Jacobsville deposition remains a topic of debate,

which may be resolved with more and improved dating results.

The M.S thesis research presented here is based on the 2021-2022 EdMap Project, which
was a continuation of the 2017-2018 and 2019-2020 EdMap Projects. The 2021-2022
EdMap project area consisted of two parts (Fig. 13), a southwestern part mapped by
Katherine Langfield and a northeastern part that is the subject of this thesis. The specific

aims of this M.S project are to:

Characterize and interpret changes in fault geometry and fold patterns along the

Keweenaw fault system within the project area.

Interpret updated fold geometry and measured fault-slip indicators in terms of fault
kinematics, the related paleostress state, and the tectonic regime responsible for

deformation.

Investigate and explain the nature of the Copper City rhyolite relative to other

rhyolites in the region.
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3 Methods, Equipment, and Materials

Project activities consisted of geologic mapping, rock identification, and structural
measurements performed in the field; and construction of geologic maps and cross
sections, analyses of fold geometry and fault slip data, sample preparation, geochemistry,
and microscopy analyses performed in an office or laboratory. The EdMap project area
was divided amongst two Master’s students: Katherine Langfield was responsible for
investigating the southern section; and I, Nolan Gamet, had the same responsibility for
the northern section (Fig. 13). Extensive preparation and planning were needed before the
start of each field season to identify areas of interest to target during the field work.
Bedrock geology quadrangle maps for the map area were downloaded as georegistered
images, shapefiles, and KMZ files from the USGS website (White et al., 1953; Davidson
et al., 1955; Cornwall and Wright, 1956b; Cannon et al.,1999) and imported into ArcGIS
Pro and Google Earth Pro as appropriate. Inspection of the legacy maps highlighted
locations with interesting or problematic geology near the Keweenaw fault and areas
lacking data that could benefit from infill mapping. Property ownership information was
obtained from the 2018 plat book for Houghton and Keweenaw counties and from
applications such as Onyx Hunt. Lastly, a file and data management system and Excel
databases were created prior to beginning field work to store and organize files and a

large amount of data were acquired as field work progressed.

The first two weeks of the project consisted of classroom discussions about protocols for
geologic mapping, safety, and contacting property owners, along with group visits to

field localities near the boundary of the two map areas. These joint activities helped to
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ensure that data were collected similarly by both field teams and that precautions were
taken to minimize field-related risks and misunderstandings with property owners. Field
orientation included training to operate Trimble Geo7x differential geospatial positioning
system (dGPS) units to obtain site positions and record basic site data, take and organize
field book notes, make structural measurements, collect and mark samples, as well as

opportunities to discuss uncertainties that arose.

3.1 Field Operations

Traditional geologic mapping techniques used during the project were enhanced with
modern advancements in technology. Traditional field gear included a rock hammer,
Brunton compass, measuring tape, hand lens, safety glasses, field book, and high-
visibility safety vest. These items were supplemented with satellite-assisted systems such
as Trimble Geo7x units with submeter positional accuracy and personal-device
applications for navigation, figuring out property ownership, and making structural
measurements. Whereas previous mappers relied on aerial photography, pace-and-
compass methods, and physical maps to navigate and locate outcrops, we used Avenza
Maps iOS and Google Earth Pro with georeferenced USGS quadrangle maps for the same

tasks.

Prior to field work, a data dictionary was created and installed on the Trimble Geo7x to
aid with data collection and to ensure data consistency between both MS projects. A data
dictionary is a user-designed data-entry protocol that presents a screen with data fields

and pick lists that allow a user to specify rock units, major lithologies, exposure types,
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structures, and brief notes for each field site. At the end of each day, data files from the
Trimble Geo7x unit were transferred to a computer running GPS Pathfinder Office and
converted to SSF and CSV files to be imported to ArcGIS Pro and an Excel database.
Additional site information recorded in a field book was transferred to the same Excel
database and subsequently formatted for various analytical operations explained below
(Table 1). The newly obtained site data were then used to modify previous geologic maps

and to construct cross-sections in selected areas.

Table 1: Data acquired at field sites; modified from Mueller (2021).

Data Type Description

Site Number Sequential number that indicates each site throughout data
processing
Setting Location relative to nearby sites, topographic position, topographic

features and expressions, drainage beds, ridge trends

Exposure Type Description of exposure (outcrop, subcrop, float), relative extent
and size of exposure, visible structures and contacts, where GPS
point was taken

Igneous rocks: color, texture, grain
Lithology Hand sample description size, mineralogy (groundmass,

of dominant rock types amygdules, phenocrysts), secondary
and observed mineralogy; | mineralization and alteration

notes tracking when
samples are collected
(including number of
samples taken)

Sedimentary rocks: color, grain size,
shape, sorting, induration, binding
agent, clasts and their constituents,
identifiable minerals, sedimentary
features and small-scale structures

Structural Structures observed at the site such as deformed strata (tilting,
Features folding, faults, veins, joints); describes and interprets structures
and the relationship between them

Structural When applicable, strike-dip of surfaces, rake or plunge-azimuth of
Measurements lineations on fault surfaces, identifies feature type, confidence
level, measurement method, and the measurer
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A typical field day began with a discussion about possible safety hazards and objectives
for the day. The date, location, personnel, and basic objectives for the day were recorded
on a new page within the field book. Most days were spent in the same general area
navigating to outcrops noted on published bedrock geology maps or searching for new
outcrops along dry ravines, creek beds, roadside ditches, or elsewhere where topography
seemed favorable. On some days, multiple areas were visited because of outcrop scarcity
or complications due to weather, availability of field assistants, or access to properties.
Conversations with property owners occurred frequently and flyers explaining the
purpose of the project were created and delivered to rural mailboxes to facilitate requests

to access private property.

Around 2% of the 1,045 sites in the project area had limited satellite reception. The
Trimble Geo7x uses the Global Navigation Satellite System (GNSS) of satellite
constellations to obtain geospatial coordinates, and it requires a special reference signal
to achieve the desired submeter horizontal accuracy. This project relied on geostationary
satellite signals that commercial airliners use to obtain submeter positional accuracy,
namely the Satellite-based Augmentation System (SBAS). In northern Michigan, SBAS
satellites are found low on the southwestern horizon such that their signals are blocked by
terrain when field sites are within deep ravines or adjacent to steep northeast-facing
slopes. For these and other situations without an SBAS signal, a distance offset method
(Trimble Geo 7x handheld user guide, 2013) was implemented whereby a laser
rangefinder was used to measure distance and direction from a site with submeter
positional accuracy to a targeted feature, and then the target’s coordinates were computed

trigonometrically with provided software.
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Upwards of 1,800 surface orientations and lineations were measured over the course of
two field seasons for this MS project. This robust dataset allowed various structural
analyses to be performed on different data subsets to investigate changes in fold
geometry and fault-slip characteristics within the project area. Wherever possible,
bedding orientation at a site was measured on five or more separate surfaces to obtain a
site average with subsequent data processing. Fracture orientations in different sets were
measured at sites in a similar way and with the same intent to compute site averages. Slip
lineations, such as slickenlines, were also measured nominally five times per fault surface
to obtain an average slip direction for each fault. Surface orientations generally were
measured as strike and dip with FieldMOVE Clino on iOS devices, whereas lineations

were measured with a Brunton compass as apparent rake or plunge azimuth.

FieldMOVE Clino (FMC) was found to be operationally very efficient and helpful when
measuring orientations in difficult spots such as confined spaces, underhangs, areas with
strong magnetic anomalies, and on steep slopes where footing was difficult. The iOS
version of the application was used instead of the Android version due to better sensor
accuracy of i0S devices (Allmendinger et al., 2017). At each field site, the geographical
position and declination used by FieldMOVE Clino were refreshed and comparative
measurements were taken on the same planar, non-magnetic surface using a Brunton

compass and FMC to ensure data consistency.
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3.2 Data Management and Analysis

Field data were formatted and processed using different workflows for geospatial and
geologic data (Fig. 11). Geospatial data files were saved on multiple storage devices and
shared to a Google drive daily to ensure that no data was lost in case of storage or file-
related issues. These data files were then exported as CSV files and saved to a master
Excel workbook containing three main worksheets or tabs for different data types,
namely site geologic data, feature orientation data, and sample data. Most of the data
processing involved feature orientation data that needed to be structurally corrected and
averaged to obtain characteristic site values. To facilitate the processing, a new Excel tab
was created after each major processing step to improve efficiency and to minimize
confusion when implementing equations and Excel macros. Processed data were then

formatted to be compatible with other software tools discussed below.
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Figure 11: Workflow for geospatial data transfer from Trimble Geo7x units and export to
other systems (left); and for geological data transfer from field books, subsequent

processing, and structural analysis (right).

Orientation measurements taken at each site first were grouped by feature type, such as

bedding or lineations on a single fault surface, and then were averaged to obtain

characteristic values for the feature class of interest. In some cases, multiple

measurements of the same feature were taken and then averaged, such as when measuring

large undulous surfaces whose orientation varied with position or when using different

measuring methods, devices, or personnel to check for consistency. Repeated

measurements of a feature class like bedding at one site or of an individual feature

improved confidence in the average characteristic values by compensating for variability

within a site or on a surface. These site-averaged orientations were then imported into

Stereonet and FaultKin (Allmendinger, 2020) for fold and fault-slip analyses.
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Following data processing and analysis, ArcGIS Pro was used to update legacy bedrock
geology maps using the new outcrop data and structural measurements. A database
containing geologic map layers and supporting data was downloaded from the USGS to
use as a starting point for the map construction (Cannon et al., 1999). Field sites with
accompanying feature orientation data were then imported into ArcGIS Pro and used to
modify existing geologic unit polygons and fault line features. The geologic unit
polygons were adjusted based on newly documented outcrops, ridge trends, and other
useful data from the mapping work. Other legacy map objects that were modified based

on the new field work included diamond drillholes, water wells, and mineshafts.

The updated bedrock geology map and processed orientation data were used to construct
four cross sections that transect the KFS normal to its local strike. The cross sections
were created using geoprocessing tools and layout views in ArcGIS Pro. Topographic
profiles were created using a DEM mosaic that has 2-foot horizontal resolution between
imaged LiDAR points on a single raster cell and sub-foot vertical precision with a cell
value of 19.6 centimeters. Cross-sectional geometries have been constrained with
characteristic values of bedding and fault orientation converted from true dip to apparent

dip along the cross-section lines, and by the results of fold and fault-slip analyses.
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3.3 Sample Preparation and Analysis

Over 400 grab samples were collected over the course of both field seasons, most of
which were cut in the laboratory to observe a fresh face and improve rock identification.
Samples were organized based on site number and stored in a rock storage room.
Samples from sites of particular interest or having unusual lithology or mineral
assemblages were selected for thin section work, geochemistry, and age dating. Over 20
specimens for external lab work were prepared in Michigan Tech’s rock lab according to
the type of anticipated analyses, and then sent to various laboratories for thin section

preparation, whole-rock geochemistry, and mineral separation for age dating.

Cut billets were sent to Wagner Petrographic for the preparation of 12 polished thin
sections. Finished thin sections were examined using a transmitted light microscope
(Leica DM750P polarizing microscope) in cross-polarized and plane-polarized light to
identify major mineral components, textures, and microstructures. Six rhyolite samples,
two basalt samples, and two conglomerate samples were sent to ALS Global for whole-
rock geochemical analyses including trace elements. Lastly, two rhyolite samples were
cleaned, broken into hand sample-sized pieces, and sent to Zirchron LLC for zircon
extraction required for obtaining age dates. Zircons were successfully separated from one
of the two samples, but they are yet to be submitted for TIMS work and results probably

will not be available until 2024.
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4 Results and Findings

The recent 2021-2022 EdMap project area is approximately midway between the base
and tip of the Keweenaw Peninsula, and it lies at the southwest end of a broad arc formed
by the KFS as it curves rightward going toward the peninsula’s tip (Fig. 1). Results of the
EdMap project have been submitted to the USGS as an updated map (Fig. 13) and as a
technical report with detailed maps focused on complex areas of particular structural
interest (DeGraff et al., 2022). Those products contain the results of the work for this
M.S. thesis, and so they are summarized in the next section to provide context for
subsequent sections. A comparison of these new results with those from areas farther

along the curve of the fault system is made later in the Discussion section.

4.1 Overview of EdMap Project Results

The integration of field data and exploratory drillhole data indicates that the Keweenaw
fault (KF) is not one continuous slip surface offset by smaller cross faults, but instead is a
complex system of fault segments that we call the Keweenaw fault system (KFS). In the
recent EdMap project area, the KFS can be divided along its length into three main
sections that differ in geometry and stratigraphic position, but whose principal slip
surfaces are connected along strike (Fig. 13, KFS-1, KFS-2, KFS-3). The two sections of
the fault system farthest to the southwest (KFS-1, KFS-2) define the average N35-40°E
trend of the fault system here and account for most of its length. The third section to the

northeast (KFS-3) has an average trend of N55°E, which represents an abrupt change in
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direction from the other two sections where the Allouez Gap fault intersects the KFS. At
this abrupt bend in the KFS, the main slip surface shifts down stratigraphically from near
the base of St. Louis conglomerate southwest of the bend to ~650 meters deeper
northwest of the bend (DeGraff et al., 2022). Geometric and stratigraphic differences
between the two fault segments farthest to the southwest will be discussed in more detail

by the companion M.S. thesis in preparation by Langfield.

At a finer level of detail, individual faults of the KFS can be categorized by direction into
three sets: 1) major NNE-trending segments that define the fault system’s overall trend
and probably have mostly reverse slip; 2) NE-trending segments that branch off the major
fault segments and define wedge-shaped fault blocks; and 3) NNW-trending segments
that connect faults of the first two types. More specifically, Set 1 faults make up most of
sections KFS-1 and KFS-2, strike N15-40°E, and dip 15-50°NW. Set 2 faults, striking
N35-70°E and dipping 35-50°NW, include most of section KFS-3, the Hancock fault, and
footwall splays branching off the main Set 1 faults. Set 3 faults, striking N5-20°W with
poorly constrained, include connectors between the other two fault sets and the Allouez

Gap fault (DeGraff et al., 2022).

These three directional fault sets define multiple fault blocks of PLV strata that vary
greatly in size and whose long dimension typically trends in a northeasterly direction.
The largest of these fault blocks is in the hanging wall of the fault system between the
Hancock fault and two of the main Keweenaw fault sections (KFS-1, KFS-2). A second
large fault block, referred to as the Mayflower fault block (MFB), is in the footwall of the

fault system at the abrupt bend between sections KFS-2 and KFS-3. Southwest of the
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Mayflower fault block, two much smaller, contiguous, fault blocks are defined by Set 2
splay faults in the footwall of main Set 1 fault segments. The three contiguous footwall
fault blocks are wedge-shaped, widen toward the northeast, and increase in size in the

same direction.

Other significant changes shown on the new bedrock geology map are the reinterpretation
of two cross faults at offsets of the Keweenaw fault on published maps and extension of
the Copper City rhyolite along strike. The fault reinterpretation has the Allouez gap fault
terminating against one of the main KF segments near the northeast end of the Mayflower
fault block, rather than cutting across the KF and presumably offsetting it. In the same
general area, a complex intersection of four faults is proposed to accommodate the abrupt
change in direction and stratigraphic level of the KFS. Regarding the Copper City
rhyolite, additional outcrops were discovered ~1 kilometer southwest of the previous
southwestern extent of the main rhyolite body along the old Calumet and Hecla railway,
~0.2 kilometers northeast of the previous northeast extent in a newly opened quarry, and
~3.6 kilometers northeast of the quarry near the northeast boundary of the project area.
Together, these new exposures extend the Copper City rhyolite over ~6 kilometers along

strike.

In the broader context of the 2021-22 EdMap project, this M.S thesis project has focused
on the northeastern part that extends along the KFS from Lake Linden to Mohawk,
Michigan. Many of the observations were made at well-known localities such as
Houghton-Douglass Falls near Lake Linden, St. Louis and Natural Wall ravines east of

Calumet, and the Copper City rhyolite near that town. These localities have been of
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interest to geologists for over 150 years and they provide examples of how fault geometry
can change over a relatively short distance. The following sections present detailed
mapping results for three focus areas along the KFS where four cross-sections were

constructed across the Keweenaw fault (Fig. 13, Locations A, B, C).

Muggun Creek 4/ Ahm S % Mohawk =

Unmapped Bedroc
(Oronto Group)

Figure 12: Legacy bedrock geology map of the Keweenaw Peninsula north of Portage
Lake. The 2021-2022 EdMap project is outlined in yellow. Yellow circles with letters
denote key localities: A — Mayflower Fault block, B — St. Louis ravine and large splay
fault, C — junction between Keweenaw and Hancock faults near Houghton-Douglass
Falls. D — unusual offset in Keweenaw fault, and E — Hancock fault inside the Quincy
Mine adit. Map adapted from Cannon and Nicholson (2001).
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Figure 13: Updated bedrock geology for the 2021-2022 EdMap project area. Inset shows
the area relative to the Keweenaw Peninsula and subareas for two M.S. projects. Focus
areas are outlined with black boxes: A) Houghton-Douglass Falls and St. Louis Ravine;
B) Natural Wall ravine and Mayflower Fault Block; and C) Copper City rhyolite. Main
sections of the Keweenaw fault system: KFS-1, KFS-2, and KFS-3.
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4.2 Houghton-Douglass Falls and St. Louis Ravine

The Keweenaw fault within this focus area, defined to be the main slip surface of the
KFS, is intersected on its hanging wall by the Hancock fault and a small fault farther
north, and on its footwall by an unnamed splay at the north edge of the focus area. The
Keweenaw fault is interpreted to lie at or just below the level of the St. Louis
conglomerate, which itself lies at or just below the base of the thick Copper City flow
(Fig. 14), based on new mapping along many ravines crossing the fault, examination of
exploratory drill core logs (\White, 1985), and reinterpretation of published maps and
reports (White et al., 1953; Davidson, 1955; Cornwall and Wright, 1956b). The
connection between the St. Louis conglomerate and the KF is an important update to
previous interpretations regarding the geology adjacent to the fault. Hubbard (1898) came
closest to making this connection when he documented the so-called “contact”
conglomerate northeast and southwest of Hungarian Falls along Dover Creek, speculating
that it and a sedimentary layer near the base of Houghton-Douglass Falls could be the St.
Louis conglomerate. White et al. (1953) later connected the Mayflower fault (Fig. 12) to
the St. Louis conglomerate within the Ahmeek bedrock geology map and on
accompanying cross-sections. The “contact” conglomerate of Hubbard (1898) in the
hanging wall of the KF at Hungarian Falls was later interpreted to be the St. Louis
conglomerate (DeGraff and Carter, 2023), based on its field characteristics, downdip
correlation to drill hole penetrations, and relative stratigraphic position on both sides of

the Hancock fault.
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Figure 14: Zoomed in view of new bedrock geology map for the area containing
Houghton-Douglass Falls and St. Louis ravine. Colors and symbols explained in the map
legend of Figure 13. Localities mentioned in text: S1 — Houghton-Douglass Falls; and S2 —
St. Louis ravine.
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Houghton-Douglass Falls is located 2.9 km northwest of Lake Linden and exposes a
kilometer-long stretch of bedrock along Hammell Creek in both the hanging wall and
footwall of the Keweenaw fault. The faulted PLV-JS contact is well constrained here by
outcrops and excavations made by Irving and Chamberlin (1885), some of which were
located during the recent mapping (Fig. 14, S1). Irving and Chamberlin (1885, their Fig.
6 and Plate V1) indicated by their drawings that the Keweenaw fault dips 25-30° NW,
slightly steeper than PLV strata in the hanging wall, which dips ~15°NW based on
measurements made for this project. The fault’s strike and dip were calculated for this
study to be 240°/19° NW by applying a three-point method to locations along the V-
shaped PLV-JS contact across Hammell Creek. Less accurate site-line dip measurements
made in the field averaged to be 16° NW, in good agreement with the three-point

calculation.

Hanging-wall PLV strata are highly brecciated, sheared, and altered from the PLV-JS
fault contact on Hammell Creek to ~60 meters upstream at the base of Houghton-
Douglass Falls. The geometry of basaltic flows over this distance is not apparent because
of this deformation, but the approximate stratigraphic thickness that is represented is
calculated to be about 20 meters. About 10 meters up the face of the waterfall, a 2-m-
thick conglomerate layer below a ~10-cm-thick sandstone layer is the only PLV
sedimentary unit observed anywhere along this section of Hammell Creek. It provides a
reliable orientation for PLV hanging-wall strata of 236°/16° NW. The main vertical face
of the waterfall was not examined directly, but from a side view it appears to be a single
thick flow that exhibits a coarse fabric dipping shallowly to the northwest. At the top of

the falls, an average orientation for this flow was determined to be 242°/15° NW by
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measuring several surfaces parallel to amygdaloidal layers, which measurement agrees
with the more reliable measurement made on the interflow sedimentary layer below.
Given the above relationships, we interpret that both the St. Louis conglomerate and
Copper City flow are present in the KF hanging wall at Houghton-Douglass Falls and that
they extend northeastward to a truncation on the footwall of the Hancock Fault (Fig. 14).
This interpretation results in an apparent left-lateral offset of these two units across the
Hancock fault, which matches the apparent sense of offset shown on legacy maps for

PLV layers higher in the section (Fig. 12).

The Hancock fault had been mapped as intersecting the Keweenaw fault just north of
Houghton-Douglass falls, but PLV units northeast of the Hancock fault were not carried
across to its southwest side (Cornwall and Wright, 1956b). The Hancock fault here is not
exposed in outcrop. Instead, its surface trace was inferred from drill hole penetrations less
than 0.8 kilometers southwest of Hammell Creek, other drill hole penetrations farther
southwest, and finally exposures underground at the Quincy Mine (Cornwall and Wright,
1956a; Cornwall and Wright, 1956b). The updated trace of the Hancock fault (Fig. 14) is
adopted from the Laurium bedrock geology map at points away from the Keweenaw fault
intersection but modified near the Keweenaw fault based on the new field data. Relative
to earlier maps, the intersection of the Hancock fault with the Keweenaw fault has been
moved ~800 meters northeast on the updated map, and the St. Louis conglomerate and
Copper City flow have been correlated across the Hancock fault with slight modifications

to their positions north of that fault.
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The St. Louis ravine is located ~1.5 kilometers north of the re-interpreted intersection
between the Hancock and Keweenaw faults and about 2 km southeast of Laurium (Fig.
14, S2). Field and subsurface relationships between the KF, the St. Louis conglomerate,
and Copper City flow here are relatively well established from the new mapping and
previous work by USGS geologists. Erosion by the SE-flowing creek in this ravine has
exposed the fault contact and much of the adjacent hanging-wall and footwall
stratigraphy. These outcrop exposures were first examined by Irving and Chamberlin
(1885) who noted a steeply dipping (S/D = 242°/70° NW) JS conglomerate against
overlying PLV strata. These exposures were located during this project and described in

more detail as follows.

The Keweenaw fault is crossed by this ravine ~5 meters ESE of a 2-meter-tall waterfall
over basalt that lies above a PLV felsic conglomerate with a thin layer that are interpreted
to be the St. Louis conglomerate. The immediate hanging wall of the fault has ~7 meters
of a horizontally continuous exposure of brecciated St. Louis conglomerate overlain by
amygdaloidal basalt with mineralized zones and fractures filled mostly with calcite and
quartz. The PLV interflow sandstone layer strikes N32°E and dips ~34° NW and is
subparallel to the overlying conglomerate and the Copper City flow measured ~400
meters to the northwest (S/D = 214°/32° NW). The fault’s orientation here is taken to be
nearly parallel to the orientation of hanging-wall PLV strata. At the base of the St. Louis
conglomerate, the creek turns sharply toward the northeast to flow along the fault contact
for about 10 meters, before turning again to resume its southeasterly course. Upstream
from the St. Louis conglomerate, the upper part of the thick Copper City flow is marked

by another jog in the creek around a large resistant NW-facing slope (Fig. 14). Here, the
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Copper City flow and St. Louis conglomerate are not in direct contact as they are farther

northeast (White et al., 1953), but instead have one or more basaltic flows between them.

Footwall JS strata are exposed along the NE-trending jog in the creek and at a 4-meter-
tall waterfall located ~15 m southeast of the fault. Along this part of the creek, JS strata
consist of sandstone, conglomerate, and silty mudstone layers that strike parallel to the
fault trace and are subvertical to overturned (S/D = 214°/62° NW). Downstream below
the main waterfall, JS strata become nearly horizontal at ~170 m southeast of the fault,
where they strike N76°E and dip 7°SE. A lack of outcrop between this point and the main
waterfall to the northwest obscures the manner in which this large dip change occurs, and
so the footwall fold geometry here has been modeled in a cross-section presented later by

combining data from St. Louis ravine with data from the Houghton-Douglass Falls area.

The legacy bedrock geology map shows a small splay fault as a dashed trace that
diverges in a southwesterly direction from the hanging wall of the main KF and offsets
the St. Louis, Copper City, Bohemia, and Scales Creek units with an apparent left-lateral
slip sense (Cornwall and Wright, 1956b). Although this SW-trending splay is not
observed in outcrop, examination of core logs for two exploratory drill holes closest to
the fault (St. Louis-18 and 37; Appendix A3) help support its existence and general
position. We interpret that the fault generally strikes east-west and passes between the
two boreholes rather than south of both boreholes in a southwesterly direction, as shown
on the published bedrock geology map. The drill holes support the apparent left-lateral
offset at the top of the Copper City flow as shown on published maps, but neither cored

drill hole intersects a significant fault. Field mapping in this area also did not find surface

39



evidence for this fault or the offset of the PLV units shown on the Laurium bedrock
geology quadrangle. This splay was omitted in a later map compilation of the Keweenaw
Peninsula for reasons unknown (Cannon and Nicholson, 2001). All of the above suggests
that this fault is a minor feature along the Keweenaw fault system and probably allows

local adjustment of strata displaced along the larger faults.
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4.3 Natural Wall Ravine and Mayflower Fault Block

The Natural Wall, in a ravine of the same name, is the next prominent locality along the
KFS with abundant outcrop exposures of deformed JS strata adjacent to the Keweenaw
fault. It was first described by Irving and Chamberlin (1885) as a vertical wall of
indurated quartzose sandstone projecting from softer conglomerate to conglomeratic
sandstone and muddy siltstone that has been removed by erosion along the creek. This
prominent locality lies at the southern end of the Mayflower fault block where the legacy
bedrock geology map shows the Mayflower fault diverging northward from the
Keweenaw fault up to the Allouez Gap fault (Fig. 13; Cornwall and Wright, 1956b;
White et al., 1953). Similar to the previous focus area, the Keweenaw fault in this area is
interpreted to lie at or just below the level of the St. Louis conglomerate, which itself lies
at or just below the base of the thick Copper City flow (Fig. 15; White et al., 1953).
Unlike the previous area, splay faults intersecting the main fault occur only in its footwall
and become increasingly prominent toward the north. These NE-trending splays and their
connections define a series of three fault blocks that are elongated in a northeast direction
and become wider and larger in that direction, culminating with the Mayflower fault
block. Their geometry and arrangement imply that the bounding splay faults have a

component of right-lateral strike slip as well as west-side-up reverse slip (Fig. 15, S1).
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Figure 15: Zoomed in view of new bedrock geology map showing multiple fault segments
within focus area B. Colors and symbols explained in the map legend of Figure 12. Localities
with primary interests: S1 — Natural Wall; and S2 — Mayflower Fault Block.

Natural Wall ravine is ~2 km east of Calumet, MI and close to the junction of the
Keweenaw fault with a large footwall splay at the southern end of the Mayflower fault
block (Fig. 15, S1). The fault system here is interpreted to be more complex than shown
on the published bedrock geology map (Fig. 12). Based on the new mapping and
distribution of conglomerate units, Natural Wall ravine is interpreted to lie at the

intersection of the largest of the footwall splay faults with a connector fault from the next
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splay to the south (Fig. 15). The large splay fault continues northeast from the Natural
Wall to define the southeastern boundary of the Mayflower fault block and extends in the
opposite direction to connect with the main Keweenaw fault less than 90 meters away.
The connector fault terminates against the large splay fault and extends south-southeast
for ~340 meters before curving southwest to a connection with a smaller, NE-trending,
splay fault. The footwall fault blocks defined south of Natural Wall ravine have the main
KF along their western boundaries and, according to the new interpretation, have the St.
Louis conglomerate duplicated along their southeastern and northeastern margins in a set
of arcuate outcrop belts. This updated map pattern defines a set of small fault blocks or
slices in the footwall of the main fault that partly duplicate the PLV section containing

the St. Louis conglomerate.

Outcrops in the immediate vicinity of the Natural Wall are nearly continuous upstream to
just beyond the major NE-trending splay fault and downstream for several hundred
meters. Upstream from the Natural Wall, a fault contact was excavated by Irving and
Chamberlin (1885), who described it as juxtaposing a PLV conglomerate layer in the
hanging wall with vertical JS layers in the footwall along a NW-trending fault. Based on
their description, we interpret the fault they excavated as being the connector fault shown
on the new map rather than the large NE-trending splay fault or the main Keweenaw
fault. The hanging-wall conglomerate is again interpreted to be the St. Louis
conglomerate, but here the PLV section above is not well exposed to confirm this

inference.
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Footwall Jacobsville strata along Natural Wall ravine are mostly poorly indurated, mud-
prone conglomerate to siltstone with an occasional well-indurated sandstone layer that
may reach 2 meters in thickness, such as at the Natural Wall itself. The strata are more
complexly folded than has been reported previously in publications. The Natural Wall
lies on the shared limb of an asymmetric syncline downstream to the southeast (Irving
and Chamberlin, 1885) and a tighter anticline upstream to the northwest (Fig. 15). This
fold configuration occurs at the inside corner defined by the intersection of the two fault
segments in this area and is discussed further in a later section on fold analysis. It seems
likely that the tightness of folding here is partly due to the abundance of poorly indurated,

pliable strata that can readily accommodate such deformation.

North from the Natural Wall ravine, the Mayflower fault block (MFB) is defined by a Set
1 fault on its northwestern side, a Set 2 fault along its southeastern side, and a Set 3 fault
to the northeast. Starting with the southeast side of the MFB, the bounding fault is
penetrated by two exploratory drill holes that from southwest to northeast are OC-8 and
MAY-41. The fault is not observed at surface but is relatively well constrained by JS
outcrops in the footwall and by limited PLV outcrops in the hanging wall (Fig. 15, S2).
Footwall JS strata along the southeast margin of the MFB commonly are overturned and
dipping steeply northwest near the bounding fault and become nearly horizontal away
from the fault towards the southeast. These stratal orientations define broad folds that can
be traced across multiple EW-trending drainages to the north of Wall Ravine (Fig. 15,
S2). Abundant orientation measurements collected from footwall JS strata along the
southeast side of the MFB are analyzed later in terms of their fold characteristics. The Set

2 fault here has been reinterpreted as a major footwall splay fault of the KFS rather than
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the Keweenaw fault itself. It is now considered to be the major splay that crosses
upstream of the Natural Wall and is similar to the smaller splays south of Natural Wall

ravine.

The northwest side of the MFB is bounded by a NNE-trending fault segment shown on
published maps as the Mayflower fault (Fig. 15, S2; White et al., 1953; Cornwall and
Wright, 1956b; Cannon and Nicholson, 2001). The Mayflower fault has been mapped as
a splay fault that diverges north-northeast from the main NE-trending Keweenaw fault
and terminates against the Allouez Gap fault. The fault is well defined by many
exploratory drill holes (OC-14, OC-15, OC-21, OC-28, May-39, and MAY-41; White,
1985) and underground workings of the Mayflower and Old Colony mining companies,
as well as by PLV outcrops in its hanging wall, including those of the Copper City flow

and St. Louis conglomerate.

The well-defined fault on the northwest side of the triangular MFB is parallel to PLV
layers in the hanging wall and near the base of the St. Louis conglomerate (\White et al.,
1953). Previous interpretations show this fault striking N15°E and dipping 60°NW and
with the same hanging-wall stratigraphy and general geometry as the Keweenaw fault
southwest of the MFB. As should become clear in presenting the cross-section results, the
previously named Mayflower fault has all the characteristics of the Keweenaw fault
southwest of the MFB. It is therefore reinterpreted to be the northeastern continuation of
the Keweenaw fault that follows the mostly overlying St. Louis conglomerate into this

area from the southwest.
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The northeast edge of the MFB was delimited on published maps by the Allouez gap
fault (AGF), which appeared to displace the Keweenaw fault with apparent left lateral
offset or was simply positioned at such a jog (White et al., 1953; Cannon and Nicholson,
2001). As explained in more detail in the next section, the Allouez gap fault is now
reinterpreted as not crossing the main segments of the KFS and instead is limited to the
hanging wall of the fault system. The AGF in the new interpretation does not bound the
northeast edge of the MFB. Instead, the northeast edge of the MFB is defined by a
separate Set 3 fault somewhat parallel to the AGF but terminating against an ENE-
trending KF segment (Set 2) that cuts beneath the Copper City rhyolite body. The
interpretation of KFS segments in this area shows the NNW-trending Set 3 fault
terminating against the ENE-trending Set 2 KF segment that passes below the base of the
main Copper City rhyolite body. A rhyolite outcrop found along an EW-trending valley
at the base of the old Calumet and Hecla railroad culvert (Fig. 15, S1, green sites) and
rhyolite cut by drill holes within the MFB are probably correlated with the Copper City
rhyolite across the complex intersection of faults in the northeast part of the MFB. The 4-
m by 3-m exposure and drill hole penetration are positioned at a similar stratigraphic

position as the main Copper city rhyolite body, as discussed further in the next section.
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4.4 Copper City Rhyolite and Allouez Gap Fault

The Keweenaw fault system undergoes a major change in trend and stratigraphic level
within this focus area, which is structurally complex at the junction of these two fault
sections (KFS-2, KFS-3), the Allouez Gap fault in the hanging wall, and the Mayflower
fault block in the footwall (Fig. 16). Moreover, the Copper City rhyolite northeast of the
Mayflower fault block is interpreted to extend southwest into this already complex area.
The broad structural geometry in the hanging wall of the KFS is relatively simple,
however, and characterized by a general conformance of PLV layers with the strike of the
main underlying fault segments. Southwest of the Allouez Gap fault (AGF), the main KF
segment is at or near the base of the St. Louis conglomerate and strikes N20°E, as do the
overlying PLV layers. Northeast of the AGF, the main KF segment is about 650 m
deeper, below the Copper City rhyolite, and strikes N55°E like the overlying PLV layers.
Clearly, the AGF is located in the hanging wall of the KFS where this abrupt directional
change occurs and, therefore, is probably related to an anomalous stress state in this

region during faulting.
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Figure 16: Zoomed in image of new bedrock geology map showing multiple fault segments
within focus area C. The Copper City Rhyolite is the primary focus and is displayed as the

pink oblong-shaped unit. S1 — rhyolite quarry; Colors and symbols explained in the map
legend of Figure 12.

The Allouez Gap fault, shown on the legacy Ahmeek bedrock geology map as cutting
across the Keweenaw fault in this area (White et al., 1953), has been reinterpreted as
being confined to the hanging wall of the KFS and terminating on one of the main KF
segments (Fig. 12). The Allouez Gap fault was first described formally by White et al.
(1953) as dipping 65-85° NW where it cuts the Kearsarge flow in underground mine

workings. While this dip magnitude may be correct, the northwesterly dip direction is
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unlikely given the N12°W strike of the AGF on their map. Furthermore, White et al.
(1953) state that most faults with this strike direction dip steeply northeast. Based on
apparent map offset of PLV units crossing the AGF, it may have left-lateral strike slip or
east-side-up dip slip or a combination of these components. If the AGF dips steeply
northeast as concluded here from the Ahmeek quadrangle information, then inferred east-
side-up movement would be reverse slip. This sense of slip contrasts with the opposite
sense of movement inferred to have occurred along the northeast bounding fault of the
Mayflower fault block that roughly aligns with the AGF but must have been west side up
to explain the older PLV rocks exposed on higher elevations to the west. Mostly for this
reason, the AGF is not extended southeast of the main KF segment on the new map.
Additionally, offset on the AGF as shown on the published Ahmeek geologic map sheet
is far less than shown for the main KF (former Mayflower fault) or estimated by other
cross-section work (Cannon and Nicholson, 2001; DeGraff and Carter, 2023), making it

likely that the AGF is a splay fault formed in response to larger fault movements.

An important unit in this focus area is the Copper City rhyolite, located east-southeast of
Copper City, which was last investigated along with other rhyolites of the Keweenaw
Peninsula by Nicholson (1992). Based on its distinctive characteristics, Nicholson (1992)
placed this rhyolite in a class of its own, unique from all other rhyolites sampled to the
northeast along the peninsula and left open its mode of emplacement due to ambiguous
field relationships. Other small occurrences of rhyolitic rocks southwest of Copper City
have been reported as far as between Lake Linden and Calumet (Hubbard 1898; Butler
and Burbank, 1929), but are not well documented and are not shown on the latest

published maps.
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The new mapping of rhyolite exposures in the project area has focused on the relatively
well exposed Copper City rhyolite located ~1.2 kilometers SE of Copper City, Ml
(Nicholson, 1992). Based on newly documented exposures and exploratory drill hole
data, the main Copper City rhyolite body has been extended along strike to the SW by at
least 1,000 meters and perhaps as much as 3,600 meters to the NE (Fig. 13; Fig. 16). It
lies stratigraphically beneath the Copper City Flow and either at or slightly below the St.
Louis conglomerate. New observations at a recently opened quarry (Fig. 16, S2)
northeast of the Copper City rhyolite as shown on published maps provide evidence that
the rhyolite body is extrusive. The quarry exposes ~25 meters of PLV section that has
two main rhyolitic intervals separated by a ~50-cm-thick interval of conglomerate or
breccia consisting of subangular to angular rhyolite clasts and fragments up to 6
centimeters across. Multiple contact and remotely sighted bedding measurements were
taken on the conglomerate layers and on an interbedded quasi-planar seam (Fig. 16),
yielding an average strike and dip of 249°/37° NW. Around 160 meters southwest of the
quarry, small exposures of a similar conglomerate or breccia occur roughly midway
through the stratigraphic extent of mapped rhyolite outcrops. Although correlation of
these conglomerate exposures cannot be made with confidence, they indicate that the
Copper City rhyolite is an extrusive complex consisting of rhyolitic flows, thin intervals
of felsic conglomerates, and probably pyroclastic layers. These new observations indicate
that the Copper City rhyolite complex is a stratigraphic unit that lies below the level of
the Type I rhyolite occurrences mapped along the Keweenaw Peninsula to the northeast,

which may explain its unique character. The Copper City rhyolite seems to be closely
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associated with the St. Louis conglomerate, whereas the Type | rhyolites to the northeast

are closely associated with the Bohemia conglomerate.

Other rhyolite occurrences within the project area also occur at or near the St. Louis
conglomerate and mostly southwest of the Copper City rhyolite complex. Within the
Mayflower block, for example, an outcrop ~4 meters in diameter is located less than
2,000 meters SSW of the southwest extent of the original outline of the Copper City
rhyolite along a drainage culvert of an old Calumet & Hecla railway (Fig. 17, S2). About
2.4 kilometers farther south-southwest at Natural Wall ravine, a 3-meter exposure of a
felsic rock displaying spherulites and flow banding was noted by Hubbard (1898) and
found during this project. This felsic rock is interpreted as rhyolite and lies
stratigraphically below PLV basalt and the inferred St. Louis conglomerate. Another
rhyolite occurrence was located and sampled north of Lake Linden and about 100 meters
east of the old Calumet and Hecla railroad along an old drainage ditch (see also Irving
and Chamberlin, 1885; Hubbard, 1898), again about at the level of the St. Louis
conglomerate. Yet another rhyolite outcrop was reported by Hubbard (1898) from a
waterfall at the Keweenaw fault, located ~2 kilometers SE of Laurium, MI off Pepin
Road. This occurrence is on private land for which access was not granted. Rhyolite
reported at Houghton-Douglass falls was not found in outcrop (Butler and Burbank,
1929), but abundant rhyolitic floats were found southwest of the falls, suggesting the

presence of outcrops that may now be covered by overburden.
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conglomerate layers (Cgl) dipping 37° NW. Image taken facing SW in a private
quarry ESE of Copper City, Ml (Fig. 16, S2). Unit boundaries denoted with red
lines. Rock hammer for scale.

Near the northeastern edge of the project area, a set of rhyolitic outcrops are exposed
along a small creek bed northeast of the Mohawk-Gay Road near the intersection with
Jack Kivela Road (Fig. 18; Mueller, 2021). These weathered and fractured exposures
have felsic volcanics as well as conglomerate with subangular to angular felsic clasts or
perhaps pyroclastic breccia. While it is difficult to determine the relationships here, felsic
volcanic rocks appear to be stratigraphically below an 80-m by 45-m semi-continuous
conglomerate exposure, which is interpreted as the St. Louis conglomerate and shown on

the new map (Fig 13).

52



S » S ST k2 3 RN 0 el W 300
Figure 18: Copper City rhyolite near boundary of the 2020 and 2022 EdMap prjects.
Image taken facing towards the SW. Rock hammer for scale.

To better characterize rocks of the Copper City rhyolite complex and its possible
extension along strike, a series of analyses were undertaken that include petrographic
descriptions, whole rock geochemical analysis, and mineral separation for age dating.

The petrography and geochemistry results were compared with what was available from

earlier descriptions and analyses. Compilation of the data was then used to further

examine a possible correlation of the Copper City rhyolite along strike.

The thin section analysis reveals similar primary and alteration minerals in three rhyolite
samples (EM3A-327, EM3A-639a, and EM3A-780) that were selected for a comparative
analysis of rhyolite mineralogy away from the Copper City complex (Fig. 19). These
samples were collected across the mapped area from locations positioned
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stratigraphically below the St. Louis conglomerate. Sample EM3A-327 is a float sample
taken from ~250 meters SSW of Houghton-Douglass Falls and has been interpreted as a
rhyolite porphyry (Hubbard, 1898); sample EM3A-639a is from the southeast edge of the
main Copper City rhyolite body near its contact with undifferentiated PLV basaltic rock;

sample EM3A-780 is from the northeast end of the rhyolite quarry (Fig. 16, S2).

Petrographic work revealed that the main phenocrysts are subhedral to euhedral quartz up
to 4 mm across, along with plagioclase and alkali feldspar laths less than 2 mm across
that are commonly altered or replaced by clay minerals, oxides, and carbonate minerals.
The phenocryst volume of the bulk rock is ~5-10 % and quartz makes up approximately
60% of phenocrysts. The quartz phenocrysts display resorbed margins, or sieve textures,
which suggests dissolution of quartz back into the magma from which the crystals formed
(Strekeisen, 2020). Quartz grains with these textures were observed in all of the
examined thin sections. Textures such as embayed quartz, secondary alteration, and
opaque mineral inclusions were similar to what was described by Nicholson (1992) for a
Type Il rhyolite, therefore distinguishing these new samples from Type | rhyolites found

to the northeast in association with the Bohemia conglomerate.

54



EM3A-327

Cu
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Figure 19: Transmitted light microscope images taken at 4x magnification showing
phenocrysts of embayed quartz (Qtz), plagioclase feldspar (FId), and likely native copper
(Cu) inclusions in a porphyritic rhyolite. Photos taken in plane polarized light (left) and
crossed polarized light (right) by the author.

New geochemical data (Table 2) confirms that the main Copper City rhyolite occurrence
northeast of the AGF has geochemical affinities with the smaller exposures located
southwest along strike. Rhyolite samples analyzed for this project yielded an average
weight percent of 73.5 wt% SiO2, which may be lower than their original content
because of an average loss on ignition of 2.06 wt%. As stated earlier, Type Il rhyolites
are characterized by silica content of 75 wt% or more, low rare-earth element abundance,

and enrichment in Th, Rb, U, Nb, and Ta (Nicholson and Shirley, 1990; Nicholson,
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1992). Given these criteria, the six rhyolite samples analyzed for geochemistry are

categorized as Type Il rhyolites.

Trace element abundance in parts per million and oxide weight percentages were
averaged (N = 6) to compare with averaged Type Il rhyolite samples analyzed by
Nicholson (1992). The relative enrichment or depletion of Rb, Ba, Sr, Th, U, Nb, and Zr
in each of the selected samples supports the idea that they are all Type Il rhyolites and
share an affinity with the main Copper City rhyolite body. Depletion in parts per million
(ppm) is shown by the average Rb of 371.5 ppm and the lower Zr average of 134.3 ppm
amongst the selected samples. Enrichments in transition metals such as Cu, Cr, Nb, and
Zr are observed in samples EM3A-923 and EM3A-683. Sample EM3A-923 was
collected from the small outcrop located off the old Calumet and Hecla railway culvert
near the northeast part of the MFB. Sample EM3A-683 was collected from the northern
most part of the main rhyolite body approximately 500 meters west from the rhyolite
quarry. Sample EM3A-923 has the highest copper value at 3,340 ppm, which may be due
to its proximity to the Keweenaw fault if the fault was a fluid flow pathway during

copper mineralization.

Enrichment in Cu and Cr coupled with alteration seen in thin sections suggests that the
Copper City rhyolite was affected by metasomatism perhaps associated with movement
of fluids along faults. Increased K>O content and decreased Na>O content suggests local
metasomatism that likely occurred after rifting waned and magmatism slowed (Nicholson
and Shirley, 1990). The petrographic and geochemical similarities among the analyzed

samples and with the main Copper City rhyolite, and their shared stratigraphic position

56



over a long strike distance, supports the idea of a significant rhyolitic stratigraphic

interval beneath the Copper City flow and associated with the St. Louis conglomerate.

This idea is supported by the similarities in petrographic and geochemical results reported

here with those of Nicholson (1992) for rocks she identified as Type Il rhyolites.

Table 2: Geochemical data for bulk rock samples showing trace element abundance in
ppm and as ratios (top) and major oxide weight percents (bottom).

Sample # EM3A-595 EM3A-63%A EM3A-683 EMS3A-780 EMS3A-783 EM3A-923 Average Type Il Rhy
Trace Elements: (N=1) (MN=1) (N=1) (N=1) (N=1) N=1) (N=8) (N=4)
Cr 5.0 12.0 12.0 37.0 50 32.0 17.17 32
Ni 10 <1 20 3.0 3.0 6.0 3.0 <40
Hf 7.0 6.9 21 7.5 77 5.0 7.20 6.3
La 155 212 6.9 15.2 26.2 180 17.83 1z
Mb 425 47.2 57.2 545 55.2 40.7 49.55 51
Rb 4480 435.0 481.0 482.0 345.0 271 37152 465
5m 6.6 10.7 4.9 5.8 58 7.5 7.05 6.9
5r 254 233 24.9 188 211 854 30.48 28
Ta 3.7 4.4 57 51 51 3.3 455 4.9
To 12 2.0 1.2 14 1.2 14 1.40 185
Th 66.1 46.7 53.8 516 55.8 50.7 54.78 63
Y 47.7 95.9 52.0 66.7 57.2 614 63.65 74
¥b 5.8 12.8 71 2.2 71 6.6 7.83 768
ir 140.0 127.0 144.0 143.0 1300 122.0 134.33 144
Trace Element
Ratios:
Rb/Sr 153 18.7 19.7 25.6 16.4 0.4 12.19 16.66
Zr/Mb 33 27 25 26 24 3.0 271 288
MNb/Rb 0.1 0.1 o1 01 0.2 15 0.13 011
Ba/Rb 11 0.5 0.5 0.5 0.5 4.2 0.66 0.87
Ba/Th 7.4 4.3 4.7 47 28 2.2 45 6.23
Zr/Hf 159 185 17.8 15.0 16.8 204 187 2301
Cefvb 6.6 3.2 27 5.0 35 9.3 4.7 589
Other Anomolies:
Cu 180 32.0 76.0 13.0 18.0 33400 582.83
Ba 486.0 200.0 253.0 2400 1720 1125 24392
Ce 38.2 41.3 18.9 40.8 25.1 61.3 37.60
Li <10 10.00 10.00 10.00 <10 10.00 10.00
Ga 27.40 27.70 30.70 28.30 2410 21.20 268.57
Sample EM3A-595 EM3A-639A EM3A-683 EMS3A-780 EM3A-7B3 EM3A-923 Average Type Il Rhy
Major Oxides: N=1) (N=1) (N=1) N=1) (N=1) (N=1} (N=E§) (N=4)
502 742 69.7 745 72.2 735 742 7345 7574
Al2O3 133 118 141 128 133 13.0 1303 13.28
Fe203 16 14 14 21 2.0 18 171 044
Cal 0.2 5.0 0.6 21 0.4 04 146 138
MegO 01 0.2 0.1 0.2 01 0o 0.27 014
MNaz20 2.7 11 29 10 4.0 6.4 3.02 248
K20 5.8 47 5.6 54 38 08 435 560
TiD2 01 0.0 0.0 0.0 0.0 0.1 0.05 0.05
[\liled 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.04
P205 <0.01 <0.01 <0.01 <0.01 0.0 0.0 0.01 0.02
Lol Q.77 527 125 3.2% 0594 0.86 2.06 -
Oxide Ratios:
MNa20fK20 047 0.23 052 0.18 103 838 0.65 044
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5 Structural Analysis and Interpretation

Various structural analyses were performed to quantify the deformation observed along
the Keweenaw fault system in the project area and then to relate this deformation to
tectonic events. Bedding orientations used for fold characterization with a stereonet were
more abundant and reliable for well stratified JS in the KFS footwall than in thick,
irregular PLV strata in the hanging wall. Stratal orientation in the PLV, for example,
could only be measured accurately when flow contacts or interflow sedimentary units
were exposed. Site averaged bedding measurements were imported into Stereonet v.11 to
quantify fold geometry wherever possible but mostly for JS in the KFS footwall. Fault-
slip measurements were characterized using rake histograms to determine the relative
contributions of dip slip and strike slip to overall motion along the KFS. The same data
along with slip sense determinations were analyzed using FaultKin to compute principal
strain directions and thus to infer regional stresses and tectonics that drove faulting in the
area. Lastly, four cross-sections, constrained by the results of these analyses, were
constructed to be perpendicular to the local trend of the fault system in order to infer its

subsurface geometry and that of the associated deformation its hanging wall and footwall.
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5.1 Stratal Deformation and Fold Analysis

The following characterization of stratal deformation and folding has grouped bedding
orientation data into subareas with internally similar structural characteristics to avoid
blending and blurring important changes along the fault system. The data analysis begins
at Houghton-Douglass Falls and proceeds northeastward to the area of the Copper City

rhyolite complex.

At Houghton-Douglass Falls, large-scale footwall deformation of JS strata is best
categorized as a broad open anticline based on field observations and examination of
footwall bedding orientations (Fig. 20, left), though the breadth of the structure gives the
impression of a monocline facing toward the KF. Footwall measurements of JS stratal
orientation, minus local fold measurements analyzed separately below, define a fold axis
(T/P =198°/01°) plunging shallowly towards the SW, an interlimb angle of 156°, and an
axial plane (S/D = 18°/78° E) dipping steeply away from the KF. A tightly folded
package of JS strata ~200 meters ESE of the KF contains an anticline-syncline pair that is
9 meters wide by 4 meters tall and has axial surfaces tilted northwest toward the KF.
Calculations on a series of closely spaced bedding orientations across the two folds
define a composite fold axis (T/P = 216°/02°) plunging shallowly to the SW, an interlimb
angle of 94°, and an axial plane (S/D = 216°/55° W) dipping moderately northwest
towards the Keweenaw fault (Fig. 20, right). The geometry of this small-scale folding
implies a top-to-southeast shearing of strata within JS footwall strata, which is consistent

with a component of southeastward thrusting on the KF.

59



Houghton Douglas Falls Footwall JS: Local Fold Omitted Houghton Douglas Falls Footwall t9ocal Fold

Fold Axis (T/P):198°/01° Fold Axis (T/P):216°/02°
Axial Plane (5/D):18°/78° E Axial Plane (5/D):216°/55° W
Interlimb Angle: 156° Interlimb Angle: 94°
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Figure 20: Equal area stereonet plots and analyses of footwall JS stratal orientation from
Houghton-Douglass Falls. Plotted values are site-averaged data. Thin black arcs are bedding
planes; black dots are poles to planes. Thick black arcs are best-fit surfaces to bedding poles.
Left plot shows all data minus data from the small fold. Right plot shows data from the small
fold within the large anticlinal structure.

As discussed previously, hanging-wall PLV strata at Houghton-Douglass Falls dip
shallowly northwestward based on measurements within the St. Louis conglomerate near
the base of the cliff and on flow structure in the Copper City flow at the top. The average
orientation of PLV strata (Fig. 21, black arcs) in the hanging wall (S/D = 242°/15° NW)
is very similar to that of the KF (S/D = 240°/19° NW) at this location (Fig. 21, yellow
arc), which implies that the hanging wall became detached along a horizon just below the
St. Louis conglomerate. The ENE trending strike of the KF and hanging-wall PLV strata
is oriented clockwise relative to NNE-trending fold axes in footwall JS strata. If the local
shortening direction is normal to the JS fold axes, this would imply a component of right-

lateral slip on the KF in addition to its reverse slip component.
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Figure 21: Equal area stereonet plot of hanging-wall PLV stratal orientations at
Houghton-Douglass Falls. Symbology the same as in Figure 18. Thin black arcs are
averaged bedding orientation measurements taken on St. Louis conglomerate near base
of falls and on Copper City flow amygdaloids at top of falls; black dots are poles to the

planes. Yellow arc shows Keweenaw fault orientation.

At the Natural Wall ravine, an anticline-syncline pair is exposed along a deeply incised
valley that exposes the well-known Natural Wall of Jacobsville Sandstone (Fig. 14).
Folding of footwall JS strata was first analyzed using all data (Fig. 22), which identified
two groups of measurements that were subsequently analyzed separately (Fig. 23). The
first group is from site locations at and near the Natural wall and captures the synclinal
fold downstream to the southeast. The second group is from sites upstream to the
northwest from the Natural Wall and captures folded strata closest to the fault
intersection in this area. The complete data set defines a composite fold axis (T/P =
202°/38°) for the anticline-syncline pair as plunging moderately south-southwest, an

interlimb angle of 95°, and a composite axial plane (S/D = 174°/58° W) that trends
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roughly obligue to the nearby faults composing the KFS but more parallel to the NNE-

trending connector fault near the fault intersection.

Natural Wall Footwall: Composite Dataset
Fold Axis (T/P): 202°/38°
Axial Plane (S/D): 174°/58° W
Interlimb Angle: 95°

Figure 22: Equal area stereonet plot and analysis of all JS stratal orientations from the Natural
Wall. Thin black arcs are bedding planes; black dots are poles to planes. Yellow arc indicates
axial plane. Thick black arc is best-fit surface to bedding poles.

To further understand the geometry of this footwall deformation, a fold analysis was done
separately for the two groups defined above. Regarding the main syncline downstream
from the Natural Wall, the steep west limb at the wall and shallow east limb to the
southeast define a shallow plunging fold axis (T/P = 197°/19°) and an axial plane (S/D =
181°/51° W) dipping moderately towards the KFS (Fig. 23, left). Upstream from the
Natural Wall, anticlinal folding defined by Group 2 has a fold axis (T/P = 218°/50°)
plunging moderately southwest and an axial plane (S/D = 192°/70° W) dipping steeply
towards the KFS (Fig. 23, right). The axial planes for both groups are subparallel to the

main Keweenaw fault. The steeply plunging fold axis of Group 2, however, is nearer to
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the major NE-trending fault splay and to its intersection with the NNW-trending

connector fault, which implies more deformation and complexity.

Natural Wall Footwall JS: Group 1
Fold Axis (T/P): 197°/19°
Axial Plane (S/D): 181°/51° W
Interlimb Angle: 103°

”r

Natural Wall Footwall JS: Group 2
Fold Axis (T/P): 218°/50°
Axial Plane (S/D): 192/70°W
Interlimb Angle: 135°

N=23

Figure 23: Equal area stereonet plot and analysis of two groups of JS stratal orientations
at Natural Wall. Thin black arcs are bedding planes; black dots are poles to the planes.
Thick black arcs are best-fit lines to bedding poles. Yellow arcs indicate axial planes.

The style of folding at Natural Wall ravine continues northeast to the southern part of the
Mayflower Fault block, where abundant outcrops allowed stratal orientation to be
measured on subvertical and overturned beds near the major footwall splay along the
southeast edge of the MFB and on sub-horizontal beds to the southeast. Footwall
exposures of JS near Old Colony Road and Mayflower Road show a complex series of
vertical and overturned strata (Fig. 24). Most measurements were taken on quartzose
sandstone beds with occasional siltstone and conglomeratic sandstone layers located
within ~100 meters of the fault bounding the southeast edge of the MFB. Fold analysis of

the composite dataset yields a composite fold axis (T/P = 42°/4° E) plunging slightly
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northeast and a composite axial plane dipping moderately northwest towards the major
footwall splay (S/D = 225°/52° N). This composite dataset was then geographically split

into two areas near Old Colony Road and Mayflower Road (see Fig. 15).

Old Colony/ Mayflower Rd Footwall JS: Composite Dataset
Fold Axis (T/P):42°/4°
Axial Plane (S/D):225°/52° N
Interlimb Angle: 101°

Figure 24: Equal area stereonet plot and analysis of JS stratal orientations. Composite data set
of measurements from Old Colony Rd to Mayflower Rd. Thin black arcs are bedding planes;
black dots are poles to planes. Yellow arc indicates fold axis.

Near Old Colony Road (Fig. 25, left), field observations reveal a tight syncline with a
steeply dipping NW limb, and analysis of stratal orientations computes a fold axis (T/P =
48°/01°) plunging very slightly northeast and an axial plane (S/D = 229°/50° N) dipping
moderately northwest toward the major footwall splay. These results are very similar to
those of the full dataset in this area, but should be a better estimate of fold characteristics
because they are geographically more restricted. Near Mayflower Road (Fig. 25, right),
JS stratal orientations suggest a similar trending fold or folds as shown near Old Colony

Road and may define a tight fold. However, the sparse data and variability of bedding
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orientations makes this difficult to determine. Fold axes calculated from the composite
and Old Colony Road datasets have similar trends to that of the nearby major footwall
splay fault (N34°E) that bounds the southeast side of the MFB. This general result shows
that footwall fold trends here are parallel to the nearby fault as expected and without any

apparent complications.

Old Colony Rd Footwall JS: Mayflower Rd Footwall JS:
Fold Axis (T/P): 48°/1°
Axial Plane (S/D):229°/50° N
Interlimb Angle: 100°

Figure 25: Equal area stereonet plot and analysis of JS footwall stratal orientations between Old
Colony Road and Mayflower Road, separated by location. Thin black arcs are bedding planes;
black dots are poles to planes. Yellow arc represents axial plane. Thick black arcs are best-fit
lines to bedding poles.

Orientations of PLV strata in the hanging wall of the main footwall splay and near the
center of the Mayflower fault block are defined by two groups of sites based on their
position north and south of Mayflower Road, which crosses the center of the Mayflower
fault block. South of Mayflower Road, PLV strata strike parallel to the major footwall
splay and dip moderately northwest (Fig. 26, left; S/D = 237°/30° NW), whereas PLV

strata north of Mayflower Road dip more steeply northwest (Fig. 26, right; S/D =
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225°/48° NW). These average trends reflect the major fault splay on the southeast part of

the MFB more than the main KF on the northwest part of the MFB.

Hanging Wall PLV S of Mayflower Rd: Hanging Wall PLV N of Mayflower Rd :
Average (S/D): 237°/30° NW Average (S/D): 225°/48°

Figure 26: Equal area Stereonet plot of PLV hanging wall stratal orientations. Data grouped
relative to Mayflower Road. Thin black arcs are bedding planes; black dots are poles to planes.
Yellow arcs indicate average bedding orientations.

N=1

The private rhyolite quarry, located ~1 kilometer ESE of Copper City, exposes felsic
conglomerate layers within the Copper City rhyolite complex that dip to the northwest
(Fig. 27; SID = 249°/37°). The rhyolite unit has an average dip that is 14° less than the
dip of the overlying Copper City basalt flow (Fig. 27, black arc), which suggests a broad
roll in the dip of hanging-wall PLV strata shown on a subsequent cross-section.
Otherwise, the average stratal orientation of the Copper City rhyolite is similar to the

orientations of nearby PLV strata within the Mayflower fault block (Fig. 27, blue arcs).
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Hanging Wall Copper City Rhyolite:
Average (S/D): 249°/37° NW

Figure 27: Equal area Stereonet plot and analysis of stratal orientations of PLV Copper City
rhyolite compared with PLV basalt. Rhyolite values are site averaged measurements from within
the rhyolite quarry. Yellow highlighted arcs indicate Copper City rhyolite measurements; blue
arcs indicate PLV averages from north (N-May) and south (S-May) of Mayflower Road; black
arc indicates nearby Copper City (CC) flow measurements. Black dots are poles to planes.
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5.2 Fault-Slip Characterization and Kinematic Analysis

Many faulted surfaces display aligned narrow striations and wider ridges and grooves that
form parallel to the slip direction by scraping, gouging, scratching, and mineralization
during slip (Fig. 28; Billings et al., 1972; Burg, 2020). A fault’s slip sense often can be
determined by inspection of asymmetric steps that form roughly perpendicular to the slip
lineations (Fig. 29; Allison, 2020). Fault slip direction can be specified by the rake of a
surface lineation, defined as the angle measured on the fault surface between a strike line
and the lineation, or by its plunge azimuth combined with strike and dip of the host
surface (Fig. 30; Burg, 2020). Slip lineations measured for this project were mostly on
fault surfaces with secondary mineralization in the Portage Lake Volcanics. The slip
lineations were not always paired with asymmetric surface steps, so the slip sense was
determined less frequently than the slip direction. Weathered surfaces, poor lighting, and
accessibility to the surface also made determining a fault’s slip sense difficult or not

possible.
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Figure 28: Fault surface lineations parallel to the slip vector (Burg, 2020).

A Initial Fracture

g Fault Displacement and Fiber Growth

Figure 29: Relationship between slip sense and asymmetry of steps formed by
synkinematic mineralization (Allison, 2020).

: = plunge direction

Measurement
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Figure 30: Lineations on a planar surface are specified either using rake or plunge
direction along with strike and dip of the surface (Burg, 2020).
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Apparent rake measurements from the study area were converted to true rake and then
analyzed in terms of the slip characteristics of faults making up the KFS. Final rake
values were imported into Stereonet v.11 (Allmendinger, 2020) to create radial
histograms showing the distribution of slip directions and the relative contribution of dip-
slip and strike-slip components of fault movement (Fig. 31). Radial histograms were
constructed using bidirectional rake measurements so that rake varied from 0°for pure
strike slip to 90° for pure dip slip. Therefore, rake values greater than 45° have a larger
component of dip-slip movement, and those less than 45° have a larger component of

strike-slip movement.

The resulting rake histogram for all measurements shows a spread of values that range
from mostly strike slip to mostly dip slip, with an arithmetic average of 50°. Using all the
data, an overall strike-to-dip slip ratio of 0.84:1 was calculated, which indicates that the
collective action of all measured faults is almost as much strike-slip as dip-slip. The rake
values are not evenly distributed between 0° and 90°, but instead are bimodal (Fig. 32)
with one group having mostly strike slip (10°-20° mode) and the other having mostly dip
slip (70°- 80° mode). The bimodal nature of the rake distribution suggests that strain
partitioning has occurred, which is discussed later in the context of prior EdMap studies.
By splitting the data near the minimum bin value of 50°, the two main modes in the data
can be characterized as follows: a dominantly strike-slip mode with an average rake of
26° (Fig. 32, left) that is similar to previous EdMap results, and a dominantly dip-slip

mode with an average rake of 70° (Fig. 32, right) that so far is unique to this area.
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Figure 31: Radial histogram of site-averaged lineation rakes counted within 10° bins.

Black arrow shows arithmetic mean. The largest wedge (70° to 80°) has 25% of data.
Strike-slip corresponds to rake = 0°; dip-slip corresponds to rake = 90°. Blue dots on
perimeter are input rake values.
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Figure 32: Radial histograms of fault lineation rakes counted into 10° bins. Black arrow
denotes arithmetic mean of data. Composite dataset sub-divided into two groups: rake < 50°

(left) and rake > 50°(right). The largest wedge (31°-40°) has 25% of data (left); largest wedge

(71°-80°) has 40% of data (right). Strike-slip corresponds to rake = 0°; dip-slip corresponds to
rake = 90°. Blue dots on perimeter are input rake values.
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Fault-slip lineations coupled with asymmetric steps allow both the direction and sense of
fault slip to be determined. With a robust dataset of such measurements, the regional
principal axes of paleostrain can be estimated by using fault-slip inversion analysis
(Marrett and Allmendinger, 1990). The principal strain axes represent the directions of
maximum shortening (P-axis), maximum extension (T-axis), and an intermediate axis
normal to the other two. Assuming that the regional strain through time was non-
rotational relative to regional stress, the principal paleostrain axes coincide with the

principal paleostress axes as inferred from patterns of fault slip.

Fault-slip inversion was performed on the processed field data using the FaultKin
application (Fig. 33; Table 3). The calculated maximum shortening axis (P-axis) has a
horizontal projection along the line 2°-182° and the calculated maximum extensional axis
(T-axis) has a horizonal projection along the line 118°-298°. The calculated direction of
the principal compressional strain in this area differs by nearly 90° from that determined

by previous EdMap projects to the east, which is addressed in the Discussion section.

Table 3: Fault Plane Solutions

Principal Strain Axes Trend Plunge
P-axis; relative shortening 182° 42°
T-axis; relative extension 298" 26°
[-axis; intermediate 50° 37°

The moderate plunges of the calculated principal strain axes and the oblique orientation
of P and T axes relative to mapped faults imply a complex fault-slip regime with a mix of
slip modes (strike vs. dip slip) as well as slip senses within each mode. In this regard,
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seventy faults with a determined sense of slip were tabulated by slip mode and slip sense
(Fig. 34). The tabulation shows a fault sample with a similar amount of thrust and normal
fault movement as well as right and left lateral movement, but the combinations of slip
modes and senses is not uniform as shown by the asymmetry of table values. The
complexity of fault slip characteristics shown by this tabulation is connected to the
complexity in the estimated principal strain axes, given that both results are based on the
same data. Further thoughts and possible explanations are given in the Discussion

section.

20

182°

Figure 33: Linked Bingham, fault-plane solution showing inferred fault planes with
maximum resolved shear (black arcs) and slip lineations on individual faults (black dots
on arcs). Principal strain axes: P — relative shortening, T — relative extension, | —
intermediate. Shortening direction in a horizontal plane is along an azimuth 002°-182°.

73



Dip Slip

Thrust Normal
Right 6 29 =35
Strike
Slip
Left 27 8 = 35
| Il 170 Total
33 37

Figure 34: Tabulation of slip components and sense for fully determined fault surfaces.
Values are number of sites with the specified components and senses of slip.
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5.3 Cross-Section Construction and Interpretation

The new mapping results, fold and fault analyses, current concepts about fault systems,
and modern cross-section construction methods were used to build cross-sections through
four relatively well-known localities. Cross-sections were constructed perpendicular to
the Keweenaw fault to better define downdip fault geometry and associated deformation
in its hanging wall and foot wall (Fig. 35). The following cross-sections were selected at
locations that represent the range of structural styles observed along the KFS: A-A’ at
Houghton-Douglass Falls crosses both the Keweenaw and Hancock faults southwest of
their intersection; B-B’ at the St. Louis ravine crosses the Keweenaw fault between the
Hancock fault intersection and the Mayflower fault block; C-C’ at the Mayflower fault
block crosses the Keweenaw fault and the large footwall splay along the southeast side of
the fault block; and D-D’ near Copper City crosses the Keweenaw fault and the thickest

part of the Copper City rhyolite complex.

Elevation profiles for the cross-sections were created in ArcGIS Pro and used to create
templates, onto which unit contacts, stratal dips, faults and their dip, and fold axial
surfaces were posted. Dip values of strata, fold axial surfaces, and faults were converted
to apparent dip along the cross-sections. Diamond drillholes were also positioned along
the cross-sections and drawn with their given inclination below horizontal adjusted as for
apparent dip adjustments. Their available core log descriptions (Butler and Burbank,
1929; White, 1985) were used to constrain geologic contacts and thicknesses in the

hanging wall of the KFS and within the MFB. PLV stratal dip in the footwall is not
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constrained by observations, and so it was taken to be 15° NW based on published data

for Silver Mountain (Kulakov, 2013).

A minimum thickness of JS section is inferred from a Mayflower diamond drillhole
(MAY-41; see Appendix Al) and is used on all four cross-sections. The MAY-41
diamond drill hole along cross-section C-C’ crosses the Keweenaw fault into JS at ~475
meters below sea level, which implies a minimum JS thickness of ~795 meters. The JS
section could be as thick as 2,300 meters based on an early seismic experiment (Bacon,
1966), which value was used in a recent cross-section model (DeGraff and Carter, 2023).
The cross-section work here did not attempt to tie into that cross-section work, and
investigated a likely minimum case for JS section thickness instead. Evidence was
previously cited for a basal JS unit that largely consists of poorly indurated, muddy to
silty conglomerate at Natural Wall ravine, Lac La Belle, and Béte Grise Bay. Its
thickness is uncertain but, based on sections examined at those locations, the thickness of
the basal JS conglomerate was set to 50 m for the cross-sections presented here. The main
protocols used to construct the sections were: 1) maintaining stratigraphic thicknesses of
modeled sandstone layers in the footwall; 2) preserving the volume of the JS unit by
adjusting the basal conglomerate thickness to accommodate folding of overlying
sandstone layers; 3) integrating all available data from published maps and new mapping;
and 4) using the dip-bisector method of cross section construction as much as possible.
The resulting cross-sections are presented and discussed starting at Houghton-Douglass

Falls in the southwest and proceeding towards the northeast.
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Figure 35: Updated bedrock
geology for this thesis area (black
outline) in the northeast part of
the 2021-2022 EdMap project
area. Geologic units and map
symbols are explained in the
legend. Letters A, B, C, and D
and red lines mark the cross-
sections explained in the text.



Excellent outcrop control along Hammell Creek above and below Houghton-Douglass
Falls provides a rather clear picture of the surface geology and structural geometry for
cross-section A-A’ in the hanging wall and especially in the footwall of the Keweenaw
fault (Fig. 36). First addressing the hanging wall in the cross-section, the Keweenaw fault
is shown dipping 15°NW, adjusted for apparent dip, and parallel to overlying strata that
have a similar measured dip. The position of the Hancock fault at the surface is based on
the new map, and its dip of about 23°NW is constrained to be no shallower than
measured dip of PLV strata from the USGS bedrock geology map. In fact, the Hancock
fault must dip slightly steeper than the PLV stratal in its hanging wall in order to
duplicate the Copper City flow as indicated by the new map. The Hancock and
Keweenaw faults must converge and intersect going downdip to the northwest, which is
predicted to occur at ~ 300 meters beneath the surface. Given that the Keweenaw fault is
the more significant fault because of its greater displacement and strike length, the model
shows the Hancock fault terminating or merging into the Keweenaw fault. This fault
model geometry creates a double-stacked pattern that repeats the St. Louis conglomerate

and Copper City Flow.

Stratal geometry in the remainder of the KF hanging wall is constrained by outcrop
measurements of layer orientation posted on USGS geology maps and the concept of the
fault system here being largely detached on or near the St. Louis conglomerate (see
DeGraff and Carter (2023) with a summary of detachments observed in mines). In such
detached systems, hanging-wall stratal geometry largely mimics the shape of the
underlying fault. Application of this concept along with the dip-bisector method of fold

hinge construction allowed the downdip extrapolation of the merged KF and HF to the
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bottom of the cross-section. A broad anticline in the hanging wall, defined by PLV stratal
dips that increase going to the northwest, trends roughly parallel to the KF and HF and is
similar to a recently published cross-section along Dover Creek about 4 kilometers to the

southwest (DeGraff and Carter, 2023).

Next addressing the footwall, the broad anticlinal structure defined by measured stratal
orientations in outcrop is the starting point for constructing this part of the cross-section.
The basal contact of the JS is assumed to be nearly horizontal and resting on tilted PLV
strata at a depth of 475 meters below sea level, based on the MAY-41 drill hole, which
equates to a minimum JS thickness of 795 meters. In order to conserve volume within the
JS section, layer thicknesses over most of the section, represented by construction form
lines, were kept constant or nearly so. Adjustments to thickness were made in the
lowermost 50 m of the JS section, where basal strata are inferred to be poorly indurated,
relatively ductile, muddy conglomerate and silty layers, as mentioned earlier. The ductile
basal unit was made thicker below the surface anticline to accommodate upward flexing
of overlying JS strata. Similarly, the ductile unit was made thinner going northwest from
the anticline into a broad flat-bottomed syncline that starts at the KF surface trace and is
inferred to extend below the shallow-dipping thrust sheet. In the corner at the intersection
of the KF with the footwall PLV-JS unconformity, the ductile unit was made much
thicker to fill the volume opened by upward dragging of overlying JS strata along the
underside of the thrust sheet. The various thickness adjustments in the basal ductile unit
were made so that the volumes added by local thickening equaled the volumes subtracted

by local thinning, thus conserving overall volume of the basal layer.
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Relatively good outcrop control along St. Louis ravine also provides a fairly clear picture
of the surface geology and structural geometry in the hanging wall and footwall of the
Keweenaw fault for cross-section B-B’ (Fig. 37). The hanging-wall part of the cross-
section is simple in comparison to cross-section A-A’ because it lacks the repetition of
PLV strata caused by the Hancock fault, which does not extend this far north. The
downdip extension of the Keweenaw fault is again constrained by the stratal geometry of
the hanging wall and the concept that it formed by detachment at or near the St. Louis
conglomerate. Here, the fault dips more steeply at the surface (N35°W) than at
Houghton-Douglass Falls (N15°W) based on HW stratal measurements. Moving
northwest from the fault, the dip of PLV layers in the hanging wall changes in a way that
suggests a broad anticlinal structure parallel to the KF, similar to what is seen in the

Houghton-Douglass cross section but less prominent.

In the field, JS strata in the immediate footwall of the fault are vertical to overturned
74°NW, but they change orientation to 7°SE less than 100 m southeast of the fault. The
observed geometry of footwall deformation at the surface is that of a tight asymmetric
syncline with an overturned northwest limb, a nearly horizontal southeast limb, and an
axial surface that dips moderately toward the fault. The deformation style seen at the
surface is largely reflected in the subsurface stratal geometry of the footwall that is

modeled in the cross-section.

To accommaodate the sharp synclinal bend near the fault, the ductile basal JS unit was
made thicker at the intersection between the KF and the PLV-JS unconformity in the

footwall, comparable to cross-section A-A’ at an analogous location. To conserve volume
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within the ductile unit, a broad open syncline with a flat bottom was modeled as
suggested by stratal dip at the surface. The broad synclinal geometry implies a broad
anticline to the south, similar to the overall geometry at Houghton-Douglass Falls.
However, a lack of JS exposures farther downstream along St. Louis Creek does not

allow this modeled anticlinal geometry to be tested with currently available data.
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Cross-section C-C’ across the Mayflower fault block (Fig. 38) lacks the excellent surface
control of the previous two cross-sections, but it has better subsurface control from
numerous exploratory drill holes of the Mayflower and Old Colony series of holes. Here,
the absence of deeply incised valleys required extensive use of the available core logs and
the projection of surface observations and measurements from well off the line of section.
The best constrained part of the cross-section is the hanging wall of the Keweenaw fault,
which is reinterpreted to be what was previously called the Mayflower fault. The fault
here is well constrained by drill hole data, mine workings, and to a lesser degree by
outcrop relationships (White et al., 1953; this thesis). The fault on the west side of the
Mayflower fault block strikes N15°E and dips 60°NW, which is parallel to PLV layers in
its hanging wall, including the St. Louis conglomerate and the Copper City flow. Within
the depth extent of the cross-section, the fault’s dip changes only slightly based on the
same methods and concepts explained for previous cross-sections. Other than the fault’s
steeper dip here relative to previous cross-sections, its stratigraphic position near the St.
Louis conglomerate and subparallel relationship to hanging-wall stratigraphy is identical
to the relationships documented for the Keweenaw fault on the other cross-sections.
Therefore, this fault segment, formerly called the Mayflower fault, is now interpreted as

the continuation of the main Keweenaw fault coming from the southwest.

In the footwall southeast of the Mayflower fault block, JS strata near the bounding fault
are tilted into subvertical orientations with both northwesterly and southeasterly dips that
appear to define a series of tight anticlines and synclines (Fig. 15). A fold analysis of
stratal orientations from this area yields fold axes plunging ~01° to the NE, and

subparallel axial surfaces trending ~46°. The fold axes generally conform to the natural
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bend and trend of the faults bounding the southeast edge of the MFB (Fig. 15). Along the
line of cross-section C-C’, footwall JS strata near the main splay fault dip steeply in
opposite directions within a relatively short horizontal distance, similar to what is
observed along the St. Louis ravine (Fig. 37). Because of this and considerations of
volume conservation, a small NE-trending splay fault is inferred to offset footwall JS
strata in a reverse sense to explain the inferred overturned strata and to reduce the need to
thicken the basal JS unit near the bottom of the Mayflower fault block. Other solutions to
this complex region may be possible but have not yet been found. The modeled wedge of
JS strata between the major footwall splay fault on the west and the inferred splay fault
within JS on the east is probably not unique, but small fault blocks such as this postulated
one are difficult to resolve with the available exposures. The footwall interpretation near
the major footwall splay fault looks closest to what is shown on B-B’ (Fig. 37), however
with the complication of faulting within the JS section. Moving to the southeast, the
broad synclinal structure modeled here is like those modeled in the previous cross
sections but lacks the amount of outcrop control available along those transects. The
presence of JS strata below the MFB is constrained by the MAY-41 drill hole, but its
lithology is not described in much detail. I1ts geometry shown in the cross-section is not
well constrained but is consistent with the other cross-section models as far as thickening

of the unit in this complex region.

The internal geometry of the Mayflower fault block along the cross-section was
interpreted using the map relationships and the following diamond drillholes from the
Mayflower (MAY) and Old Colony (OC) mining companies: MAY-7.5, MAY-39,

MAY-41, OC-14, OC-15, OC-19, OC-21, OC-22, and OC-28 (Appendices Al and A2).
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However, other drill holes off the line of section further constrained the block’s internal
geometry, especially along the reinterpreted Keweenaw fault. The Old Colony drill holes
listed above constrain the positions of the main bounding faults and conglomerate layers
within the fault block. Drill hole MAY-41 provides critical data because it cuts the
Keweenaw fault and important hanging-wall stratigraphy, part of the Mayflower fault
block, the basal thrust of the block, and underlying Jacobsville Sandstone at its deepest

proven point in this area.

The overall stratal and fault geometry for the Mayflower fault block seems fairly clear
from the exploratory core logs, but the details in some parts are difficult to resolve
probably because of complications due to small-scale deformation. The general stratal
geometry within the Mayflower fault block (MFB) is defined by two conglomerate layers
penetrated by six to seven drill holes near the base of the PLV section in the block (Fig.
38). These conglomerate layers are easily correlated across the drill holes, and they
define an open anticline-syncline pair along a northwest to southeast direction. The basal
thrust of the MFB in the MAY-41 drill hole cuts about 120 meters below the lower
conglomerate layer. Based on the concept of a mostly detached style of faulting here, the
shape of the basal thrust is constrained by the geometry of the overlying PLV strata in the
MFB and is modeled thusly in the cross-section. The lower conglomerate layer within the
MFB is tentatively taken to be the St. Louis conglomerate based on its proximity to the
fault, which implies that the Copper City flow should lie immediately above it as labeled
with a question mark on the cross-section. Another possible interpretation is that the two
conglomerate layers traced within the MFB correlate to conglomerate layers higher in the

PLV section, such as the Kingston, Calumet and Hecla, Houghton, or Allouez
86



conglomerates. Such a correlation would increase the amount of reverse slip calculated
on the Keweenaw fault at this location from a minimum of 1.5 kilometers using the St.
Louis conglomerate correlation to more than twice that distance using the Kingston

conglomerate correlation as an example.

The internal geometry of the Mayflower fault block as modeled in the new cross-section
is similar to what is shown on the published Ahmeek bedrock geology map sheet (White
et al., 1953), which is expected given the extensive drill hole control. The previous cross
section only reaches a depth of ~490 meters below sea level, however, and does not
include information from the MAY-41 drill hole. The new cross section extends to 1,000
meters below sea level and models a likely connection between the KF and the major

splay fault at a depth of ~780 meters below sea level.
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Cross-section D-D’ across the Copper City rhyolite complex and a new section of the
Keweenaw fault system (KFS-3) lacks geologic control in the footwall of the Keweenaw
fault and has very little subsurface control from drilling, such that it is the least
constrained of the four cross-sections (Fig. 39). However, it does have moderately good
surface control in the hanging wall from outcrops and two quarries, one in the Copper
City rhyolite complex and the other in the Copper City flow (Fig. 16). The Keweenaw
fault in this third main section of the fault system strikes N50°E and dips 35°NW based

on outcrop mapping, but is nowhere exposed at the surface or cut by drill holes.

Again, beginning with the hanging-wall part of the cross-section and using the same
construction methodology explained previously, the variation of PLV stratal dip along the
line of section defines a broadly listric geometry of PLV strata with a slight shallowing of
dip toward the KF. The shallowing of PLV stratal dip by ~14° toward the KF is
documented by measurements at the Copper City flow and on conglomerate layers
interbedded in the Copper City rhyolite complex. The rationale for continuing the
rhyolite complex down dip in the cross-section is based on its new interpretation as an
extrusive complex and therefore part of PLV stratigraphy. The rhyolite is modeled as
becoming thinner down dip because of the thinning along strike that is apparent at the

surface (Fig. 16).

The footwall geometry of Jacobsville Sandstone layers lacks any constraint, therefore, the
general model shown on previous cross-sections was also implemented here but in a
somewhat schematic way. Given the moderately steep dip of the KF, the general footwall

geometry modeled on cross-section B-B’ (Fig. 37) was adopted for D-D’. Vertical JS
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strata shown on the cross-section along the underside of the Keweenaw fault are
supported by observations of vertical strata in a small JS outcrop about 4 kilometers
northeast of the cross-section along strike and just outside the current project area
(Mueller, 2021). The part of the cross-section that lies in the corner between the KF and
the footwall PLV-JS unconformity is probably more complex than shown and may be
similar to JS folding observed near the fault intersection at the Natural Wall or at another

fault intersection along Bruneau Creek west of Gratiot Lake (Mueller, 2021).
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6 Discussion of Results and Significance

Important insights from the new geologic mapping and structural measurements have led
to significant changes in map and cross-sectional geometry of strata and faults, an
improved understanding of deformation related to movement along the KFS, and
implications for causal tectonic events. Map changes include recognition and tracing of
stratigraphic units along strike and across faults, improved definition of the fault network
by adding new fault splays and reinterpreting previously recognized fault segments, and
quantitative characterization of folding in footwall JS strata. The following paragraphs
discuss the main changes in the new map relative to published USGS maps of the 1950s
and a later compilation (Cannon and Nicholson, 2001). They also compare the structural
style and analysis results for this section of the KFS with those of the previous EdMap

projects conducted to the northeast where the fault system strikes more easterly.

Regarding stratigraphic changes, the Copper City rhyolite body shown on published
bedrock geology maps had been previously interpreted as intrusive (White et al., 1953) or
as either intrusive or extrusive (Davidson et al., 1955). It was recognized as being unique
from all other rhyolite occurrences farther northeast along the Keweenaw Peninsula
based on differences in mineralogy and geochemistry (Nicholson, 1992). The new quarry
observations and mapping show that the Copper City rhyolite occurrence is a subaerial
complex with felsic conglomerate (breccia) interbedded with rhyolite flows. This Copper
City rhyolite complex can be traced along strike for at least 2.6 kilometers using the new

quarry site, the sites to the southwest along the Calumet and Hecla railway, and core log
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information, which more than doubles its previously mapped extent of ~1.2 kilometers.
The shape of the complex in map view suggests that it has a broad domal geometry,
similar to other rhyolitic occurrences farther to the northeast along the Keweenaw
Peninsula and interpreted to be largely extrusive (Nicholson, 1992). Therefore, the
Copper City rhyolite complex is interpreted to be a significant stratigraphic unit of the
PLV that is older than the other rhyolites documented thus far along the Keweenaw

Peninsula.

Other occurrences of rhyolite northeast and southwest of the Copper City rhyolite
complex are judged to be part of the same stratigraphic unit, though they may not be
continuous and connected to the main complex. Comparison of new geochemical data
and thin-section observations with previous work by Nicholson and Shirley (1990)
suggests that other rhyolite occurrences along strike of the main complex are more
similar to those of the main complex than to Type | rhyolites found farther to the
northeast. The other rhyolite occurrences in this project area are also near or below the
level of the St. Louis conglomerate, like the Copper City rhyolite complex. Their
inclusion as part of this rhyolitic stratigraphic unit would extend it ~3.8 kilometers
northeast to just beyond the Mohawk-Gay Road and ~7.2 kilometers southwest to just

beyond Highway M-26 between Lake Linden and Laurium.

Another important change in stratigraphic correlation involves the St. Louis
conglomerate and Copper City flow, which are now traced along strike from the Allouez
Gap fault southwest to beyond Houghton-Douglass falls in the hanging wall of the

Keweenaw fault. The new correlation extends these PLV units across the Hancock fault
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in the southern portion of the thesis area in a way that matches the apparent left-lateral
offset of PLV layers mapped by the USGS elsewhere along that fault. The identification
of these units at Houghton-Douglass Falls southeast of the Hancock fault fills a
stratigraphic gap for the thrust sheet lying between the Keweenaw and Hancock faults,
making further interpretation of that area more feasible. The extended correlation of these
units along strike and recognition of the link between the St. Louis conglomerate and the
Keweenaw fault also makes a strong case that the former Mayflower fault, previously
considered to be a branch of the Keweenaw fault on the west side of the Mayflower fault
block (White et al., 1953), is instead a continuation of the Keweenaw fault as defined to
the southwest. The formerly designated Keweenaw fault along the southeast side of the
Mayflower fault block is now interpreted to be a major footwall splay of the main

Keweenaw fault.

The fault pattern and associated deformation within this project area appear to become
more complex from southwest to northeast in the project area. The structural geometry is
most complex and difficult to interpret near the Allouez Gap fault, where the main slip
surface of the KFS abruptly changes direction and shifts downward to a lower
stratigraphic level. The hanging-wall structural geometry generally changes less along the
fault system than the footwall geometry, where deformation intensity appears to increase
from near Houghton-Douglass Falls northeastward to the Mayflower fault block. This
apparent northeastward change in deformation intensity within JS strata is manifested by
tighter folds with vertical to overturned strata and a greater number of parallel folds,
though the latter are not well defined by available outcrops. In general, the fold trends

conform to the shape of the nearby fault contact with PLV, but locally they diverge from
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the nearby fault trend as in the case of a corner formed by intersecting faults at Natural

Wall ravine.

The orientations of faults and fold axes provide insight regarding the regional stresses
and tectonic events that caused folding in the footwall portions of the KFS. The
orientations of fold axes in footwall JS strata indicate local shortening along azimuths
between 110° and 130°, which is based on the range of directions normal to the fold axes.
If this local shortening direction reflects the regional principal shortening direction, then
this result is similar to those obtained by previous EdMap projects based on fault-slip
inversion analyses (Tyrell, 2019; Mueller, 2021; Lizzadro-McPherson, 2023). However,
as discussed below, it differs from the results of fault-slip inversion analysis on data from

this project area.

Fault-slip results for this thesis project have some similarities to those of previous EdMap
projects, but also show important differences. The arithmetic means of rakes calculated
for the previous EdMap projects were nearly the same and indicated a strike-to-dip slip
ratio of about 1.8:1 for the composite effect of faults in the fault system where it trends
roughly east-west (Fig. 39, A-C). The minor differences between these projects likely
result from the number and sample of faults available to measure, but may reflect
position along the Keweenaw Peninsula. Whereas the previous study areas exhibited low
rake values indicative of dominant strike slip on the KFS, this project area exhibited a
bimodal distribution of rake values. One of the modes in the bimodal distribution has an
average rake of 26°, which matches the results of previous EdMap projects and indicates

a set of faults in the sample that mostly have strike slip motion. The other mode,
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however, has an average rake value of 71°, which indicates another set of faults in the
sample that mostly have dip slip motion. The overall average rake value of 50° for this
study, which combines the two modes, indicates that the KFS here collectively has

roughly equal strike-slip and dip-slip components (Fig. 40, D). The difference between

the rake histogram from this study and those from previous studies is expected

considering how the curvature of the KFS would affect its orientation relative to applied
far-field effects.
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Fault-slip inversion results for the three completed EdMap projects also suggest varying
slip kinematics along the curved trajectory of the KFS (Fig. 41). Focusing on the P-axes
in the plots, inferred principal shortening directions derived for the three previous
projects range from nearly east-west to east-southeast and yield an average shortening
direction of 282°-102°. The principal shortening direction calculated for the current
project area is 002°-182°, which is roughly normal to the average of previous results. In
one sense, it makes sense that the current result would differ from previous results given
where this project area lies along the curvature of the fault system relative to others.
However, the nearly north-south shortening direction inferred for the current project area
is counter-intuitive based on the previous results. This unexpected difference could be
due to variations in timing and number of episodes of faulting along the KFS, local
lithologic or structural complications not resolved by the mapping, the relatively small
sample size and possibility of non-representative measurements, other reasons or all of

the above.

Considering all available data, fault-slip kinematics and fold orientations indicate
regional shortening along an east-southeast to west-northwest line, which satisfies all the
data except for the fault-slip inversion results for this project. This shortening direction is
consistent with the likely direction of structural transport expected for the Grenville
Orogeny and the north-northeast trend of the Grenville Front in the area of Lake Huron
(Fig. 4). Based on this shortening direction, the most likely slip characteristics can be
inferred for the major fault segments making up the KFS. NNE-trending Set 1 faults are
inferred to have mostly west-side-up reverse slip, with minor right-lateral strike slip if

any. NE-trending Set 2 faults that branch off the main slip surface of the KFS are inferred
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to have the same reverse slip component as Set 1 faults but combined with a right-lateral
strike-slip component. NNW-trending Set 3 faults are inferred to have mostly reverse slip
but combined with a left-lateral strike-slip component. The Hancock fault may be an
exception to this model because it has an apparent left-lateral sense of slip in map view.
Ongoing work on that fault in the Quincy Mine adit may help to resolve this

inconsistency.
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Figure 41: Fault-slip inversion plots: (A) Tyrrell (2019, (B) Mueller (2021), (C) Lizzadro-
McPherson (2023); (D) This thesis project. P-axes are principal shortening directions; T-
axes are principal extension directions; unlabeled red dots are the intermediate strain
directions.
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Uncertainties in the map and cross-sections, and contradictions in some analytical results,
are probably due to a lack of outcrops and drill holes in geologically complex areas. They
may also result from an incomplete three-dimensional vision of the stratal and structural
geometries, which could benefit from additional cross-sectional modeling with other
available drill hole data. Examples of complex areas with remaining uncertainties include
the Natural Wall ravine, the Mayflower fault block, and the intersection of four faults
west of the Copper City rhyolite complex. Alternative cross-section models are possible,
especially for footwall JS strata where assumptions remain to be tested and JS
stratigraphy and overall thickness is not well constrained. Results of the fault-slip
inversion analysis for this area raise more questions about regional deformation and
stress, and how local stress and deformation vary along the fault system (Fig. 34).
Explaining the contradiction in principal strain directions between this project and

previous EdMap projects is a challenge at this time.

To try to resolve the uncertainties and any contradictions, | would start by pooling map
data and structural measurements from all three EdMap projects along Keweenaw
Peninsula. The four slip combinations (Fig. 33) could be tabulated for the other areas to
see if there are systematic changes along strike in terms of the ratio of strike-to-dip slip,
left- versus right-lateral strike slip, and thrust versus normal dip slip. With regards to the
fault-plane solution and paleostrain axes, more fault-slip measurements could be obtained
to increase data set size in an attempt to remove site-specific biases. Pooled fault
orientation and rake values could be grouped by ranges of strike that are nearly parallel to
nearby major faults to restrict the rake analysis to small faults that may more closely

reflect the behavior of their larger neighbors.
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Additional fieldwork could be conducted to search for other outcrops and more
completely describe existing exposures, which would likely provide more fault-slip data.
This work would benefit greatly by interpreting landform patterns in the new LiDAR
images for Houghton and Keweenaw counties that are just now becoming available.
Geophysical surveys, such as electrical resistivity, ground magnetics, and seismic
transects may help to reveal and locate alternate fault geometries where outcrops are
sparse and to reveal true JS thicknesses. Existing water well information available
through the Michigan GeoWebFace site and additional exploratory core descriptions can
also be used to supplement the surface and subsurface data set used in this project. All the
above work and the new data it provides could be used to update the cross-sections
presented here and to construct new cross-sections to create a regional scale fault model

of the KFS using the 3D Move application.

Regarding the timing of fault movement in the context of the Grenville Orogeny,
mentioned above but not the primary focus of this thesis, additional dating work could be
attempted on calcite samples from fault zones and detrital zircon grains from deformed
JS to look for evidence of multiple slip events (Hodgin et al., 2022). Lastly, further
investigations focusing on locations where in situ native copper was found near faults
may provide support to the idea that the KFS was, in part, responsible for bringing Cu-
bearing solutions to the surface. This would entail the integration of mining data, cross-
section models, fault geometries, updated geospatial locations of faults, and fault-slip

data.
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7 Conclusion

The fault-slip kinematics and geometry of the Keweenaw fault in this project area reveals
that the previous idea of the fault system being a simple thrust is not an accurate
characterization. Results of this mapping project have furthered our understanding of the
Keweenaw fault system by better defining fault network geometry, quantifying fault-slip
kinematics, and characterizing deformation style in adjacent strata. Since near the
beginning of the copper mining period, the Keweenaw fault has been interpreted as a
single, continuous thrust fault or as a normal fault that later became inverted to a thrust
fault during a compressional tectonic event. This thesis project contributes to the
understanding that the Keweenaw fault of published maps is a complex fault system
consisting of fault segments that display a range of dip-slip and strike-slip behavior,

rather than a simple thrust fault as commonly described.

The results of this project are generally similar to the findings of previous EdMap
projects, but with important differences that probably result from the change in strike of
the fault system relative to Grenville compression that likely produced the fault system.
Future structural analyses and integration of all orientation measurements, rake values,
and updated cross sections will help to characterize the Keweenaw fault system at a
regional scale. Completing a regional-scale analysis should help to explain the
documented changes in fault and fold geometry, as well as fault slip characteristics, when
moving from southwest to northeast along the Keweenaw Peninsula. It may also help to

resolve the slip history along the fault during multiple phases of the Grenville Orogeny.
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The implications of this and future work on the KFS for other major faults in the Lake
Superior basin may lead to a better understanding of the widespread distribution of

copper throughout the area.
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Mayflowsr D.D, Hole No. 39. Elev, 428.64. Overburden 10 feet,

Depth Depth
in feet in oot
1641-1570 Trap and amygdaloid, broken.
10-16 Trap, glome. Trap somewhat ophitic.
: ,1 2
1617 Amygdalold, eellular, poorly oxidized, L0/0-1688 frap, melaphyre, {ine grained.
17-24 ) Irep, glomo. 1688-1692 Anygdalolid, cellular, poorly oxidlzed.
1
24-30 imygdeloid, oelluler, poorly oxidized, 1092-1634 Trap, mel.
haa ! - 2
40-65 Trap, glomo 16341636 iarked "sample tuken,
sg-67 Amygdalold, vellulsr, peorly oxildized. Probably emygd. grain changes.
-83 D .
TR glomd 1635-1763 trap, mel. Lol
B83-88 ' alold, cellulsr, poorly oxldised. .
88-96 . poordy e 1766-1750 inygialold, oallular, poorly oxidtsed.
- Tap, mel,
96-100- A 2loid, cellular, poorly exidized.
100-122 mgﬁ mel.’ * P y 1865-1937 Conglomerate (St. Louls conglomerste?).
iggjig E\wzﬂaluiﬂ. colluler, poorly oxidized. 1937-1972 Trap, mel.
rap, mel.
' 1972-2081 Conglomerate,
140-148 Anygdalold, cellular, poorly oxldized,
142-144 TIrep, mel. 2081 Bottom of hole.
144-147 Amygialeid, oellulsr, poorly oxldized,.
147-162 Trap, mel. .
%sg:}'gg ﬁg&aﬂ];:id, gellular, poorly oxidized.
B .
180-192 daloid llular .
1op-215 ﬁg,umal.'f:;. uler, poorly oxidized
g}.g:gég ﬁ‘ﬁ“ﬁﬂd' cellular, poorly oxidised.
BEB-2ET ﬂr&zgggi.%g. cellular, epidetized, poorly
227244 Trap, mel. fel,
June 2, 19z4.
£44-249
£49~267 #?X%‘f“i.ﬁi‘f’f‘éif‘“l“' poorly exldized.
Depth
in feet
ggg-ggg %mygduloid. cellular, poorly oxidised,
- rap, mel.
265-268 Amygdaloid, cellular, poorly oxidized.
£66-510 Trap, mel. fel.
g;g-ggg %lgggdnlbid.f:;llulnr. poorly oxidized.
- . mel, .
ggz-ggg gwgdnloid,fc;llnlur, poorly oxidized.
- rap, mel, fel.
gg%—g:; ;.?ygﬁaluid,fggllulux, poorly oxidised.
- ap, mal. .
366-371 Amygdaleid, cellular, poorly oxidized.
B71-386 Trap, mel. fel. glomo.
B85-398 Amygdalold, cellular, poorly oxidized.
398-409 Trep, mel. fel. glomo. .
409-415 Amygdaloid, cellular, poorly oxidized.
416-428 Trap, mel, fel., glomo,
48E-4287 Amygdeloid, vellular, poorly oxidized.
427431 Trap, mel. glomo.
451-440 Amygdalold, poorly oxidized, zoleifized,
440470 Irap, mel. Lel,
i;g-igg ’fnm;dnln:ild, oellular, poorly oxidized.
- Crap, mel.
i—gg:ggg mdaﬁgid, c¢ellular, poorly oxldised,
. .
B606-5627 Amygdalold, cellular, poorly oxidized.
BET-616 Irap, mel. dark, fine gralned.
gﬁ-gi% Amygdaloid, oellular, moderately oxldized.
= Trap, mel. fel,
643661 y dalold, cellular, poorly oxidi: i,
861669 T’L‘if}, mel,’ o poOTLY ae
669-6882 Amygdaleid, cellular, moderately oxidized.
682-1292 Urap, mel. Tel. glome. - dolerific,
ophitic, Grent Yrap,
1292-1508 daloid, slightly .
1308-1450 'ﬁ:zg, m:l. f:.l..s ¥ Froguental
1450-1541

Conglomerate.
Fault sone 1469-1474.
" " 1480-1490.

110



Mayflower D.D, Holo Hos 41. Llevatlun 460.60 Leut,

Depth ) : Depth
in foet in Foet
0-13 Overburden. 611-683 Amypdslold, cellular, poorly oxidlzed.
685630 1Irap, glomo.
13-15 Trap, mel. fel. .
630685 Amypialold, cellular, pourly oxldlzed.
iS‘? Amygdalold, eellular, poerly oxldized. 655664 Trep, glomo.
- )
_ 6 rap, mel. glomo. 664675 anygdaloid, cellular, poorly oxidlzed.
2527 amygdeloid, cellular, poorly oxidized.  576-696 rap, glomo.
a27-34 Trep, mel. glome. 695-T03 imyakloid, oellular, poorly oxidized.
BduB6 Amygdalold, eellulsr, poorly oxldlzed. Y03-%45 rep, glomo.
26-58 Irep, mel. glomo. W45-T60 Amyghlold, cellular, peorly oxidized.
- T 1. fel.
6860 Amygdalold, cellular, poorly oxldized, Too-174 rem, me
60-73 Trap, mel. fel, glomo. 774-780 . Amygdaloid, cellular, poorly oxidized.
780-810 T mel, fel.
TB.74 Amygdaloid, oellular, poorly oxidized, iaild
At T4 hard epldotized sand. 810-8B1b6 Amygdeloid, cellular, poorly oxidiszed.
Td-119 Trap, mel. fel. plomo. 816-861 Trap, melaphyre.
119-124 Anygdalold, eellulsr, peorly oxidized, 861866 smygdalold, cellular, poorly oxidized.
124.146 Trap, mel. fel, 866-879 Trap, mel.
146-149 daloid, oellul a79-882 dmygdeloid, cellular, peorly oxidized,
149-168 frwag.aiex.’ru. ular, poorly exidised,  geomoly Irnp, mel.' '
168-170 A . 910-914 Amygdeloid, cellulnr,poorly oxidized.
170-178 Trmygﬂap'aégtﬂ];-uallulal. poorly oxldised. 914-986 rap, mel.
176-176 . 925-930 Amygdalold, eelluler, poorly oxidized,
et sgies, voonty oxieisen, SEER et
206-816 " ) 945-948 Amypdalafl, celluler, poorly oxldized,
P16-536 %gﬁ'aégzz‘;.wllnlm. poorly oxidized. 948-969 rap, mel.
959-968 Amygdaloid, cellular, poorly oxidlzed.
228-240 Anygdalold, cellular, poorly oxidized 968-989 Irep, melaphyre.
240-246 Trep, glomo. ' :
£46-249 989-992 Amygdaloid, cellula:, poorly oxidized.
- Amygdalold, gellular, poorly oxldized, 992-996 . Trop, mel.
249.269 Trap, glomo.
996-1006 Amygdalold, vellular, poorly oxidlzed.
1006-1101 irep, mel. dark,
Depth 1101-1106
i Amygdulold, slightly fragmental, cellular.
in feet 1106-1116 Trap, mel. fel, 1y fregm '
269-868 Anygdaleid, cellular, poorly oxidized. 1116-1119 a .
2612~ 284 Trap, glomo. ' 1119-1127 ﬁ%,‘%ﬁi‘;"f‘;ﬁ“‘“' poorly oxidised.
£204-287 Amygdaleid, cellular, poorly oxldized. 1127-1130 unlold, cellular, peorly oxidized.
B57-A90 %rep, glomo, ' 1120-1162 Frag, mels fors i aed
290-292 Amygdsloid, cellular, poorly oxidized, Depth
E92-361 Trap, glomo, in feet
861-866 Amygdelold, ocelluler, poorly oxidised. 1162-1166 Amygdalold, ocellulsr, poorly oxidized.
B66-3T7 Trep, glomo. 1166-1697 Trap, mel. i;ti’. glgme ; %ularitlu.
Coeree op! ¢, Gres TEp.
377-383 Anygdaloid, cellular, poorly oxidized.
- . . 1697-1701 alold, cellular, poorly oxidized.
03-294 Trap, glomo 1701-1854 PR P s I b
B394.399 Amygdaloid, gellular, poorly oxidized. 18741865 Conglomerste. ook speoimen.
B“ﬁlaéombm‘k 1866-1873 Gouge, brecalated trap.
1875-1874 Amypdoloid, eellular, poorly oxidized
399-428 Trap, glomo. 1874- 2380 THE. mel,' linch broken trag and amygdaloid
th @ bout 200 fest t
420430 mygisloid, eelluler, poarly oxidizad. Lhuh poor dora recovery, mbow et o
4B0-425 Trap, glomo. 25802418 Trap, mel, fel.
433-436 Amygdaloid, eellular, poorly oxidined. R41B-£423 Feleltic, poseibly vonglomsrate.
4D6-460 Trap, glomo.
B425.£440 Irap, mel. with gouge zone £432-£439.
460-458 amygdeloid, cellular, poorly oxidized.
46D 464 Trap, glomo.-
464-473 Amygdelold, cellular, poorly oxidized. £440-2669 Box 76, missing,
47 3-486 Trap, plomo.
486-489 .Amygdnlnld, cellular, poorly oxidized.
489-493 Irap, glomo.
493-499 ' Amygdelold, cellular, poorly oxidized. £5669-2687 Trap, broken.
£99-515 Trap, glomo. 2687-2635 Sandstone, quartsose, probably Lsstern
G1B-B20 4mygdaloid, oellular, poorly oxidized. sandstone.
b20-5%6 Irap, glomo. 2636  Bottom of Hole.
b56-528 Anygdaleid, ocellular, poorly oxidized.
i3B-647 Trap, glomo.
547-561 Amygdeloid, cellular, poorly oxidized.
Bbl-566T Irap, alomﬁ. hd
b6T-E70 Amygdslold, cellular, poorly oxidized.
570-564 fzep, glomd. » poonty
B84-588 daloid, gellul .
686-e11 Amygda. ' ulur ,poorly oxidized

Trep, glomo.
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A2

Old Colony Diamond Drill Holes

0ld ca.’l.g%z i6. Depth 1898 feel. Overburden 11 feet.
) . .+ «30. Lat. +b6730.68. Dep. +13699.50.

Depth

in fest

0-12
1e-286
£86-339
239-278
&78-468
4b2-468
458-601

B0L-002
B0E~642

b48-646
646-610

6L0-617
617-723
TE3-TE6
T26-770

T70-771
771-824

824-827
827-868

868-869
869-898

898-899
899-1112

1ll£-1119
1119-1170

Depth

in feet

1170-1173
1173-1196

1196-1201
1201-1227

1227-1230
1250-1286

1256-1236
1238-1262

1262-1264
1264-1300

1300-1306
1306-1314
1314-1318
1318~ 1327

1327-1388
1328-132068

1368-1571
1371-128%

1383~ 1384
13841390

1390-1404
1404-1414
1414-1427
1427-1436
1438641457
1457-1446

1446-1447
1447-1470

1470-1484
14641495

Overburden.
Trap (Blg) melaphyre, ophitio,
Ophite above base.

Conglomerate, much crushed.

luch broken trap and anygdalold.
Trap, glomeroporphyrite.
424-428 zone orushed.

Amygdaloid, oellular, soislitized,
Trap, fel. mel. glomo. mottled.

Amygdaloid, cellulmr, poorly oxidized.
Irap, glomero.

amygdaleld, eellular, poorly oxidized.
Trap, glomo. Amygdeloldal patches.

Amygdelold, cellular, well oxidized.
Trap, glomo.
Fiseure with oopper at 706.

Amygdalold, o ellular, poorly oxldized.
Trap, glomo.

amygdeloid, eellulsy,poorly oxidized.
Trap, glomo.

Amygdalold, cellular, possibly coalesal
I'ine gopper.
Trap, glomo.

Auygdaleld, cellular, poorly oxidized.
Trap, #lomo,

Amygdaloid, cellular, poorly oxidized.
Trap, plomo. Few phenceryats.

Amygdaloid, cellulsr, poorly oxidized,
Trap. plomo.

Amygdaloid, cellular, poorly oxldized.
Irap, glomo. HMottled.

amygdolold} cellular, poorly oxidized.
Trap, glomo.

Amygdaloid, cellular, poorly oxidized.
Trap, glomo.

Amygdaloid, cellular, poorly oxidized,
Trap, glomo.

Amygdeloid, ocellular, poorly oxidizmed.
Irap, glomo.

smygdaloid, oellular, poorly oxidized.
Irap, glomo.
Pipsure with copper 1311,

Amygdalold, cellular, peorly oxidized.
Trap, glomo.

Amygdaloid, esllular, poorly oxidized.
Irap, glomo.

Depth

_in feet

1496-1497
1497-1602

16021608
16031658
1682~15684
16541600
1600-1656

1666-1666
16566-1710

1710-1718
1718-1716

1716-1731
1781-1766
1766-1760
1760-1616

1816-1820
1820-1866

1866-1893
1893

Amygdaloid, cellulsr, somewhat coalescing,

poorly cxidized,
Trap, glome.

Amygdaloid, cellular, poorly oxidized.
Trap, glomo.

4mygdaloid, cellular, moderately oxldized,

treppy. Pine copper 1250-1391.
Trap, glomo,

Amygdaloid, vellular, moderately oxidized,

Iittle copper,
Trap, glomo.

Amypdaloid, cellular, poorly oxldized.
Fine sopper and prehnite,
Trap, melaphyre.

Amygdalold, oellulsr, poorly oxldized.
Irap, glomo. with phenoorysis.

dmygdalold, cellular, poorly oxldized,
somewhat coalesoing. Fine copper af
Trap, melaphyre,.

1477,
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Bottom of hole.

Amyedeloid, cellular, moderately oxidized,
Trap, melaphyre,

Amygdelold, cellular, poorly oxidized.
Qrap, melaphyre.
Fissure with copper 1bET.

Amygdelold, oellular, trappy. Little
QOppor .

Trap, melasphyre, amygisloidel, probably
aevernl flows. 1b90-1096 copper.

Trap, melaphyre.

Amygdaloid, eelluler, poorly oxidized.
Trap, glomo.

Amygielold, eellular, poorly oxidized.
Trap, melaphyre.

Amygdaloid, cellulur, poorly oxidized.
Little copper at 1716,
Trep, mel.,, fine grained.

CQore loat, probubly amypdaleld,
Trap, glomo.

1781-1800 much brolken and shattered.
smygdaloid, celluler, moderately oxldized.
Trap, melaphyre.

From 1B00-1866 rock much shatiered.

Conglomerate, fine felsite, chloritized,



014 Colony D.D. Hole No. Bl.

Depth 1975 feet.
blev, +403.39.

Depth
in feet

E5-98

98-118
118-1%6
156-140
140-280
280-3107
310-330
350-870
370-289

-466

466-471
AT1-477
477-627

627-663
663-T88
TEB-T36
726-7BY

T67-758
168-873

Depth
in fest

a73-876
876-900

900-918
918-930

930-937
93T-1010

LOLD-1018
1013-103"7

10371064
1064-1086

10B6-1129

11891139
1139-1156

1165-1164
1164-1171

L171-1178
1178-1206

1206-12156
1:16-1256

1266-1266
12661260

12661869
1269-1294
1294-1296
1296-1306

1306-1812
131e-1389

1329-1855
1382-1887

18571846
1346-1364
1864-1574

Overburden 14 feet. Piftch 90v.
Lat. +6814.61. Dep. +15448,98.

Box 1 missing.

Box £ beglns L5 fesl.

Trap, pegmatitle (doleritic).)
Ophitie. B}
Glomeroporphyrite. )
Pegmatitia. )
Somewhat mottled ) Cne trap.
Glomeroporphyrite. )
Coarsely mottled. )
Melaphyre, glomeroporphyrite.)
Coarsely mottled. )
liepetition of mottled and )
unnottled zones continues. )

Amygdeloid, cellular, poorly oxidized.
Possibly basal amygdalold.

1 foot gore regovery. Probably epidotized
conglomerate.,

Trap, feldspathle melaphyre, slight
mottling.

XNo core recovery.

Conglomerate, probubly starting at 627,
Badly orushed, probably trap.
Melaphyre, ophitic.

Amyganloid, cellular, tight.
Glomeroporphyrite,
807 amygdsloldsl. B3% erushed zone 841,
843 ophitic.

Amygdalold, cellulur, poorly oxidized,
Peldspathic melaphyre, glomeroporphyrive,

Amygdelold, eellular, poorly oxidized.
Feldspathio malap}wré, glomeroporphyrite.
Phenoarysis.

Amygdelold, celluler, poorly oxidised.

Urup, feldspathle melaphyre, amygdaloidal.
940-950 much brecoluted, veln with vopper
al 941, 1005-1010 less amygduloldal.

Amygdeloid, cellular, poorly oxidized.
Irap, melaphyre, glomeroporphyirite, some
phenoorysts.

Amyedalolid, cellulsr, poorly oxidized.
Trap, emygduloldal.

Irap, feldspathic melaphyre, glomeroporphyrit

Amygdeloid, oellular, poorly oxidized.
Trap, feldepathic melaphyre.

Amypisloid, eellulsr, poorly oxidized.
Trap, feldspathic melaphyre.

Amygdaloid, cellular, solsitized.

Irap, feldspuathio melephyre, plomeroporphyrit

Amygdsaloid, cellular, poorly oxidized.

trap, feldspathlo melaphyre, glemeroporphyrit

Amygdalold, cellular, peorly oxidized.
Trap, melsphyre.

Amypdsloid, cellulsr, poorly oxidized.
Irap, smygdaloidal.

Crushed zone.

Helaphyre.

Amggdeloid, eelluler, poorly oxldized.
Feldspathio melaphyrs, slomercporphyrite.

amygdalold, wellular, poorly oxidized.
lielaphyre, glomeroporphyrite.

Amygdaloid, cellular, poorly oxidized.

Trap, brecoiated,
lelephyre. -
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Depth
in foet

15741876
1876-1387

1887-1393
1398.1429

1429-1468
1462-1477

1477-1480
1480-1610

1610-1617
1617-1632

1632-1636
16361688

1658-1641
1641-1669

1b6b9-1664
1664-1689

1689-1690
1690-1611

1611-1621
16£1-1628

1628-1629
le29-le4e

1642-1644
1644-1663

1665~
1666-1692

16981700
1700-1708

1708-1717
1717-1726
1726-172%
1727-1768

1762-1764
1764-1766

Depth
in feet

1766-1778
1772-1791
1791-1792
1798-1886
1826

1826-1918

1912-1913
1915-1984

1984~

1976

Amygdslold, eelluler, poorly oxidized.
TIrap, melaphyre.

Amygdaloid, cellular, poorly oxidined.
Uelaphyre, Linely glomeroporphyrite.

Anygdaloldel, probably several flows.
Trap, melaphyro, glomercporphyrite.

gdulold, cellular, poorly oxidized.
drap, meluphyre.

Amygdoelold.
Irap, feldepothic melaphyre.

Anygdaloid, oellular, poorly oxidized,
Trap, melaphyre, glomeroporphyrite.

Amygdaloid, cellular, moderatuly oxidized.
Trap, melaphyre, glomeroporphyrite,

Amygdaloid, vellular, poorly oxidlzed.
Trap, melaphyre, glomeroporphyrite.

Amygdilold, oellular, meoderately oxidized,
Trap, feldspathic melaphyra.

Amygdnloid, celluler, poorly oxidized.
Trap, melaphyre.

Anygdelold, eullular, poorly oxidized.
Yrup, melsphyre.

Amygdalalﬁ, avllular, poorly oxidiced.
Trap, melaphyre, fine chloritlo.

Breods and gouge none.
Feldepathic ophite. Zmm motitling.

Anygdelodd, cellular, mederately oxidized.
Irap, melaphyre,

Amygdulold, osllular, poorly oxidized.
Fine oopper at 1716,

Trap, melaphyre.
Piseure with copper at 17£5.)

Amygdalold, cellular, poorly oxidiszed.
Qrop, melaphyre, .

Amygdalold, cullulur, poorly oxidized.
irap, melaphyre,

Amygdelold, cellular, poorly oxidized.
Trap, melaphyre.
1778 brescin (possibly conglomerate).

Amygdalold, osllular, poorly oxidized.
Trap, melaphyTre.

Conglomerstu, felsite, few frapgments.
Trap, melaphyre,

Amygdnloid, moderately oxidized.
Trap, melaphyre.

Conglomerate, much basie material,
pebbles to B".

Bottom of hole.



D,Y, Hole No. BB.

Depth 1480 feet. Overburden 8 feet.

0ld Colo: :
Titoh 90°,  Llev, +800.1E. Lat. +6250.09. Dep. +16£19.25

Depth
in oot
B-9

9-16%
157160
160-200

£00-203
£08-216

215-220
2B0-2R6

EEB-EBE
RE6=-380
588-568

368-860
&60-370

B70-373
a13-287

&B7-356
B96-426

4E6-4E8
4£8-448

448-458
4BE2-460

460-467
467476

476-486
486-498

Dapth

in foot_

498-508
602-5086

BOE-B06
506-513

b12-618
518-664

654-562
b668-580

680-583
b83-678

678-682
BBE-TL4

714718
718-729

TES-T31
731-792

792-795
7T95-601

801-808
808-871

871877
BT7-BE81

881-886
E06-896

896-901
901911

911-989
9£9-960

950-969
969-991

991-994
994-1019

1018-1021
1081-1027

1087-1029
10£9-1071

Amygdsleid, cellular, poorly oxidized.
Trap, mel., fel., smygdsloidal, becoming
glomo. Probably a numbsr of flows.

Amygdeloid, cellular, poorly oxidized.
Irap, melaphyre, glomo.

Amygdaloid, eellular, peorly oxidized.
Trap, glomo.

Amygdeloid, cellular,
Trap, glomo.

Amygidaloid, cellular.
Trap, glomo. Amygdaloidal, Numbex
Bmall flows. Little copper at £96 and

325,
Irap, glomo.

Amygdaloid, cellular.
Irap, glomo.

Amygdualoid, cellulsr.
Irep, glomo.

Amygdaloid, oellular,
frap, glomo.

Amypdalold, cellular.
Irap, glomo.

Apygdaleld, cellular, poorly oxidized.
Fine copper af &48.
Trap, glomo,

Amygdaloid, cellular.
THAE, glomo.

smygdalold, cellulsr,
Arap, glomo,

Amygdalolid, cellular, poorly oxdidized,
Irap, glomo.

Anmygdaloid, cellular, puorly oxidized.
Trap, glomo.

Amygidaloid, eellular, poorly oxidized.
Trap, glomo.

amygdelold, eellular, poorly oxidized.
Trop, glomo.

Amygdeloid, cellular, poorly oxidized.
Trap, glomo. Posslbly several flows.

imygdalold, gellular, poorly oxidised.
Trap, glomo.

Amypdaloid, esllular, poorly oxidiszed.
Trap, glomo.

Amygdeloid, eellular, poorly oxldized.
Trap, glomo.

Amygdolold, cellular, poorly oxldized,
Trap, slomo.

Amygdelold, cellulsr, poorly oxldized.
Trap, mel., fel. ophi&ie.

%mygﬂaluiﬁ, oellular, poorly oxidized.
rap, mel.

Amygdaloid, cellulur, poorly oxidized.
Irap, mel.

Amygdaloid, cellular, poorly oxidized.
Trup, mel. Amygdeloidael,

Amygdalold, oellulur, poorly oxidized.
frap, mel. Ophitic. .

dmygdalold, sellular, poorly oxidized.
Trap, mel. fel.

Depth

in feet

1071-1073
1078-1106

1106-1113
1113-11z9

11891131
1131-1180

1160-116%
11631160

1160-1176
1176-1190

1190-1200
1200-1219

1£19-1830
1280-1848

1248-1266
125656-1280

1280-1886
1286-1896

1298-1310
1310-1336
1586-1564

1864-1860

1380-1406
1406-1480

1430

Amygieloid, moderately oxidized, cellulsr,

Trep, mel. fal.

Anygdaleld, cellular, poorly oxidized.
Trap, msl, fel.

Amygdeloid, cellular, poorly oxldized.
Irap, mel. fel,
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Bottom of hole.

Amypduleold, cellular, poorly oxidized.
frap, ophifio. -

Amygdalold, oellular, poorly oxidized.
Trap, mel.

Amygdelold, oellular, poorly oxldized.
Irap, mel. fel.

Amygdeloid, eelluiar, poorly oxidized.
Trap, mel.

Amygdaloid, slightly fragmental, falrly
oxidized. Little copper,
Trap, melaphyre, fine grained.

Amygdelold, cellular, poorly oxidised,
Trap, mel. fine grained.

samygdelold, brecciated. Poesibly frag-
mental., Little fine copper. -
Irap, mel., fine grained.

Amygdnlold, gellular, poorly oxidized.
Irap, mel. finely glomo. Mottled.

Amygdalold, cellular, poorly oxidized.
Trap, mel.

@longlomerate, Telsite,
Trap, mel.

Bregoia, basio, pessibly partly oonglom-
erate.

Trap, melaplyre,

Amygdalold, cellular.
lirap, mel.



0ld Colony D.D. Hole No. 28. Depth 1904 feet. Overburden 5 feet.
Fitoh 90°. Llev. +410.07. Lab. +5689.70. Dep. +1l3236.79.

Depth
in feet

6-64 Trap, mel. Line grained.

B4-60 Amygdaloid, cellulur, poorly oxldized.

60-759 Trap, mel, ohanging to glomo, 200 feet.
mottled, 400 feet. Yook sample.
Pegmatite (delerite) at 6256 feet.

T39-740 Amygdeloid, cellulsr, poorly oxidized.
T40-749 Trap, mel.
T49-161 Amygdalodid, oellular, poorly oxidized.
T51-B"56 Trap, mel. ophitio.
a76-915 Conglomerate.
916-923 Frap, mel.
985-999 Sandetone and trap.
999-1006 Amypdaloid, eellular, poorly oxidized.
1006-1088 Trap, mel.
. Little copper 1014,
Brecciated LO55-106%.
1088-1008 Amygdalold, cellular, poorly oxidized.
1092-1104 irap, mel, o
1104-1124 Amygdslold, eellular oorly oxidized.
1124-1199 ) T e . Py
1199-1207 Amygdalold, eellular oorly oxidized
1207-1234 izap, nel. gel. IOV .
1E54-1236 Amygdeloid, cellular oorly oxidized.
1256-1246 Tﬁ%, mel, ) poory
1246-1247 dalold, cellulax oor. oxidimd
1247-1264 %ﬂ%, mel, » poorly :
1264~1267 Amygdaloid, oellular, r; idined.
1EET 1504 ﬂ;%&’:. ol ular, poorly oxidized
Depth
in feet
1304-1810 Amygdaloid, cellular, poorly oxidlzed.
1310-1316 Trap, melaphyre, brecciated 1216-1316.
1316-1380 Amygdaloid, eellular, poorly oxldised.
15320-1384 Trap, brecciated.
1324-1236 Am{gd.alom, gellular, poorly oxidized,
Fecelated.
13%6-13560 Trap, mel.
1360-1861 Amygdaloid, eellular, poorly oxidized.
1851-1390 Trap, mel. derk, fine grained.
1390-1396 .am{gdaluld. gellular, well oxidized.
96 hard quartz, possibly vein copper.
1396-1437 Trap, mel.
1437-14dE Amygdaloid, ocelluler, poorly oxidized.
1442-1482 Trap, mel.
1482-1609 Amygdaloid, cellular, felrly oxidized.
Some copper 1609.
1509-1614 Trap, mel. fine greined, dark.
lel4-lels Conglomersate, feleite.
1618-1621 Amygdsloid, footy, eellular, poorly
oxidized.
1681-1676 Trap, mel.
1676-1686 Amygdalold, cellulsr, poorly oxidiszed.
Fine copper.
1686-1742 Trap, mel.

Amygdaloldal 1702-1704 with copper.
Altered mnd silicified, 1739-1742.
Possibly conglomerate.

1742-1870 Trap, melaphyre.
18%0-1904 Conglomerata,
1904 Bottom of hole.
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A.3 St. Louis Diamond Drill Holes

teaabed S150 £4, o 56Y o 30 5, of coller,
Wow 20 shaPh, - Angle 4f hole 550, nirestlen of hole 5 560 = 309 5 .

Oull surfage
a3 Srokan lodee, S¥en.
13.36 Pwwip, bovom, wesmy,
BbatT Anygtey DXowl, senmy.
A7-101 e,
104312 Amieda, broun, semsy,
112120 Prap,
180131 Auigatiey Brown, aeamy.
1MNLA77 Prap.
g ol sandetons, Jashern Sspdelons. Tod of hole.
Soany of sludge etepien = B
13! 0109 aoppar in sludge,
33:% Cogaig vom e
¢ 0,23 & ¥ w
;E n.gﬁ wonoow
108 L
105129, LN w o owoou
129151 iy wood "
b5z | Dl # 2 "
L "
B o
B0 Yo 18, Toosted 2350 £o, = 330 w 300 v, from Be. 5 hole,
At T, teeton o Tt P! e pole
] Tupfane
Geit] Amypd, GR13 browen ledge,
2l ‘Pan
L6t g
5576 ooy
1682 Angyrata
22108 Irap.  Jopper pellet ay 56,
103128 Anpdes Ghe Lonla. Ho copner, Brown Am. 103116,
fpesn A, 11bw10%)
124139 Trup.
136=159 : frydey herds
150200 Trap, Fine praln,
20007 Amyreide
207?43 Teup. Ry fean¥.  hd of hole,

Apeey of wludye gmmles o

Ou2ly Ha aepper in elndga.
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Logsated in the EEx of u-a Sk, of Buotion 19, 6632, shout BO feet north
god 400 fook west of the seuth % corser of t.ﬁb eeation. The hole is
vertigal. Tho hole ls intended to lors the St. Youls oonglomerste

8t o depth of ‘apout 1000 faet. It will elsd ent the St. mu{a anygdalold.

Drilled Mey, 1843, oy the B. . Lonsrel::r'(m. fze of b‘il Ax. - Sine of
core L 3/L8%.

Pipe left in Imlu- 11 feet of 3 inch iri'u nwe. ® fast of Ax flush -
Jolut cualng and © feat of 4 duch common pipe

Fote: Unless othewisg steted anglos ure fz'mt Hm m:ln of tho COTE.
CoDoH.

0-11 ' . a(em cdema
11=14 ‘ '.L'm)a. alwpnrphwlm
. Drilled Uiﬂ.‘ ﬂvlihg bit.
14-18 m;,vat foid, wilu_\al‘a rnurly oxldizned.
. g Hpldote, quertz.
15-37 Prap, elo prp!vrita.
B . qum: woin? ot 15°.
_There 8 flow tco!a e'a W1 The lows
‘uro dlff vulv. to saperate.
3740 Aw_wagleid. nﬂhﬂ.gr. pam-xy oxldized,’
arts, epldot
40=49 ’!.‘m:a. P&mmwryhyrltu.
Maygdalo .
4954 . m.gh:.wll, nou..l\u.ar, poorly oxifilzed, aahy.
te, quorba.
5a=75 . Trap, ,;ﬁ.numpnrpnyrl.m.
76-77 hm;isulum nourinr. puotly nrxldlm
s
7127 - CArap glmmporph.ﬂ'
% 3" ualul&e, lawmnt,ltu voln ot 16%.
!'Mrl " may bo a flow top 108.
] elbsratinu « ug . tha flow.
127-138 Ameﬁumtﬂ. sulm].or. roderately oxidized.
Epfdote, quartz.
L55=-489 ’Xrau. slamompurpwx-ita. pur-phy«ite.

any fsldsoar phencsrysts
&adnalml laumontito velnlats at U0 to 45°.
191 . 8" of bresofe somenied by laumontite,
mn 1 mmunntne. orlelts veln at 5E°.
"4 laumontite wein at 485°.
.\93 3" saloite veln zome at 469.

v Do 6 Hos &

289-206 smysdnlold, cellular, noderately oaldized,
& Mttle esh.
Lpldoto, euslelte.
23G-240 Trap, ¢leaeroporphyrite, porphyrite.
B40-245 anygdulold, celluler, elightly ocouleseing,

well oxldized.
Epldcte, eulolte, yuartz.

245-246 Trap, #lomercporphyrite, porphyrite,
246264 smygzdaloid, cellular, well oxidized.
Calolte, epldote, ohlorite, quartz.
©54-263 Trup, Teldspathia zelephyre, ‘slenazoporphy-
b 0.
205268 Zmygdelold, eellular, conlaseing, moderataly
oxldized
Jmarts, calelte, opldote.
268-203 ';‘mpt.-‘l‘emupnthiu neluphyre, glomeroporphy-
a.
2A3-203

Amygdelold, eellular, silshtly coulesalng,
moderntely oxldalzed.
Mertz, celoite, epidots. !
B283-331 Trap, feldspathlc meluphyre, slonsyoporphy-
r.ll;iv, sl}.sm Ly ophitia.
294 " gnlolte veln ot 26°.
301 to 5024 Glightly ophitio, aleo
sevoral other places.
303-308 Mildly epldotized, n:yeduloidal
t_:;:m-g-:‘zm Brecoin cemsuted by laumons
ite.
3174 " onluite vein ut 30°.
B8l 5" celcite veln ut 80°,
In plecoes there ie considerable chlorite,
giving 1t & footy u dearance.

LEIERTY) Amygduelold, cellulur, poerly oxidlzed.
Caleite, opldote, guarté.
S46=-355 Trap, Teldspethie melophyre, sitmeroporphy-
ritic.
B5G-506 o smygdalold, collular, well oxtdized.

culeite, luumontite, quertz, chlorite,
u little epldote.
“here may be a flow top nt 363.
LOH=-375 Trap, #lomsroporphyrite.
UL Arygdalold, celiulax, peorly czldlzed,
Calolte, epldote, yuorta, enlorito.

LT. LOUIT

L, » Hole . 37
SBU=08Z

VOE=G04

bd-als

413420

439-464

484-478

470-518

ole=-5zd

B24=509

DHY=bBH

563-567

BO7-E72
G72-811

611~-818

BL8-892

GuR-~094
GeL-098

e9a-700
THO=703
703-709
FLu=703
723728

WaB=T3a
Pid= Pt
T38=738

8=
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Trap, gloseroporphyrite.

Anyghelold, oelluler, mcdomtn!: oxidized.
Epldote, quurts, caleits
Trap, gionmmpnrpnyritn, pnrphy)‘ite. '
Reddgued ond sitered. 1 47 '
na‘mi‘.u ~laumontite vein at 4CY at 40°.

inygdalold, cellulsy, fraguentul in upper
sart. Tha entire wnygduloid 1s blewched
to & grayish ten color,

Culelte, epldote, chlorita, yusrtz.
This aaygdeloid is very simllor te thot
at 1048-1071 1n Floride Mole 2.

Trap, glomeroporphyrite, porphyrite
Tiany indlvidusl and groups of ruugpum
447F " eslgite veln et 185°

Anygdelold, oellu!.ur, 8lighktly coslogeing,
nodarately oxlaized.
In plm!es milaly h:l.mnlnd.
4604-460) Frugmental.
Culoite, yuarts, epiucts, cilorite.
Trep, malephyre fine greined, porvhyrite, a
fow panll reldspar phenocryata.
Tne upper purt has & very falnt finely
ophitie sppesranes with scua ohlorite and
hemotite.
a6y 3" of breecic e
G luusontite. £

ated with oul-
tie very fine

f-h_{dbll&l‘l, t'm;ne'm.nl. nederstely oxidized.
te. St. Louls fayndulold.

eurly lonsi-
muinux.
Teap, moluphyre flne grained, corphyrite, o
fow wnell pheasorysis.
BB =08 ]\ u'giu senentad by onlefte.
uav.-e.m! Hrosolaton £hd opldotiiod.
Comonted by quortz end e loito.
Bol tle L1

85Li

GAEY e veln at A%,

545 u?le" luwuum.it.e ;z-u’mi.\.-:? veln at
4te.

Lysunleid, collular, wousretely exialoed.
Culeite, chlorlta.

Trep, melaphyre fine grnined, ‘porphyrite.
“fumewhat amygdaloldel.

Jmyadalofd, cellular, maarnnul_l oxldized.
Jquarts, onlsite, chlorite
Trap, melaphyre fine gralned, porph"r].ta.
A fev ermll phencorystis.
$72-680 Yooty.
5%C-611 OCore conelderebly broken.
Phere mey be & flow top et 8G0.

smypdelold, celluler, o little ash, un~
cxlalued.
Culaelta, apl.dutoiiaequurtrz, ohlorite.
re lomeroporphyr:
P E &% glusolite ocut by & caleite,
J.uu!mntita veln gL 30°.
a27-682 Consldersbly sltersd, meny
galeite, luumentite velnlets renging
from 10° to €0°.
890 4" lawionilio veln at 70%.

.Jqu;dalﬂiu. celiular, somewhot euulesolns,
sorly oxldizea.
culeits, epldote, Qw.rtz.
Trud, Teldspethie moluphyra.
656  1/8" leumontite veln at 80°.

nya-dr; loid, eelluler, mnderstely oxidized.
elelte, opldote, quartz, shilorite.
Trap, foldspathic mslaphyre.

Arygde lold, eellulsr, moderetely oxidlzed.
¢aielte, voldote, chlorite.
Trap, feldspethic melephyre.

Laygdelold, sellulay, olishtly comlosclng,
moderatoly oxldlzed.
Culolte, epldota, yuartz.
Trep, feldspathle melephyre.

Ampidsloid, cellulur, slightly conleseins,
poorly oxidized.
Coloite, epldota, yunrtz.
Trap, feldspsthic melaphyrs.

.‘mg;uulum. gellulur, wxierately oxldized.
Culelte eplacte, uerti.
7s8; 51167 culoite vela ut 30%.
Fali qu" auleito veln nt BC°.



. Dy Hola No. 37

T43-1081

1061~-1084
L0od~1Cb65

1negp-1189

_ui.v-xmn
nse- Fo

.

Trap, glemeroporphyrite, delerite, sliphlly
aphitia.

The entire bed ls mueh broken opd in vleces
aonsidarebly cltared. Tiors oro mery
lewtont e Loty raagine from S0 to .
The bruken core sxtenis sbove this trnrl t.o
AY0 and above.

7728 §* caloite vola at 66°.

772 8/8" aomreely eyretallized salotte
volr at 45

791~701a Intenmly wlterad brecolu ce-
m’ﬂ u.l by ealolte wud loumontlte.
lawwatite vein ot 60°.
SM cosrpe canlelte veln at 35,
8084  §" lewaontitc veln at 259,

B399 47 of bresols censntsd by laumontite
und eulolie.
In pleoee tiug roek 1s falntly end coarsely
amottled, elsewhers soursely doleritdoc.

32 t" leumontito, enlelte veln at L0%.

940 " lﬁwwn'.itn vsin nt abe .

YB3 46 .
ﬂcﬁ-?bl Gonal.us'ruhl 2 wntite,- culelte
veloiry reaging from 09 to 459
“74 lﬁ" culoite, lewwoniile veln ut 359
978y 1" luuwsontite veln wt 45°
. L'P'n'f; 1" lsumontite, chlorite \ein wt 780,
86 2" launontite veli zone at 78
‘.u'lb 4" luunontite, culoite veln zene et
45°.
993 Ly luumontite, ahlorits velu et BC°.
1002 3" of core with veiy lrrspulsr
lm\mont.lte, oalolte velnlng, renging from
g ® .
wob-moaé Jour loumontite veinlets at
a

1olai 1" luumentite brsools at $o°.

1018 4" of breccin at 26° cenonted by
lnumontlite end ohlorite.

HBetwWoan 10184 and the bobton or the flow
there are axny lewsoniito velnlets end core
1a sonslderubly brosen snd In pleces oon-
siderably eltered.

J, 107 1" leumentite, salalte veln at

50
1050 1" upidote, o lolie veln o BB,
fuyganloid, cellulsr, prorly ceialzed.

Culelta, chlorite.
Trup, Toldsputhle mels hyre.

- Wﬂ_ % hqﬂ.lui,ar. goax-.u' magm

. rap, xm.vy,:ms uhpmu,

imyatelold, dellulsr,. u;;m..
Several treppy luyers.
Aplaate, caloitso, cih!.opns.

: m’“ o m‘%&‘t. umﬂt- veln at

g uphen M of the flow Nes Rumerou
ﬂ!&anl&' B N!ﬂeﬂm“i iﬂmiu
'l'" o 8/82"

very nd e
'Ehoga BT eouasioml l.eump!\&ﬂe ve:,mh.
laumentiie vain
ws»& t',or Tedmontite :mmn at B0%.

Anyadelpld vellular, 1o oxial
H&hi te, urﬁ, Iovrita, ep' nute.
“rap, r&amma o melaphyr

Anwz;nabo;d. onnuhr m&amau cxulnu.
1dota, oglcna, .em.or!
Trap, foldapathic melspayre

.wmmu, ﬁailuz,n', t4ght, moderitely oxi-

uun ¥ eh’lnritu. apldote.
ituul Mn@—un enmyaiules “Juat above
L0

1

um ammanlntaal pob=

bias up to 4=
falaite, qmina. A gsg vsrz I‘Lnn GOPPar.

.r&mmdumu. oeilulsr, teausy, lght,
Lpidote, nnlnl:-. ntite, chlorite.
Trap, feldspaghio ma plw‘m : x

Btopped 5/BR/40 ut 1lel fest by ..t
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Refined Bedrock Geology Maps
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New Cross-Section Models
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D Copywrite Documentation

All images in this document are public domain, or licensed for reuse under Creative
Commons license 4.0.

122



	STRUCTURAL ANALYSIS AND INTERPRETATION OF DEFORMATION ALONG THE KEWEENAW FAULT SYSTEM FROM LAKE LINDEN TO MOHAWK, MICHIGAN
	Recommended Citation

	Michigan Tech Thesis Template

