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strata to vertical by north-side-up movement of a steeply dipping, right-lateral, strike-slip 

fault, with minor shortening across the fault.  

The pattern and relationships of faults and folds in the area are consistent with a fault 

system dominated by dextral shear rather than by reverse movement as in the currently 

accepted model. Kinematic slip indicators measured on 55 small faults demonstrate mostly 

right-lateral strike slip and lesser north-side-up reverse slip, with a 2.5:1 ratio of strike-to-

dip slip. Inversion of fault-slip data shows that maximum shortening during faulting was 

along an azimuth of 285°-105°, suggesting a WNW-ESE maximum paleostress direction 

that is nearly parallel to expected Grenville or Appalachian orogenic forces. 

The new mapping and structural analyses in this area have revealed a multistranded 

Keweenaw fault system that is transpressional in nature, dominated by dextral strike slip, 

and has lesser reverse slip with north side up. Fault-bounded blocks having ENE-oriented 

long dimensions generally moved eastward along set 1 and 2 faults, while thrusting Portage 

Lake Volcanics over Jacobsville Sandstone along set 3 faults. The estimated WNW-ESE 

maximum shortening direction associated with fault movement strongly suggests that the 

Grenville Orogeny was primarily responsible for movement of the Keweenaw fault system, 

with possible reactivation occurring during the Appalachian Orogeny. 
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1 Introduction 

 

The Keweenaw fault in the western Upper Peninsula of Michigan is one of the most 

significant features associated with the Midcontinent Rift System (Fig. 1). Reverse 

movement of the fault has thrust older Portage Lake Volcanics (PLV) in the hanging wall 

over younger Jacobsville Sandstone (JS) in the footwall (Cannon and Nicholson, 2001). 

The fault features a ~250 km trace and ~9 km of postulated slip near Houghton, Michigan 

(DeGraff et. al., 2018), and is one of several major reverse faults that roughly parallel the 

rift along its inferred margins (Miller and Nicholson, 2013).  

 

 
Figure 1: Keweenawan geology of the Midcontinent Rift System in the Lake Superior Basin (Miller 

and Nicholson, 2013). Credit: Precambrian Research Center Guidebook 13-01, p.5. 

 



 2 

Once economic copper deposits in the region motivated mapping and studies of the 

Keweenaw fault since the mid-1800s, which generated much debate about its nature and 

timing of slip.  Early geologists considered the Keweenaw fault to be a simple reverse fault 

that originated after eruption of vast amounts of lava and deposition of clastic sediment 

during basin subsidence (Irving and Chamberlin,1885; Butler and Burbank, 1929). When 

an ancient rift system known as the Midcontinent Rift System (MRS) was recognized 

around 1970, a general consensus developed that the Keweenaw fault originated as a 

normal fault during rifting and then was reactivated as a reverse fault by crustal shortening 

during the Grenville Orogeny (Gordon and Hempton, 1986). Thus, the commonly accepted 

interpretation is that the Keweenaw fault is an inverted normal fault (Cannon, 1994; Hnat 

et al., 2006).  

United States Geological Survey (USGS) bedrock geology maps published in the 1950s 

show the Keweenaw fault as a single, sinuous trace with associated smaller faults and 

splays. These maps, based in part on mining and aeromagnetic data, provide a good 

geological framework and variable resolution of the fault trace.  However, they do not 

incorporate modern positional technology, geospatial mapping capabilities, or 

understanding of fault kinematics, all of which have advanced significantly since the 

1950s. Cross-sections on the published maps depict a relatively simple structural scenario, 

featuring homoclinal dip in the hanging wall that decreases northwest towards Lake 

Superior (Fig. 2). Some cross-sections show local deformation in the hanging wall, 

including secondary fault splays and local folding near the fault contact.  However, fault-
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slip indicators have not been measured, fold geometries have not been adequately 

described, and no detailed structural analysis has been performed in this region.  

 

 
Figure 2: Cross sectional view of the Keweenaw Peninsula 

 

Recent mapping conducted as part of the 2017-2018 USGS Educational Mapping Program 

(EdMap) has revealed new details about the Keweenaw fault between Bête Grise Bay and 

the tip of the Keweenaw Peninsula (Fig. 3; DeGraff, et al., 2018; Tyrrell, 2019). The 

mapping showed that the Keweenaw fault here is not a single, sinuous fault; rather, it is 

better characterized as a fault system consisting of ESE-oriented, left-stepping en echelon 

faults connected by ENE-trending faults. Additionally, fault slip indicators in this area 

show overall fault movement to have a 2:1 ratio of strike slip to dip slip. These results have 

implications for fault kinematics, related folding, and regional stresses that likely apply to 

other segments of the Keweenaw fault. These implications can be quantitatively evaluated 

elsewhere along the Keweenaw fault system to better understand fault kinematics and 

deformation geometry. 
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Figure 3: Geologic map of the Keweenaw Peninsula with EdMap Project areas outlined, adapted 

from Geologic map of the Keweenaw Peninsula and adjacent area, Michigan (Cannon and 

Nicholson, 2001). 

 

A second EdMap project in 2019-2020 focused on the Keweenaw fault between Mohawk, 

Michigan and Bête Grise Bay in order to extend the mapping of the first project and to test 

whether the earlier findings would apply to the adjacent area. The second project provides 

further information about fault geometry, slip kinematics, and fold geometry, and forms 

the basis for this thesis project. Utilizing modern technology and contemporary 

understanding of fault systems, this thesis project aims to establish an updated and more 

comprehensive understanding of Keweenaw fault kinematics and related deformation 

geometry. A robust bedding orientation dataset shows evidence of folding in both the 
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hanging-wall and footwall of the fault and is analyzed to define fold geometry in relation 

to nearby faults. Abundant measurements of fault-slip indicators are analyzed to better 

define fault kinematics and overall slip direction in this region. Together, results from these 

investigations are used to explore relationships between fold geometry and fault slip 

direction. The outcome of this study ultimately provides a better understanding of the 

overall shortening direction across the Keweenaw fault, and provides insight as to the 

tectonic setting that drove fault slip.   
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2 Geologic Setting and Background 

 

The Keweenaw Peninsula is centrally located along the southern shore of Lake Superior 

and along the southern margin of the Midcontinent Rift System (MRS, Figs. 1 and 4).  The 

geology of the peninsula is a product of lava extrusion and sediment deposition during 

rifting and subsequent basin subsidence, followed by reverse faulting during one or more 

compressional tectonic events. The Keweenaw fault roughly bisects the peninsula and 

juxtaposes Mesoproterozoic volcanic rocks in the hanging-wall against Meso- to 

Neoproterozoic sedimentary strata in the footwall. The origin and nature of the Keweenaw 

fault have been much debated, but a general consensus has emerged that the fault began as 

a rift-bounding normal fault and later was reactivated as a reverse fault by a post-rift 

compressional event. The importance of rifting and subsequent crustal shortening to the 

geology of the Keweenaw Peninsula requires some discussion of the MRS and post-rift 

orogenic events. 
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Figure 4: Map showing extent of the Midcontinent Rift System and position of the Grenville Front 

(Stein et. al., 2011; Huber, 1973). 
 

2.1 The Midcontinent Rift System 

 

The Mesoproterozoic Midcontinent Rift System (MRS) formed by extension and rupture 

of the North American plate (Laurentia craton) approximately 1.1 Ga ago (Hutchinson et 

al., 1990). Numerous investigations since the 1970s have led to general agreement on the 

phases of rifting, though some of the details are still debated.  The rift phases are: 1) 

widespread extension and volcanism; 2) localized rifting and volcanism; 3) subsidence 
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with continued volcanism; and 4) subsidence with sedimentation (Fig. 5). Later, 

compressional forces probably related to orogenesis modified the rift system and caused 

reverse slip on major faults around the Lake Superior basin (Fig. 1). 

 

 

Figure 5: Timeline of stages associated with MRS evolution. Three stages of magmatic activity (Plateau, 

Rift, and Late-Rift states) are shown, followed by an extended period of clastic sedimentation and a 

subsequent compressional event (Post-Rift and Compressional Stages). Estimated time intervals for 

magnetic polarity are also shown as ‘R’ and ‘N’ for reversed magnetic polarity and normal magnetic 

polarity, respectively (Woodruff et al., 2020). 

 

The first phase of rifting, associated with broad uplift and widely distributed volcanism, 

transitioned into a second phase as extension became localized into narrow subsiding rift 

basins. The first phase is extensional and can be subdivided into three magmatic stages 

based on age, physical volcanology, magnetic polarity, and geochemistry: 1. Plateau Stage 

(~1112 to ~1105 Ma), 2. Rift Stage (~1102 to ~1090 Ma), and 3. Late-Rift Stage (~1090 

to ~1083 Ma) (Fig. 5; Woodruff et al., 2020). During the broad extensional phase, large 

volumes of mafic magma and smaller volumes of felsic magma erupted over Archean and 

Paleoproterozoic crust. These successive eruptions are thought to be sourced from a mantle 

plume underlying the passive rift (Hutchinson et al., 1990; Nicholson and Shirey, 1990). 
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Early eruptions in the Plateau Stage during the Middle Proterozoic led to formation of the 

Powder Mill Group, which has reversely polarized remanent magnetization (Davis and 

Paces, 1990; Woodruff et al., 2020). The Bergland Group, which includes the PLV and 

younger formations of rift-filling volcanic rocks, was formed during the Rift Stage. This 

group has a thickness of over 12 km in some areas and features normal magnetic polarity 

(Huber, 1973). 

As magmatic activity waned and eventually ceased, two additional stages occurred in the 

MRS timeline: the Post-Rift Stage (~1083 to ~1060 Ma) and the Compressional Stage 

(~1060 to 1040 Ma) (Fig. 5; Woodruff et al., 2020). During the Post-Rift stage, thermal 

subsidence of the rift basin allowed deposition of a ~7 km thick succession of clastic 

sedimentary rocks, known as the Oronto Group, whose deposition enhanced subsidence 

(Cannon et al., 1989).  The Oronto Group consists of the Copper Harbor Conglomerate, 

the Nonesuch Shale, and the Freda Sandstone (Cannon and Hinze, 1992). The Copper 

Harbor Conglomerate is dominantly pebble to boulder conglomerate with clasts of 

Keweenawan volcanic rocks. The Nonesuch Shale is primarily gray, green, and brown 

lithic siltstone, shale, and sandstone, with copper sulfides and native copper occurring 

locally near the base of the formation. The Freda Sandstone is primarily a red-brown, 

medium-fine grained lithic arkosic sandstone, siltstone, and micaceous silty shale. The 

overlying load of volcanic and sedimentary rocks contributed to crustal subsidence, 

resulting in the modern structure of the Lake Superior syncline (Fig. 5A). 
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Figure 6: Stratigraphic column of the Western Upper Peninsula, Michigan, adapted from Kulakov, 2013. 

Radiometric ages are shown, along with ‘R’ and ‘N’ representing times of reversed and normal polarity 

(Davis and Paces, 1990). 

 

The Portage Lake Volcanics (PLV) in the hanging-wall of the Keweenaw fault is the main 

rift-related rock unit of concern within the study area. This volcanic unit is a succession of 

tholeiitic flood basalts and rhyolitic domes erupted over a period of approximately 12 

million years during the Rift Stage, with the majority of eruptions occurring during a 2 to 

3 Ma period (Fig. 5; Davis and Paces, 1990; Woodruff et al., 2020). Total thickness of this 
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unit, including interflow sediments, ranges from 2.5 to 5.2 km in the region, with columnar 

section indicating a thickness of approximately 3-5 km (White et al, 1952; Bornhorst et 

al.,1988; Cannon and Nicholson, 2001). The age of these rocks is well constrained by U-

Pb zircon dates, with peak magmatic eruption occurring between 1,093 and 1,091 Ma 

(Swanson-Hysell, 2019). PLV rocks have been hydrothermally altered, which is thought 

to have occurred within 31 to 44 Ma of the last PLV eruptive activity (Bornhorst et al., 

1988). 

 

 

Figure 7: Main textural varieties of basalt observed in the study area. Left to Right: Massive, Ophitic, 

Amygdaloidal. Source: Keweenaw Geoheritage & Michigan Technological University.  
 

In the study area, the PLV mostly consists of mafic to intermediate lava flows and much 

smaller volumes of intermediate to felsic extrusive domes and pyroclastic deposits 

confined to the lower part of the section (Cannon and Nicholson, 2001). Basaltic to 

andesitic flows feature a variety of textures that result from variations in timing of eruption, 

cooling conditions, and composition. These textures serve as correlation indicators when 

moving from section to section and can be sorted into three broader categories: massive, 
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ophitic, and amygdaloidal (Fig. 7; Butler and Burbank, 1929). Massive basalts, also known 

as melaphyres, are aphanitic and typically medium-dark purple grey in color and are 

indicative of the interior of a lava flow. Melaphyres are commonly found in the interiors 

of thinner flows, as well as flows that cooled and solidified relatively quickly, though some 

flows with thickness greater than 100 feet are classified as melaphyres. In thicker, slower-

cooling flows, pyroxene and feldspar crystals may grow larger and develop what is known 

as an ‘ophite basalt’. Ophitic basalts feature pyroxene crystals that surround feldspar 

crystals, creating a roughly circular texture with patches (ophites) ranging in size from 3 

millimeters to 2 centimeters, though they can be larger in thicker flows (Butler and 

Burbank, 1929). Ophitic texture is most easily recognized on a weathered surface, where 

the ophites protrude and create a knobby appearance.  

Amygdaloidal texture is frequently observed near flow contacts, especially the upper one. 

Amygdules are vesicles formed when gas bubbles became trapped during solidification of 

lava, that have subsequently been filled by secondary mineralization. Amygdaloid 

abundance and mineral fill can be used as indicators of position within a flow. Sparse 

amygdules that primarily feature chlorite often indicate the bottom of a lava flow, whereas 

abundant, sometimes coalescing, amygdules with minerals such as epidote, calcite, quartz, 

copper, laumontite, microcline, prehnite, and pumpellyite are common near the top of a 

flow. Flow tops may have a reddish hue due to oxidation and may be weathered into coarse 

lithic sediment during breaks in eruption. They may also undergo brecciation during 

emplacement (auto-brecciation), which also promotes subsequent weathering (Cannon and 
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Nicholson, 1992).  These breccias, also known as fragmental flow tops, can be used as flow 

contact indicators.  

Interflow sedimentary units found throughout the Portage Lake Volcanics, along with lava 

flows having distinctive textures, form the basis for stratigraphic correlation along the 

Keweenaw Peninsula. Thicker interflow sediments are especially well suited for 

correlation, but even they vary widely in thickness along strike and sometimes are not 

present. These sedimentary layers are primarily composed of conglomerate, though 

sandstone and conglomeratic sandstone occur frequently. Conglomerate clasts range in 

composition from mafic to felsic, derived from rift-related basalt and rhyolite units, vary 

in size from granule to cobble, and typically are subrounded to subangular (Cannon and 

Nicholson, 1990).; Associated sandstone layers often have conglomeratic stringers, display 

crossbedding, and occasional mud cracks. Interflow sedimentary units represent periods of 

waning or ceased magmatic activity, resulting in a dominance of sedimentary activity 

(Wolff and Huber, 1973). Depositional environment of interflow sediments is thought to 

be fluvial-lacustrine, with gradational layering visible at times (Jirsa, 1984). The Portage 

Lake Volcanics are overlain by the Copper Harbor Conglomerate, whose lithofacies are 

very similar to PLV interflow sedimentary layers. Thus, the Copper Harbor Conglomerate 

represents an overall decline in volcanic activity from PLV time without significant 

changes in depositional environment or sediment input. 

 



 14 

2.2 Post-rift Crustal Shortening 

 

Subsequent to the thermal subsidence phase of rifting, the region underwent crustal 

shortening that produced a reverse component of slip on the Keweenaw fault and others 

like it in the Lake Superior basin.  Two possible causes of this crustal shortening are the 

Grenville Orogeny (~1200 – 980 Ma) and the Appalachian Orogeny (~325 – 260 Ma), but 

both may have created or reactivated faults in the region (Spencer et al., 2015; Dallmeyer 

et al., 1986; Fig. 6). Timing of the Grenville Orogeny is roughly synchronous with 

Keweenawan rifting, leading some to suggest that Grenville compression caused extension 

of the Midcontinent rift to cease (Cannon, 1994; Gordon and Hempton, 1985). Recent 

updates on timing of Grenville rocks suggests that the orogenic event consisted of three 

main stages: Shawinigan (1200–1150 Ma), Ottawan (1080–1020 Ma), and Rigolet (1020–

980 Ma). A compressional tectonic regime during the first two stages later transitioned to 

“Basin and Range” type extension in the Rigolet stage (Bartholomew and Hatcher, 2010). 

The relationship of the Jacobsville Sandstone with the end-rift thermal subsidence and 

post-rift crustal shortening events is uncertain because age estimates of this unit range from 

1060 Ma (Bornhorst, 1997; Cannon et al., 1993) to less than 960 Ma (Malone et al., 2016). 

The older proposed age would start Jacobsville deposition during the Ottawan phase of the 

Grenville Orogeny and during the thermal subsidence phase of the Midcontinent Rift 

System. However, recent detrital-zircon age studies suggest a maximum depositional age 

of 960 Ma for the Jacobsville, which postdates all Grenville events and perhaps post-rift 

thermal subsidence, perhaps by up to 300 Ma (Malone et al., 2016). Additionally, 
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deformation of Jacobsville Sandstone and overlying Paleozoic limestones at Limestone 

Mountain suggest that some slip along the Keweenaw fault occurred during the late 

Paleozoic Appalachian orogeny (Craddock et al., 1997; Malone et al., 2016).  

 

 
Figure 8: Timeline of the Midcontinent Rift System in relation to the Grenville Orogeny and other key 

geologic events. JBE represents the Jacobsville Sandstone, Bayfield Group, and other equivalent 

sedimentary rocks which overlie the volcanics and sediments deposited in the MCR basin (Malone et 

al., 2016).   

 

The Jacobsville Sandstone is presumed to be stratigraphically equivalent to parts of the 

Bayfield Group in NW Wisconsin and other sandstones such as the Fond du Lac and 

Hinckley formations, all of which are referenced collectively as Jacobsville-Bayfield 

Equivalent (JBE) (Kalliokoski, 1982; Hamblin, 1958; Malone et al., 2016). Lithofacies and 

sedimentary features of the Jacobsville Sandstone are representative of terrestrial 

sediments deposited in fluvial to lacustrine environments. The Jacobsville sandstone often 

resembles the older Freda Sandstone in lithofacies, grain size, and coloration by exhibiting 

alternating bands of rusty red and opaque white. However, the Jacobsville is more mature 

in terms of texture and mineralogy than the Freda (Davis and Paces, 1990). The Jacobsville 
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ranges from sub-arkose to quartz sub-lithic arenite, with sediments sourced from both 

volcanic and metamorphic environments. It mostly consists of terrestrial sandstone that is 

quartzose to feldspathic and relatively clean, but it also displays lithofacies that range from 

conglomerate to siltstone and shale.  Conglomerate and conglomeratic sandstone mostly 

occur at or near the base of the formation and, in some instances, includes volcanic large 

basalt clasts cobbles likely derived from PLV strata. 

2.3 The Keweenaw Fault 

 

Studies of the relationship between PLV on the northwest side of the Keweenaw Peninsula 

and JS on the southeast side date back to the mid-1800s when geologists began 

investigating copper deposits in the area. Irving and Chamberlin (1885) effectively 

resolved early debate about the nature of the PLV-JS contact along the Keweenaw 

Peninsula with detailed observations indicating a faulted contact. In outcrop and at several 

excavations across the PLV-JS contact, they observed fault gouge, brecciated volcanic 

rock, secondary mineralization, and highly tilted JS strata, all of which supported their 

interpretation of a fault contact between PLV and JS. This conclusion has been 

substantiated by subsequent geologic work and has been applied everywhere on the 

Keweenaw Peninsula where PLV and JS are in close proximity. Since Irving and 

Chamberlin’s report the PLV/JS contact along the Keweenaw Peninsula has been drawn as 

the Keweenaw fault. 

In their report on the copper deposits of Michigan, Butler and Burbank (1929) described 

the Keweenaw fault as a reverse fault with general northwesterly dip that is nearly parallel 
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to the dip of PLV strata, an observation previously made by Hubbard (1898). Butler and 

Burbank (1929) further noted Hubbard’s (1898) observations of slip between PLV layers 

and reported branch faults and fissures associated with the main Keweenaw fault. The 

Keweenaw Fault and the Lake Superior syncline were identified as the dominant structural 

features of the region, and the syncline was classified as asymmetrical with more steeply 

dipping beds on the south limb. They reported observations of the Portage Lake Volcanics 

placed on top of the Jacobsville, which they presumed to be a product of reverse movement 

along the Keweenaw Fault, as well as fold deformation in the Jacobsville Sandstone. These 

observations led to the conclusion that deposition of the Jacobsville occurred simultaneous 

with movement on the Keweenaw Fault, and that movement along the fault continued after 

deposition. Although they could not determine the exact cause and timing of deformation, 

they were confident that evolution of the Lake Superior syncline took place slowly during 

Keweenawan time. They assumed that the Lake Superior basin was forming while JS was 

being deposited unconformably upon Keweenawan beds. This assumption implies fault 

movement beginning in Keweenawan time and continuing until after Jacobsville 

deposition, resulting in the folding of JS strata observed in the footwall.  

These geological concepts, as well as mining exploration and production data, were later 

incorporated into United States Geological Survey (USGS) bedrock geology maps 

published in the 1950s. The USGS maps portray the Keweenaw fault as a relatively 

continuous thrust with a sinuous trace along the Keweenaw Peninsula, associated with 

smaller subparallel faults. These maps provide much more detail than earlier maps and they 

include many cross-sections that incorporate surface mapping and information from mines 
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and exploratory drill holes. Between Mohawk and Lac La Belle, Michigan, the new cross-

sections depict a relatively simple structural scenario, featuring moderate, homoclinal dip 

in the hanging wall of the fault that shallows northwest towards Lake Superior (Fig. 2).  

Although some cross-sections show folding in the hanging wall near the Keweenaw fault, 

little structural analysis and no quantitative characterization of faults and folds has been 

performed in this area. These published USGS maps provide a good baseline for general 

geology and fault location, but they do not address questions about fault geometry, slip 

kinematics, and slip timing. 

Since about 1970 when the MRS was being recognized, much debate has centered around 

fault origin, timing, and slip direction. Before that time, the Keweenaw fault was defined 

as a simple reverse or thrust fault that formed in a compressional stress regime that 

followed formation of the Lake Superior basin.  Recognition of the MRS led to the idea 

that the fault originated as a normal fault during rifting, with subsequent forces from the 

Grenville Orogeny (1.25–0.98 Ga) reactivating the earlier normal fault as a reverse fault 

(Cannon and Nicholson, 2001, Hinze et al., 1990). Despite this more recent idea becoming 

generally accepted, the nature and timing of fault movement, particularly in relation to JS 

deposition, remains a topic of debate. Until recently, the fault was considered to be a thrust 

fault that potentially initiated as a normal fault (Irving and Chamberlin, 1885; Cannon and 

Nicholson, 2001); however, new studies indicate a segmented fault system with different 

fault segments moving at different times, with significant strike-slip indications present 

(DeGraff et al., 2018). 
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Irving and Chamberlin (1885) thought that the fault moved twice as a thrust fault, both 

before and after JS deposition. Cannon and Nicholson (2001) thought the fault initiated as 

a graben-bounding normal fault that was later reactivated as a thrust fault simultaneous 

with JS deposition. More recent studies indicate a segmented fault system with different 

fault segments moving at different times, with significant strike-slip indications present 

(DeGraff et al., 2018). 

Debate is ongoing about timing related to the deposition and deformation of Precambrian 

sedimentary units. The most recent effort to define the geometry and slip kinematics of the 

Keweenaw fault, and thus to infer its nature, is a prior EDMAP project completed in 2018 

(DeGraff et al., 2018; Tyrrell, 2019).  That mapping project was conducted along a segment 

of the Keweenaw fault running from Bête Gris Bay to the tip of the Keweenaw Peninsula 

where the fault submerges offshore in Lake Superior. Results suggest a segmented fault 

system comprised of multiple smaller faults, exhibiting both strike-slip and dip-slip 

components (DeGraff et al., 2018). The study concluded with evidence supporting PLV 

deformation mostly occurring prior to JS deposition, with some deformation occurring 

after JS deposition. 

The MS thesis research presented here is based upon the 2019-2020 EDMAP project, a 

continuation of the 2017-2018 EDMAP project. The specific aims of this MS project are 

as follows: 

Interpret the new map geometry of the KF system in terms of implied fault kinematics 

and related stratal deformation. Fault slip kinematics should vary as a function of fault 
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Figure 21: Geologic cross-section at Bruneau Creek drawn normal to the main Set 3 fault trend in the area. Regional dip in this area is 10° 

away from the viewer. Vertical ticks on topographic surface represent individual station numbers. Fold axial surface is drawn to represent 

apparent dip.  
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