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THE PROTEROZOIC ANCESTRY OF THE COLORADO MINERAL BELT:

ca. 1.4 Ga shear zone system in central Colorado

Annie Marie McCoy
B.A., Geology, Hampshire College, 1999
M.S., Geology, University of New Mexico, 2001

ABSTRACT

The Paleocene to Oligocene magmatism and mineralization that are the
Phanerozoic expressions of the Colorado Mineral Belt developed along a NE-
trending system of subvertical mylonites and ultramylonites that formed in the
Mesoproterozoic and that, in turn, overprinted higher-temperature
Paleoproterozoic high strain zones of similar orientation. In this thesis, |
distinguish the Colorado Mineral Belt itself from a Proterozoic ‘Colorado Mineral
Belt shear zone system’ that includes the Homestake, Gore Range, St. Louis
Lake, and Idaho Springs-Ralston shear zone segments. In situ electron
microprobe monazite dating of mylonites of the Colorado Mineral Belt shear zone
system, coupled with field studies of relative timing of shearing and pluton
emplacement, demonstrate a ca. 100 Ma history of recurrent shearing. This
history involves movement at 1.45 Ga along ldaho Springs-Ralston shear zones
and possibly along Homestake shear zone, synchronous with emplacement of
the Mt. Evans pluton. At 1.42 Ga, movement took place along St. Louis Lake and
again along Idaho Springs-Ralston shear zones, synchronous with emplacement

of the Silver Plume pluton. At 1.38 Ga, movement took place along Homestake



vi
and Idaho Springs-Ralston shear zones, synchronous with emplacement of the

St. Kevin pluton, and post-1.38 Ga movements reactivated Homestake, St. Louis
Lake, and Idaho Springs-Ralston shear zones. In each shear zone segment,
kilometer-wide Mesoproterozoic mylonite zones consist of multiple, parallel, one
to ten meter-wide mylonite strands, which overprint higher-temperature
Paleoproterozoic high-strain domains that are several kilometers wide. Monazite
dating of the higher temperature high-strain domains indicates pulses of
Paleoproterozoic deformation that occurred at 1.71-1.69 Ga, 1.67 Ga, 1.65, and
1.62 Ga. Thus, the tectonic fingerprint of the Colorado Mineral Belt shear zone
system includes two ~100 Ma long orogenic periods in the Proterozoic, each with
important pulses of deformation that occurred every fifteen to twenty million
years. This shear zone system may be analogous to modern-day intracontinental
zones of weakness like the Tien Shan, which record both original assembly of
tectonic blocks and reactivation of intracontinental weaknesses during later plate

convergence at a distant margin.
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1.0 PREFACE

For this Master’s thesis, | spent about three months over the course of
three summers conducting detailed mapping in four areas in the Colorado
Mineral Belt, and reconnaissance mapping in several other areas. | analyzed
close to twenty thin-sections on the scanning electron microscope, and analyzed
23 monazite grains on the electron microprobe during three sessions at
University of Massachusetts and three sessions at New Mexico Tech. |
conducted microstructural studies, petrographic studies, and kinematic analyses
using optical microscopes at University of New Mexico. | also conducted trace
element analyses on seven metasedimentary samples in the x-ray fluorescence
laboratory at University of New Mexico.

There are a number of people who have contributed to the research
presented in this thesis. Karl Karlstrom, Gerrit Bulman, and Josh Schwartz, all
aided me in field mapping and sample collecting during the summers of 1999 and
2000. Mike Spilde trained me to use the scanning electron microscope at
University of New Mexico. Mike Williams and Mike Jercinovic guided me through
electon microprobe monazite analysis at the University of Massachusetts. Nelia
Dunbar guided me through electon microprobe monazite analysis at New Mexico
Tech. John Husler and Marcelle Van Reenen did much of the sample preparation
and the major element analyses of the metasedimentary samples, and guided
me through sample preparation and trace element analyses. As | conducted my
field investigations, 1 used Colin Shaw’s work in the Homestake shear zone as a
basis for comparing and contrasting each shear zone segment along the

Colorado Mineral Belt.



2.0 INTRODUCTION

The Colorado Mineral Belt shear zone system is defined here as a series
of NE-trending, mylonitic and ultramylonitic shear zone segments that developed
into a coherent shear zone system around 1.4 Ga. Each shear zone segment
also overprints similar older Paleoproterozoic structures, and although these
structures are present throughout Colorado and do not appear to be unique to
the Colorado Mineral Belt region, their presence suggests a common
Paleoproterozoic ancestry to the shear zone system. The shear zone system
shows evidence for multiple episodes of reactivation throughout the Proterozoic
as well as the Phanerozoic.

This study of the structures, kinematics, and timing of movement along
each shear zone segment defines a ‘tectonic fingerprint,” a unique identity, for the
shear zone system as a whole. This study also sheds light on the nature of this
long-lived zone of weakness in the lithosphere that has ultimately influenced the
geometry of the Phanerozoic Colorado Mineral Belt.

The focus of this thesis is the Proterozoic Colorado Mineral Belt shear

zone system, which represents the origins and early evolution of the Phanerozoic



Colorado Mineral Belt. For this reason, | will first describe the Phanerozoic
Colorado Mineral Belt, why it is a unique and important geologic feature in central
Colorado, and why we want to know about its origins and early evolution in the

Proterozoic.

2.1 PHANEROZOIC EXPRESSION OF THE COLORADO MINERAL BELT

The Colorado Mineral Belt is generally defined as a ~200 km long, NE-
trending zone in central Colorado that is marked by a concentration of Late
Cretaceous to Early Tertiary intrusions and related mineral deposits emplaced
during and after the Laramide orogeny (Fig. 1; Tweto and Sims, 1963; Muschler
et al., 1987). Tweto and Sims’ (1963) boundaries of the Colorado Mineral Belt,
defined by the locations of major mining districts of Laramide age in Colorado,
are shown in Figure 1. Their ‘maximum boundaries’ also include intrusions and
mineralized areas of Oligocene age in the San Juan volcanic field.

In Figure 1, a gravity map of Colorado shows that the Colorado Mineral
Belt is also defined by a negative Bouguer gravity anomaly. As an interesting
side project, | have been conducting simple 2 1/2 dimensional forward modeling

of this gravity anomaly along profiles that cut across the Colorado Mineral Belt.
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The results of this modeling project appear to shed light on the subsurface
geometry of the Colorado Mineral Belt. A simple model along the profile shown in
Figure 1 suggests that the observed gravity anomaly may be approximated by a
combination of a very large, relatively low-density body below the Moho (Fig.
2c,e), a sloping Moho (Fig. 2c) or a Moho with subtle topography (Fig. 2e), and a
large, relatively low-density body in the crust (Fig. 2c¢,e). This low-density body in
the crust resembles a granitic batholith that is centered beneath the Colorado
Mineral Belt.

The San Juan Mountains, located southwest of the Colorado Mineral Belt,
contain younger magmatic centers of middle and late Tertiary age and show a
negative Bouguer gravity anomaly that is very similar to that of the Colorado
Mineral Belt. Like the Colorado Mineral Belt, the San Juans also show evidence
for Paleozoic deformation along subvertical structures (Baars et al., 1988), and
NE-trending Proterozoic shear zones and faults in the northwestern part of the
range (Tweto and Sims, 1963; Baars, 1984). In light of these similarities, we
widen the boundaries of the Colorado Mineral Belt to include the San Juan

Mountains (Fig. 1).
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Figure 2: 2 1/2 dimensional models of Bouguer gravity anomaly along the profile shown in
Figure 1. a. Topography along profile. b. Observed and theoretical anomaly due to a large
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theoretical anomaly in d.



The irregular geometries of Tweto and Sims’ Colorado Mineral Belt
boundaries (1963) appear to have little structural significance. One exception is
the northwesterly jog in the boundary in the southern Gore Range that coincides
with the Gore fault. In this paper, we use smoother, more general Colorado
Mineral Belt boundaries that include the negative gravity anomalies and major
mining districts, and lie parallel to the NE-trending Proterozoic structures.

There are a number of pieces of evidence that suggest that the
magmatism and deformation along the Phanerozoic Colorado was influenced by
the Proterozoic Colorado Mineral Belt shear zone system, which is parallel to and
contained within the Colorado Mineral Belt (Fig. 1). Apatite fission track studies of
Kelley et al. (2001) show that the Colorado Mineral Belt shear zone system
coincides with a transition in Laramide-age structural style and timing of uplift in
the Front Range. To the south of the shear zone system, Laramide structures are
dominated by east-vergent thrusts with >100 Ma apatite fission track ages. To
the north, Laramide structures are dominated by southwest-vergent back thrusts
with 76-45 Ma apatite fission track ages (Kelley et al, 2001).

Stratigraphic studies by Allen (1994) document multiple Paleozoic

movements that directly reactivate at least one of the shear zone segments along



the Colorado Mineral Belt shear zone system. The Upper Cambrian Sawatch
Quartzite, and specifically its basal conglomerate unit, thins across the mylonite
strands of the Homestake shear zone segment in the northern Sawatch Range,
suggesting that the zone reactivated during early stages of Sawatch deposition
(Allen, 1992). Thinning of the overlying Upper Cambrian Peerless Shale and the
absence of the Lower Ordovician Manitou Dolomite suggest S-side up
reactivation of Homestake shear zone and erosion prior to deposition of Middle
Ordovician Harding Sandstone (Allen, 1993). Subtle thickness and facies
variations in the Upper Devonian Chaffee Group and Lower Mississippian
Leadville Formation suggest further reactivations (Allen, 1993). In all, variations
in facies and thickness of Paleozoic strata indicate that Homestake shear zone
has reactivated at least four times between Cambrian and late Devonian time,
and at least one time after Early Mississippian time (Allen, 1994).

Teleseismic studies by Dueker et al. (in preparation, 2001) show an
anomaly of slow lithosphere that is contained within the Colorado Mineral Belt.
When viewed in a N-S cross-section across Colorado (Fig. 3), this anomaly has a
linear geometry that projects up into the Colorado Mineral Belt, suggesting that

this geologic feature is lithospheric in scale.
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In the next section, | will begin to describe the Colorado Mineral Belt shear zone

system, which represents the Proterozoic origins and early evolution of this

lithospheric-scale feature.

2.2 COLORADO MINERAL BELT SHEAR ZONE SYSTEM:
‘TYPE EXAMPLE' OF A PROTEROZOIC INTRACONTINENTAL ZONE
OF DEFORMATION

It has long been argued that the magmatism and mineralization of the
Colorado Mineral Belt were influenced by pre-existing weaknesses in the
lithosphere, as indicated by the presence of Proterozoic shear zones and plutons
(Fig. 4; Tweto and Sims, 1963; Warner, 1978). We now know that this
Precambrian ancestry involves focused deformation and magmatism at ~1.4 Ga
and ~1.7 Ga (Reed et al., 1987; Nyman et al., 1994; Shaw et al., 2001), and
molybdenite mineralization at ~1.4 Ga (Sims and Stein, 1999). Although Tweto
and Sims (1963) recognized Proterozoic shear zones in the Colorado Mineral
Belt, they did not describe the variety of different fault rocks, or ‘tectonites,’
present in the shear zones, nor did they recognize evidence for multiple

Proterozoic movements in the shear zones. Tectonites such as cataclasite,
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ultramylonite, mylonite, and high-temperature striped gneisses, were grouped

under the term ‘cataclastic rock.’ Moench (1964) began to distinguish different
tectonites along ldaho Springs-Ralston shear zone, distinguishing high-
temperature striped gneiss from a younger tectonite that he described as
“granulation of the previously foliated and deformed rocks.....confined largely to a
narrow zone.” The efforts of Tweto and Sims (1963) and Moench (1964) came
before geologists widely recognized and used asymmetric fabrics and
microstructures in tectonites to determine kinematic shear sense, multiple
periods of movement, and strain rate and temperature conditions associated with
crustal deformation. Therefore, re-examination and re-mapping of these shear
zones, according to a new understanding of microstructures and kinematic
indicators, is presented in this thesis.

In this study, | suggest that the Colorado Mineral Belt shear zone system,
a discrete, branching system of mylonites and ultramylonites that formed in the
Mesoproterozoic, is a ‘type example’ of a Proterozoic intracontinental zone of
deformation exposed at middle crustal levels. Studying this shear zone system
sheds light on fundamental questions about the origins and nature of

intracontinental deformation, and the processes of reactivation.
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Intracontinental zones of deformation, located thousands of kilometers

from plate margins, may be the loci of shortening, extension, or strike-slip
tectonics that accommodate an important part of the observed plate convergence
at the distant margin (Tien Shan of central Asia, Atlas Mountains of northern
Africa), and may also record lithosphere/asthenosphere interactions. For
example, intracontinental shortening in the Tien Shan has accounted for a
considerable fraction of the overall crustal shortening associated with India’s
indentation into Asia (Yin et al., 1998; Burov and Molnar, 1998). Intracontinental
shortening in the Atlas Mountains has accommodated 17% to 45% of the total
African-Eurasian plate convergence since the early Miocene (Gomez et al., 2000;
Brede et al., 1992).

Processes controlling intracontinental zones of deformation, and the
behavior of these zones at depth and over significant time intervals, remain
poorly understood. If intracontinental zones of deformation are controlled by far-
field stresses associated with plate behavior at convergent margins, what makes
discrete zones susceptible to deformation within the continents? Intracontinental
zones of deformation may have become weak due to heat, due to a pre-history

that imparted chemical or mineralogical differences between the weak zone and
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the surrounding lithosphere, due to unusually thick crust, and/or due to the

presence of major pre-existing structures or domains of grain size reduction and
strain-softening (Burov and Molnar, 1998). Karlstrom and Humphreys (1998)
propose that inheritance of Proterozoic structural grains throughout the
southwest U.S. involves ‘volumetric’ and ‘interface’ inheritance. ‘Volumetric’
inheritance means that the density and fertility of compositionally different
lithospheric blocks influences isostatic and magmatic responses to tectonism.
‘Interface inheritance’ means that mechanical boundaries are zones of weakness
and mass transport.

The middle crustal view exposed in Proterozoic rocks along the Colorado
Mineral Belt shear zone system reveals a pattern of progressive overprinting of
increasingly narrower, higher strain rate/lower temperature tectonites that
suggests that discrete structures at shallower crustal levels grade into wider,
more diffuse zones at deeper crustal levels. The shear zone system appears to
have experienced strain-softening through increasingly more ductile deformation
processes with increasing depth. Greenschist grade ultramylonites overprint
wider zones of mylonites, which overprint even wider, amphibolite grade, high-

strain domains. Each generation of tectonite appears to have caused grain size
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reduction and weakening along the shear zone system, leaving it prone to further

reactivations.

In this thesis, detailed mapping, petrographic, and microstructural study
define the structures along the Colorado Mineral Belt shear zone system.
Kinematic studies of deformational fabrics along the shear zones, studied in
outcrop and under the microscope, define the shear sense associated with the
formation of each deformational fabric. Dating of metamorphic monazite from
shear zone rocks, using an in situ electron microprobe technique, defines the
timing of movement associated with the formation of each deformational fabric.
Together, these data define the Colorado Mineral Belt shear zone system
‘tectonic fingerprint’ and describe the initiation and early evolution of a long-lived

zone of weakness in the lithosphere.
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3.0 THE COLORADO MINERAL BELT SHEAR ZONE SYSTEM

Here, | define the characteristics common to the Mesoproterozoic
mylonitic/ultramylonitic shear zone segments of the Colorado Mineral Belt shear
zone system. | describe map patterns, structures, microstructures, kinematics,
and timing of movement in each shear zone segment.

The shear zone segments studied in this thesis lie between Leadville and
Golden, Colorado, and include the Homestake shear zone (Fig. 5, Fig. 6a; Shaw
et al., 2001; Allen, 1994; Tweto and Sims, 1963), the Gore Range shear zone
(Fig. 5, Fig. 6b; Bergendahl, 1969; Tweto and Sims, 1963), the St. Louis Lake
shear zone (Fig. 5, Fig. 7a; Taylor, 1980; Bryant et al., 1981; Tweto and Sims,
1963), and the Idaho Springs-Ralston shear zone (Fig. 5, Fig. 7b; Graubard et
al., 1990; Sheridan et al., 1969; Wells et al., 1967; Tweto and Sims, 1963;
Moench et al. 1964). These segments comprise a shear zone system that
extends at least 100 kilometers in length.

A recent detailed study of tectonites, kinematics, and timing of movement
in Homestake shear zone, conducted by Shaw et al. (2001), sets the stage for
this thesis, which correlates the Homestake shear zone and the other shear zone

segments along the Colorado Mineral Belt. Adjacent to the Homestake
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shear zone segment, Shaw et al. (2001) recognized the development and

transposition of an early Paleoproterozoic low-angle S1 fabric synchronous with
granite intrusion and migmatization, the steepening of that fabric during the
formation of NE-trending, subvertical, S2 high temperature high-strain zones, and
the reactivation of those high-strain zones with the formation of ca.1.4 Ga
mylonites and ultramylonites. Shaw et al. (2001) used in situ electron microprobe
monazite dating to constrain the development or reactivation of S1 at 1700 +/- 7
Ma, movement along S2 at 1658 +/- 5 Ma and 1637 +/- 13 Ma, SE-side down
mylonitization at 1376 +/- 11 Ma, and SE-side up ultramylonitization after 1376
Ma. Many features of the Homestake shear zone of Shaw et al. (2001) are
common to each shear zone segment of the Colorado Mineral Belt shear zone
system. Therefore, we use the Homestake study of Shaw et al. (2001) as a
benchmark - a basis for comparison of the major shear zone segments of the
Colorado Mineral Belt shear zone system.

In the following sections, | describe the general map patterns along the
Colorado Mineral Belt shear zone system, including the geometry and possible
relationships between each shear zone segment, and rock types observed along

each segment. Then, | present the details of the Paleoproterozoic ancestry of
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each segment, including the earliest preserved structures and the steepening of

that early fabric into subvertical high temperature high-strain domains, and the
timing of deformation associated with the development of these structures.
Finally, | present the details of the Mesoproterozoic mylonites/ultramylonites that
overprint the Paleoproterozoic subvertical high temperature high-strain domains
and that define the discrete geometry of the Colorado Mineral Belt shear zone
system. | then document the timing of movement of these Mesoproterozoic
mylonites/ultramylonites.

As | describe each common shear zone feature in this paper, | first
describe the feature as it is expressed in the Homestake shear zone, then in the
Gore Range shear zone, the St. Louis Lake shear zone, and the Idaho Springs-
Ralston shear zone. In this way, each description begins with the southernmost
and most well-studied shear zone segment (the Homestake), and progresses

northeastward along the length of Colorado Mineral Belt shear zone system.



3.1 MAP PATTERNS

The mylonite and ultramylonite shear zone segments of the Colorado
Mineral Belt shear zone system lie along the northern edge of the Colorado
Mineral Belt (Fig. 1). The segments appear to represent en echelon shears and
branches of a shear zone system, or even one continuous shear zone, if
Laramide dextral motion has offset it (Fig. 5). The Homestake shear zone
disappears under Phanerozoic cover east of the Eagle River in the northern
Sawatch Range. Where Proterozoic rocks surface again, just east of Vail Pass,
the Gore Range shear zone segment is directly along strike of the 044, 79S
Homestake shear zone. About 10 kilometers north, and parallel to the Gore
Range shear zone, several NE-trending ultramylonite strands are present at
Booth Lake. These strands are considered part of the Colorado Mineral Belt
shear zone system, but are not discussed in detail in this paper.

The northeast extent of the Gore Range shear zone segment bends
northward to an orientation of 210, 76W just before it disappears beneath the
Phanerozoic cover of the Blue River Valley (Fig. 5). If projected across the Blue
River Valley and Williams Fork Range at this orientation, the Gore Range shear

zone connects with the St. Louis Lake shear zone. About ten kilometers west of

21
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the St. Louis Lake shear zone, several mylonite strands deform Silver Plume

granite at Berthoud Pass. In this paper, these few strands are considered to be
part of the St. Louis Lake shear zone because of similar orientations, shear
sense, and timing of movement.

The Idaho Springs-Ralston shear zone segment is not along strike with
the St. Louis Lake shear zone, but is roughly aligned with the trend of the
Homestake shear zone (Fig. 5). Ancestral Rockies and/or Laramide movements
along the Loveland Pass-Berthoud Pass fault system may have caused dextral
strike-slip offset of tens of kilometers between the St. Louis Lake and the Idaho
Springs-Ralston shear zones.

In each mylonitic shear zone segment of the Colorado Mineral Belt shear
zone system, kilometer-wide mylonite zones contain multiple parallel mylonite
strands that are one to tens of meters wide. The shear zones also contain
ultramylonite strands that are typically narrower than mylonite strands.

Each mylonitic shear zone segment is E- to NE-trending, with trends
ranging from 090° to 028° (Fig. 8a; Table 1), although the northeast trends

dominate. The shear zone segments are subvertical and dip steeply to the



Figure 8a: Equal area projection of
mylonite and ultramylonite orientations,
and associated mineral stretching
lineations. All zones are subvertical and
have steeply-plunging mineral stretching
lineations. Plotted data are listed in
Table 1.
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Figure 8b: Equal area projection

of 82 high-strain domain orientations and
associated mineral stretching lineations,
and axial planes and fold axes of F2 folds
contained in macrolithons spaced between
S2 domains. Plotted data are listed

{in Table 2.
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*Figures 8a and 8b show average orientations. For more detailed
structural data and equal area projections, see Appendices 4 and 5.
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northwest or southeast, with dips ranging from 74° to the northwest to 66° to the

southeast. They contain steeply-plunging mineral stretching lineations.

Table 1: Average orientations of mylonite fabrics. Field measurements of
Proterozoic structures and fabrics reported in this text have not been restored to
their Proterozoic orientations. However, Table 3 (Appendix 2) presents the
values of important Proterozoic shear zone orientations as restored according to
regional field and paleomagnetism studies. Table 3 includes the restored values
of the field measurements presented in Table 1 and Table 2 in this text. Appendix
2 also includes a brief discussion of studies used to restore each shear zone.

Shear Homestake | Gore St. Louis | Idaho Spgs-
zone Range take
Ralston
SE-side up strike and dip 073, 66S | 085, 72N
mylonite/phytlonite
trend and 6510 150 | 32 to 062
plunge
SE-side down strike and dip | 044, 79S8 090, 718/ 068, 89S
mylonite (overprints 230, 74N
SE-side up mylonite
trend and 78 to 147 68 to 152/ 63 to 246
at Idaho Spgs-
Ralston) plunge 5210 028
S5 SE-side up strike and dip | 028, 81E 214, 85W 214, 79W
ultramylonite
(overprints SE-side | trend and 7610 067 | 81to 248 58 to 232
down mylonite at plunge
Homestake)
S6 SE-side down | strike and dip 065, 83S
mylonite (overprints
SE-side up mylonite | trend and 82to 165
at St. Louis Lake) plunge
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In all of the shear zone segments, mylonites and ultramylonites overprint

NE-trending domains of Paleoproterozoic, high-strain, upper amphibolite grade
tectonites. In the Homestake and Gore Range shear zones, mylonites and
ultramylonites overprint high-temperature tectonites in biotite gneiss and
migmatite (Fig. 6a,b). At St. Louis Lake, mylonites and ultramylonites overprint
high-temperature tectonites in a tectonic melange primarily composed of
amphibolite and granodiorite (Fig. 7a). Along the Idaho Springs-Ralston shear
zone, mylonites and ultramylonites overprint high-temperature tectonites in
quartz monzonite along the southern limb of the Coal Creek synform (Fig. 7b).
Although most of the shear zone segments do not appear to separate
regions with distinctly different structures or metamorphic histories, they all show
juxtaposition of different rock types that hint at the long tectonic evolution of the
zone. The St. Louis Lake shear zone segment overprints a tectonic melange
containing boudinaged rocks of oceanic affinity. This tectonic melange contains
marble, calc-silicates, quartzite, biotite schist, and amphibolite, with boudins of
gabbro and ultramafic rocks, all interlayered on the mesoscopic to map scales
(Fig. 7a). The rock types within this melange are similar to the rock types in

melanges identified within continent-arc collision zones (Chang et al., 2000; Polat
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and Kerrich, 1999). The presence of this isolated fragment of oceanic melange,

surrounded by granites and mica schists, suggests that the shear zone has an
ancestry as a lithospheric scale structure that facilitated transport and tectonic
juxtaposition of far-travelled rocks. The significance of this melange is discussed
in greater detail in the discussion section of this thesis.

The Coal Creek quartzite/pelitic schist sequence along the ldaho Springs-
Ralston shear zone is one of several isolated Proterozoic meta-quartz arenites in
central and northern Colorado (Fig. 7b; Finiol, 1994). These quartzites are
characterized as ‘mature’ from a petrographic standpoint, containing few oxide
minerals or micas, and often appear to have been deposited on rhyolites or
granites. The relationship between the Coal Creek quartzite and the surrounding
granite is unclear, and is addressed in detail later. The Coal Creek synform,
along the Idaho Springs-Ralston shear zone, preserves a remnant of what may
have once been a more continuous quartzite ‘cover’ sequence.

The shear zones typically follow Paleoproterozoic pluton margins (Fig. 4),
and show evidence for deformation synchronous with Paleoproterozoic pluton
emplacement. In the Homestake and Gore Range shear zones, mylonites follow

the southern margin of the Cross Creek batholith (~1675 [Rb-Sr], Tweto and
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Lovering, 1968). In the St. Louis Lake and Idaho-Springs Ralston shear zones,

mylonites follow the southern margin of the Boulder Creek batholith (1721 +/~ 15
Ma [U-Pb SHRIMP], Premo and Fanning, 2000). Along each shear zone
segment, biotite schist is interlayered and transposed with granite stringers and
dikes, with late granite and pegmatite dikes cutting across the foliation,
suggesting that granite intrusion outlasted deformation. Along the Homestake
and Gore Range shear zones, there is evidence for widespread migmatization
(Fig. 6a,b).

The shear zones also typically follow Mesoproterozoic pluton margins
(Fig. 4), and show evidence for deformation synchronous with Mesoproterozoic
pluton emplacement, yet these shear zone segments also extend tens of
kilometers beyond the pluton margins. This relationship indicates that shear zone
movement was not isolated along the margins of individual piutons, but part of a
more regional system. in the Homestake shear zone, mylonites also follow the
northern margin of the Mesoproterozoic St. Kevin batholith (1396 +/- 40 Ma [U-
Pb], Doe and Pearson, 1969) and show evidence for syn-plutonic mylonitization
(Shaw et al., 2001). SE-side down mylonites deform granite of the St. Kevin

batholith, but are also cut by undeformed granite dikes of the St. Kevin (Shaw et
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al., 1999). SE-side up mylonites in the St. Louis Lake shear zone, and SE-side

up phylionites in the Idaho Springs-Ralston shear zone, follow the margins of the
Mesoproterozoic Silver Plume pluton (1422 +/- 3 Ma [U-Pb], Hedge, 1969). At St.
Louis Lake, within a few meters of the Silver Plume pluton margin, the granite is
undeformed, yet the gabbroic country rock has narrow mylonite strands giving
SE-side up shear sense. This field relationship suggests that mylonitization took
place before the emplacement of the granite, because the highly competent
gabbro is mylonitized while the less competent granite is not. However, some
Silver Plume granite dikes are mylonitized with SE-side up shear sénse, while
other dikes are undeformed and cross-cut these mylonites, indicating pre- to syn-
plutonic mylonitization (Fig. 7a). The Idaho Springs-Ralston shear zone also
follows the margin of the Mt. Evans pluton (1442 +/- 2 Ma [U-Pb], Aleinikoff et al.,
1993), and there is field evidence for mylonitization synchronous with pluton
emplacement. One strand of the |daho Springs-Ralston shear zone ends in a
series of synmagmatic to late-magmatic subparallel shears in the Mt. Evans
pluton and late pegmatites cut mylonitized Mt. Evans granodiorite (Nyman et al.,

1994, Graubard and Mattinson, 1990).
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3.2 PALEOPROTEROZOIC STRUCTURES ALONG THE COLORADO

MINERAL BELT SHEAR ZONE SYSTEM

Because map patterns show close spatial relationships between
Mesoproterozoic mylonite shear zone segments and Paleoproterozoic high strain
domains, plutons, and tectonic melanges, the shear zones appear to have a
Paleoproterozoic ancestry. Here, | describe a progression of Paleoproterozoic
fabrics and structures observed along each shear zone segment, further
supporting the idea of a common Paleoproterozoic ancestry.

Within several tens of kilometers of each shear zone segment, shallow
foliations in typically migmatitic biotite schist may be observed in kilometer wide
domains. Within a few kilometers of each shear zone segment, these early S1
shallow fabrics are folded into open to isoclinal NE-trending F2 folds and
steepened into NE-trending, subvertical, S2 high-strain domains of intensified
foliation. In contrast to the ‘swirling’ foliation patterns described in central
Colorado by Reed et al. (1987), it appears that fold interference paiterns, created
by the folding of S1 by F2 and transposition of S1 into S2 high temperature high
strain domains, have produced the observed complex map patterns in the

Paleoproterozoic rocks along the Colorado Mineral Belt shear zone system.
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3.3 D1 LOW ANGLE FOLD AND FOLIATION DEVELOPMENT

The early low angle fabrics are composites of transposed foliations,
defined as S1a/S1b/S1c in the Homestake and Gore Range shear zones (Shaw
et al., 2001), and S1a/S1b in the St. Louis Lake and Idaho Springs-Ralston shear
zones (Fig. 9a,b,c). S1a, defined by aligned sillimanite needles, elongate biotites,
and attenuated quartz and granite stringers, has been transposed into isoclinal,
recumbent F1b folds. In the Homestake and Gore Range shear zones, S1b has
been dragged into asymmetric folds with axial plane S1c. These asymmetric
folds are of variable tightness, but are always z-shaped folds in map view, with
consistent vergence with respect to S1a/b. Granite stringers are parallel to S1a/b
and also follow the axial plane of S1c (Shaw et al., 2001). The terminology
S1a/S1b/S1c implies that the development of S1 foliation and the transposition of
that foliation occurred during progressive deformation that created an S1
composite foliation.

Adjacent to the Homestake, Gore Range, and St. Louis Lake shear zones,
there is evidence that S1 developed during granite and granodiorite intrusion

associated with emplacement of the Cross Creek (~1675 [Rb-Sr], Tweto and
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Lovering, 1968) and Boulder Creek (1721 +/- 15 Ma [U-Pb SHRIMP], Premo and

Fanning, 2000) batholiths, which are located along the northern boundaries of
the shear zone system. In the Homestake and Gore Range shear zones, Cross
Creek granite dikes and stringers are interlayered and transposed along
S1a/S1b/S1c in biotite schist and migmatite. In the Homestake shear zone, Shaw
et al. (2001) suggest that undated granodiorite that intruded during S1a/b
foliation development was coeval with Cross Creek batholith intrusion. In the
Gore Range, magma mingling and cross-cutting relationships also suggest that
granodiorite and diorite intruded during Cross Creek granite emplacement,
possibly providing a heat source for the observed widespread migmatization.
Unfoliated to weakly foliated post-D1 granite dikes cross-cut S1a/S1b/S1c in
variable orientations (Appendix 4), indicating that granite intrusion outlasted D1.
Along the St. Louis Lake shear zone, granite and granodiorite are also
interlayered and transposed with S1a/S1b in a tectonic melange, with late granite
dikes cutting across foliation.

Along the Idaho Springs-Ralston shear zone, the Coal Creek
quartzite/schist sequence contains discrete layers of quartzite and pelitic schist

that allow mapping of compositional layering, which represents bedding and
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cross-bedding, and mapping of foliation surfaces. Thus, the mapping of the Coal

Creek quartzite/schist sequence provides a better understanding of the
Paleoproterozoic folds and foliation generations along the Colorado Mineral Belt
shear zone system (Fig. 7b). This is in contrast to the Homestake, Gore Range,
and St. Louis Lake shear zones, where map scale structures in gneisses and
migmatites are largely defined based on mapping of foliation trajectories and
observations of mesoscopic structures. Unlike the metavolcanic rocks and biotite
schists along the other shear zone segments, the Coal Creek quartzite also
contains cross bedding that allows determination of younging direction.

Along the Idaho Springs-Ralston shear zone, the Coal Creek
quartzite/schist sequence and granitic rocks of the Boulder Creek batholith show
S1 fabric that is parallel to the metasediment/granite contact and bedding planes
in the quartzite. The metasedimentary rocks show S1a foliation folded into
mesoscopic scale F1b isoclinal folds with fold axes that plunge 10 to 35 degrees
to the NE (Fig. 9a,b,c). Younging direction in Coal Creek quartzite, defined by
cross-beds, alternates from one quartzite layer to the next, suggesting that F1b

has folded the package of rocks on map scale (Fig. 10a,b).
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3.4 P-T CONDITIONS OF D1 DEFORMATION

Most of the biotite gneisses, migmatites, amphibolites, and calc-silicate
rocks along the Colorado Mineral Belt shear zone system contain metamorphic
assemblages that are not particularly useful in determining pressure and
temperature conditions associated with deformation stages. The rocks that do
contain suitable assemblages, such as biotite-garnet migmatites from the Gore
Range shear zone and pelitic schists from the Idaho Springs-Ralston shear zone,
provide small fragments of metamorphic histories recorded along these shear
zone segments.

Along the Gore Range shear zone, metamorphic assemblages in
migmatites with a strong S1 foliation help define metamorphic conditions during
D1. Peak temperature conditions are recorded by the assemblage quartz +
biotite + garnet + K-feldspar + plagioclase + sillimanite, with prismatic sillimanite
oriented within S1. The presence of sillimanite and K-feldspar and absence of
prograde muscovite indicates metamorphism on the high-temperature side of the
second sillimanite isograd (Fig. 11). The presence of biotite selvages, in which
quartz and feldspars are absent and biotite grains have cuspate edges, suggests

the melting reaction albite + K-feldspar + quartz + H,O -> liquid (Spear, 1993).
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In some samples, the presence of pinnite and garnet suggests that the

high-temperature side of the biotite + aluminosilicate -> garnet + cordierite
reaction line may have been crossed at the time of peak metamorphism, with
cordierite altering to pinnite during subsequent retrogression (Fig. 11). Textural
relationships do not support the reaction garnet +aluminosilicate + quartz ->

cordierite because pinnite is not found adjacent to garnet or rimming garnet.

3.5 D2 HIGH ANGLE FOLD AND HIGH STRAIN DOMAIN DEVELOPMENT
Along the Colorado Mineral Belt shear zone system, the S1 composite
fabric is folded into F2 folds with NE-trending axial planes (Fig. 8b). The
enveloping surfaces of F2 folds are subhorizontal, such that unfolding F2 results
in the initial low-angle S1 orientations (Moench, 1964). Open to isoclinal F2 folds
with shallowly plunging fold axes occupy 10 to 100 meter wide macrolithons
spaced between subvertical high-strain domains oriented subparallel to S2 axial
plane cleavage. Near these S2 high-strain domains, F2 folds tighten and F2 axial
planes steepen. F2 fold axes become sub-parallel to the steeply-plunging mineral
stretching lineations of the high-strain domains. Thus, D2 appears to have

resulted in the development of F2 folds as well as S2 high-strain domains.



The following descriptions of subvertical S2 high-strain domains,

developed parallel to the axial planes of F2 folds, are in contrast to the model of

Moench (1964), who proposed that high-strain zones along the Idaho Springs-

Ralston shear zone reactivated the limb regions of F2 folds.

Table 2: Average orientations of S2 high-strain domains and F2 folds.

Shear Homestake | Gore St. Louis | Idaho
zone Range Lake Spgs-
Ralston
S2 hi-T teetonite strike and dip | 035, 85E 040, 82E | 075,695 | 055,828
trend and 85t0 125 8210101 | 69to 152 | 74 to 198
plunge
F2 Axial plane 035, 85E 215, 37W/ | 067,755 | 248,74 N
strike and dip 089, 348
Fold axis 51 to 041 2510 358/ | 73to 181 | 2510 062
trend and 22 to 230
plunge

Adjacent to the Homestake shear zone, macrolithons that contain F2 folds

with subvertical, NE-trending axial planes and moderately plunging fold axes, are

spaced between subvertical, NE-trending S2 high-strain domains that have

down-dip mineral stretching lineations (Fig. 6a, Fig. 8b, Table 2).

Similarly, in the area surrounding the Gore Range shear zone,

macrolithons that contain tight to isoclinal F2 folds are spaced between
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subvertical, NE-trending S2 high-strain domains with near down-dip mineral

stretching lineations (Fig. 6b, Fig. 8b, Table 2). Along the Gore Range shear
zone, some S2 high-strain domains contain asymmetric feldspar augen and melt-
filled shear bands that define shear sense. When viewed perpendicular to S2
foliation and parallel to mineral stretching lineations, these asymmetric clasts and
fabrics typically indicate SE-side up shear sense. However, most of the S2 high-
strain domains along the Colorado Mineral Belt shear zone system do not give
unequivocal shear sense and are mainly distinguished from surrounding
migmatites and gneisses by intensified foliations, evidence for grain size
reduction, and stronger mineral stretching lineations in the domains.

A few hundred meters beyond the S2 domains along the Gore Range
shear zone, mesoscopic and map scale F2 folds have average axial planes that
dip shallowly to the northwest and southeast, with shallowly plunging fold axes
that range between 25 to 358 and 22 to 230. The “porpoising” of F2 fold axes is
probably due to a subsequent gentle folding event, with fold axes that trend
nearly perpendicular to F2 fold axes. In one outcrop, an open fold with average

axial plane of 112, 59S and fold axis 33 to 279 folds F2.



40
Along the St. Louis Lake shear zone, macrolithons containing isoclinal F2

folds with subvertical, NE-trending axial planes and steeply-plunging fold axes
are spaced between subvertical, NE-trending S2 high-strain domains with near
down-dip mineral stretching lineations (Fig. 7a, Fig. 8b, Table 2). Away from the
S2 high-strain domains, tight F2 folds have axial planes that dip moderately to
the southeast, and fold axes that range between 38 to 204 to 24 to 097.

Along the Idaho Springs-Ralston shear zone, the Coal Creek
quartzite/schist sequence and granite are refolded into the map scale F2 Coal
Creek synform with a NE-trending, subvertical axial plane and fold axis that
plunges shallowly to the northeast (Fig. 7b, Fig. 8b, Table 2). At the contact
between the Coal Creek quartzite/schist sequence and Boulder Creek granite,
the south limb of the F2 synform sweeps into a NE-trending, subvertical S2 high-

strain domain with a steeply-plunging mineral stretching lineation.

3.6 P-T CONDITIONS OF D2 DEFORMATION
S2 high-strain domains are composed of high temperature tectonites with
deformational textures and mineral assemblages that are distinct from the

Mesoproterozoic mylonites and ultramylonites that overprint them. S2 high-strain
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domains contain small, recrystallized grains of quartz that are interlocked in

polygonal patterns, suggesting that grain boundary area reduction was an
important mechanism during the late stages of deformation (Fig. 12a; Passchier
and Trouw, 1996). Also present are small, recrystallized grains of feldspar.
Mineral stretching lineations are typically defined by hornblende needles or
sillimanite needles (Fig. 12b). The observed microstructures and mineral
assemblages indicate deformation temperatures that exceed 500°C (Tullis and
Yund, 1992; Spear, 1993) and are higher temperature tectonites than the
mylonites that overprint them.

Migmatites, pelitic schists, and quartzites found in S2 domains or in hinge
regions of tight F2 folds document the P-T conditions of D2. The transition from
D1 to D2 appears to have been accompanied by retrogression. Garnets, present
in migmatites with a strong S1 foliation folded by F2, show evidence for this
retrogression. The garnets have reaction rims that contain andalusite and biotite
(Fig. 13a,b). Pinnite is present throughout the sample, suggesting the early
coexistence of garnet and cordierite, and later retrogression of cordierite. A

possible reaction is garnet + cordierite -> biotite + andalusite (Spear, 1993), with



42

"SaWOSoON9|

pue ‘seojw ‘sa|paau ajuewls paublie Ag pauyep

S| uonelo} "q ‘uonelo} ZS [eonteAgns o} |a)esed ajebuoie
jou ale zuenb jo suielb aalj-uiens Ajeanelal ‘JeuobAjod
‘uonewIoep 2q Jo sabess ae| Buunp sessaa0id A1aaooal Jo
aouBUILIOP MOUS SaJinixal Zuenb ‘auoz Jeays sbuey aion
Buoje ‘ulewop uiens ybiy 2s [eoaAgns siy) uje ;2| ainbiq

3

S

dn




43

"BZ | Ul UMOYS UBLLOP WU Ul UOoea) JO jileleq 'q leweb uo urewop wu jo ajdwex3y ‘e ‘auoz Jesys abuey al09
‘po} 24 1o uoibal abuly ui |oiq pue ajisnjepue Ag padejdal pue pawwi jseiqoiiydiod jouser) (g ainbi4




a transition from the sillimanite stability field to the andalusite field, and
retrogression to the low-temperature side of the second sillimanite isograd.

Along the Idaho Springs-Ralston shear zone, the Coal Creek quartzite/
pelitic schist sequence helps constrain the Proterozoic structural evolution of the
shear zone segment, as well as the P-T history along the segment. The
metamorphic minerals present in the Coal Creek pelitic schists all overgrew S1,
and provide information on P-T conditions post-D1 and during or post-D2. In
many samples, andalusite forms rims around and replaces staurolite, and both
minerals overgrew S1 defined by elongate oxide and quartz inclusions. In several
samples, staurolité is intergrown with Fe-rich chlorite and rimmed by andalusite
and biotite, suggesting the reaction staurolite + chlorite + muscovite -> andalusite
+ biotite + H,O with chlorite as the limiting reactant (Fig. 14). This prograde
reaction takes place between 500 and 600°C and records dehydration and an
increase in temperature (Spear, 1996).

Andalusite overgrew F2 crenulations, but also appears to have deflected
foliation during D2. In several locations, andalusite porphyroblasts are also bent
and folded by F2 in outcrop (Finiol, 1992). These observations suggest that

andalusite grew post-D1 and syn- or post-D2. Like staurolite and andalusite,



Figure 14: In the subvertical limb region of an F2 microfold, Coal Ck
pelitic schist contains staurolite that is intergrown with Fe-rich chlorite and
is immed by andalusite.
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garnet overgrew S1, but also appears to have grown before F2 crenulation

development, since fabric is deflected around garnets in the hinges of F2
crenulations (Fig. 15a,b,c).

Cordierite porphyroblasts overgrew S1 and F2 crenulations, and are
particularly abundant in the Coal Creek synform hinge region (Fraser, 1938). In
Mg-rich schists, Finiol (1992) observed staurolite with cordierite rims. The
assemblage of cordierite + staurolite + aluminosilicate + biotite + muscovite is a
relatively rare assemblage for pelitic schists, but has been reported for a number
of low-pressure (andalusite-sillimanite) regional metamorphic terranes (Pattison
et al., 1999).

Kyanite, andalusite, and sillimanite are present together in several thin
sections of SE-side down mylonitized Coal Creek quartzite, and the growth of all
these aluminosilicates probably occurred prior to 1.38 Ga mylonitization.
Andalusite and kyanite appear to have been brittley boudinaged during
mylonitization, and muscovite is present in the boudin necks and forms rims on
all of the aluminosilicate minerals (Fig. 16a,b; Fig. 17a,b). In some samples,
prismatic andalusite and sillimanite cluster together in ‘knots’ that are wrapped in

muscovite. Kyanite is always rimmed by andalusite. These relationships suggest
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Figure 15: Garnet/matrix relationships. a.(crossed polars) and b. (plane light) Gamet appears to
have overgrown S1 while rotating clockwise slightly. b. Gamet overgrew S1 and but deflected
foliation during F2 folding and crenulation.
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Figure 17: a. (plane light) and b. (crossed polars) In mylonitized Coal Ck quartz;te,
sillimanite is immed by muscovite.

49



50
early kyanite growth followed by a transition from the kyanite stability field to the

andalusite/sillimanite stability line, prior to 1.38 Ga SE-side down mylonitization
in the Idaho Springs-Ralston shear zone.

Along the Idaho Springs-Ralston shear zone, reaction textures indicate
that staurolite formed early with respect to andalusite and cordierite. Garnet
shows porphyroblast/matrix relationships similar to andalusite. Kyanite grew early
with respect to andalusite and sillimanite. A P-T path that incorporates these
observations includes prograde metamorphism at moderate depths, followed by
decompression with moderate cooling (Fig. 11). The proposed clockwise P-T
path appears to loop around the aluminosilicate triple point and record peak
temperatures between 500 and 600°C that were achieved after the development
of S1 and before or during D2. However, the observed metamorphic reactions
may document two P-T paths, one Paleoproterozoic path and one
Mesoproterozoic path. Without further evidence, only schematic P-T paths may

be drawn (Fig. 11).
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3.7 TIMING OF PALEOPROTEROZOIC DEFORMATION

In situ electron microprobe monazite age dating of Paleoproterozoic
fabrics, mylonites, and ultramylonites, enabled documentation of timing of
deformation along the Colorado Mineral Belt shear zone system. Monazites were
located in thin section by conducting full thin section x-ray maps of Ce on the
Cameca SX50 electron microprobe at University of Massachusetts, or conducting
automated full thin section BSE scans and EDS point analyses on the JEOL
scanning electron microscope at University of New Mexico. X-ray maps of U, Th,
Pb, and Y, and spot analyses of U, Th, Pb, and Y, were conducted for selected
monazite grains on the Cameca SX50 electron microprobe at University of
Massachusetts and the Cameca SX100 electron microprobe at New Mexico
Institute of Technology. For details on the analytical methods and fundamental
assumptions of the monazite technique, see Appendix 1.

Because monazite can grow as a primary mineral from a melt, a
hydrothermal mineral during fluid flux, or a metamorphic mineral during
deformationalthermal events, we used several parameters to recognize a
monazite grain, or an age domain within a monazite grain, as syn-deformational.

Syn-deformational monazite grains are inferred to have grown elongate within
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foliation. Chemical zoning patterns within an age domain will also commonly be

elongate. Though the form of a monazite grain may become elongate through
strain influenced dissolution and reprecipitation during a subsequent
deformational event, the chemical zoning is interpreted to be growth zoning
within the crystal. The geometry of this chemical zoning is interpreted to reflect
the strain field at the time of growth. A monazite may rotate during a subsequent
deformation, so the elongate grain may come to be aligned within a subsequent
foliation. New monazite commonly grows as a rim on an older core (Williams et
al., 1999). These rims or caps typically grow in the direction of infinitesimal
elongation during strain. In summation, elongate chemical zoning within an age
domain in a monazite grain, or an age domain in a rim that grew in the elongation
direction during strain, is interpreted to indicate that the age domain is syn-
deformational.

Based on in situ electron microprobe dating of syn-deformational
monazites, parallel to S1 and S2 high-strain domains along the Homestake shear
zone, Shaw et al. (2001) defined a period of Paleoproterozoic orogenesis that
spanned 1.71 to 1.63 Ga, with deformation pulses at 1700 +/- 7 Ma, 1658 +/- 5

Ma, and 1637 +/- 13 Ma.
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In this study, | find that migmatites with S1 foliation folded by an F2 fold

along the Gore Range shear zone also record a Paleoproterozoic period of
orogenesis, with deformational pulses that coincide with those documented along
the Homestake shear zone by Shaw et al. (2001) (Fig. 18). One monazite grain
has an oldest core date of ~1731 Ma, based on several spot analyses, and a rim
date of 1619 +/- 24 Ma (Fig. 19a). The ~1731 Ma core is elongate parallel to S1
and appears to have overgrown S1, suggesting that S1 was already developing
at about 1.73 Ga. The 1619 Ma rim overgrew oxide and quartz inclusions that are
elongate to S1 and the rim has chemical zoning elongate to S1, suggesting that
S1 planes were reactivated during deformation (possibly F2 folding) at 1.62 Ga.
The cores of several other grains give an average date of 1674 +/- 13 Ma (Fig.
19b,c). The rims on these same grains give an average date of 1647 +/- 15 Ma.
The 1.67 Ga cores are elongate parallel to S1, but the relationship of 1.65 Ga rim
geometries to external structures is unclear.

In this study, | find that the Idaho Springs-Ralston shear zone also records
a Paleoproterozoic orogenic episode that includes at least three deformational
pulses. Monazite grains from an S2 domain in biotite schist, adjacent to a

mylonite zone along the southwestern section of the Idaho Springs-Ralston shear
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zone at Chicago Creek, records Paleoproterozoic deformational pulses at 1692

+/- 13 Ma, 1653 +/- 13 Ma, and 1623 +/- 12 Ma (Fig. 18; Fig. 20d,e). The oldest
monazite dates documented along the ldaho Springs-Ralston shear zone are
spot analyses of ~1739 Ma, ~1735 Ma, and ~1719 Ma from two small, elongate
grains.

Further constraints on the timing of D1 and D2 deformation comes from
the Coal Creek quartzite/schist sequence along the Idaho Springs-Ralston shear
zone. Here, field relationships as well as the identification of a probable regolith
surface suggest that Coal Creek quartzite was deposited on top of Boulder Creek
granite after the granite was emplaced at about 1.72 Ga. This interpretation is in
contrast to the conclusions of Gable (1980) and Wells, et al. (1964), which
indicate an intrusive contact with granite intruding the quartzite pre- or syn-D1.
Wells et al. (1964) appears to have mapped cross-cutting relationships based on
the presence of granite float in areas dominated by outcrops of quartzite. In the
current study of the Coal Creek synform, no cross-cutting relationships or
xenoliths were observed in outcrop. No interlayering relationships between
metasedimentary rocks and granite, as observed along the Homestake, Gore

Range, and St. Louis Lake shear zones, were observed. In contrast to the
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heavily migmatized metasedimentary rocks intruded by the Cross Creek and

Boulder Creek batholiths elsewhere along the Colorado Mineral Belt shear zone
system, the Coal Creek quartzite/schist sequence does not appear to be
migmatized. In several outcrops, the contact between the quartzite and granite is
marked by a probable regolith that grades from quartz monzonite to arkosic
quartzite over >15 meters.

Preliminary major and trace element analyses of this probable regolith
suggest depletion of Na,O, K,0, Ca0, and Cu, and enrichment in total Cr and Ni,
relative to the adjacent quartz monzonite. Two potential regolith samples located
several meters into the quartzite from the contact with quartz monzonite have
major element patterns that are similar to the quartz monzonite (Fig. 21a), and
trace element patterns similar to the quartzite (Fig. 21b). A sample located ~15
meters into the quartzite shows depletion in Na,O, K,O, CaO, MgO, and total Fe
with respect to the granite (Fig. 21a). Similarly, Holland et al. (1989) observed
that almost all CaO and MgO were removed from the upper parts of the Archean
Flin Flon paleosol in Canada. The Flin Flon paleosol also showed a slight
increase in K,O from base to top, which has been observed in other Paleozoic

and Precambrian paleosols. Preliminary data on the Coal Creek potential regolith



weight percent

ppm

Figure 21:Preliminary major element (a.) and trace element (b.) data
for Twin Spruce quartz monzonite at contact with Coal Ck quartzite
(Gable, 1980), potential regolith, and Coal Ck quartzite conglomerate.
On x axis,'0' is the quartz monzonite,'1' and '2' are the regoliths directly
adjacent to the granite,'15' is arkosic quartzite 15 meters from the
contact,and '100' is a quartzite conglomerate 100 meters into the

main quartzite body. For all geochemical data, see Appendix 6.
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do not show this trend for K,O. Fe has been found to be mobile (Gall, 1994) as

well as immobile (Grandstaff et al., 1986) in paleosols. In order to better
understand the behavior of Fe, the FeO and Fe,O, components should be
determined (Gall, 1994).

Trace element data for Cr, Ni, and Cu are in contrast to the trends
observed in Precambrian paleosols in Ontario, Canada, where a gradual
decrease in concentration occurred from base to top (Gay and Grandstaff, 1980).
Preliminary results for the Coal Creek potential regolith are intriguing, but further
study is needed in order to clearly define the geochemical signature of the
horizon along the granite/quartzite contact and, in doing so, identify whether the
horizon does indeed represent a deformed nonconformity.

In the Coal Creek quartzite, youngest detrital zircon grains of about 1.66
Ga (Aleinikoff, J.N., written communication, 2001) suggest that the quartzite and
underlying granite developed S1 foliation after 1.66 Ga. The youngest reliable
(concordant) Coal Creek detrital zircon *’Pb/*®Pb dates, out of a set of 50
analyses, are 1605 +/- 139 Ma, 1659 +/- 73 Ma, 1663 +/- 58 Ma, 1664 +/- 84 Ma,
1664 +/- 48 Ma, 1688 +/- 81 Ma, 1694 +/- 40 Ma, 1702 +/- 66 Ma, 1705 +/- 53

Ma, 1707 +/- 62 Ma, 1707 +/- 28 Ma, and 1707 +/- 35 Ma (J.N. Aleinikoff, written
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communication, 2001). If the Coal Creek quartzite was indeed deposited on 1.72

Ga granite, became buried and lithified sometime after 1.66 Ga, and developed
low angle S1 fabric, then deformation along S1 must have lasted from at least
1.73 Ga (based on monazite core dates along the Gore Range shear zone) to
1.66 Ga. The Coal Creek quartzite may correlate temporally with the Ortega
quartzite of northern New Mexico and the Blue Ridge quartzite of southern

Colorado, both deposited at about 1.70 Ga (Aleinikoff et al., 1993).

3.8 MESOPROTEROZOIC STRUCTURES OF THE COLORADO MINERAL
BELT SHEAR ZONE SYSTEM

The mylonites and ultramylonites within the Colorado Mineral Belt shear
zone system are distinct from the Paleoproterozoic structures they overprint.
They contain microstructures and minerals that record lower temperatures of
deformation, they show unequivocal shear sense, and they contain monazites

with ~1.4 Ga dates.
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3.9 MICROSTRUCTURES AND P-T CONDITIONS OF MESOPROTEROZOIC

DEFORMATION

Microstructures are one important way to distinguish temperatures and
strain rates associated with different types of tectonites in the Colorado Mineral
Belt shear zone system. On the microscopic scale, mylonites are dominated by
core and mantle structures in quartz that indicate that subgrain rotation
recrystallization was an important recovery mechanism, and that the mylonites
deformed at temperatures between 350° and 450°C (Fig. 22a,b; Regime 2-3 for
quartz, Hirth and Tullis, 1994). Feldspar grains are brittley deformed and only
occasionally show undulose extinction, indicating deformation temperatures
below 500°C (Fig. 23a,b). Aluminosilicate minerals, such as sillimanite, are
absent or metastable in the mylonites, and retrograde chlorite and muscovite are
abundant.

Ultramylonites of each shear zone segment contain large ribbon-like
quartz grains that have necklaces of tiny recrystallized quartz grains, indicating
that grain boundary migration was an important recovery mechanism in quartz
and that the ultramylonites deformed at ballpark temperatures of 250° to 350°C

(Fig. 24a,b; Regime 1-2 for quartz, Hirth and Tullis, 1994). Feldspars are broken
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Figure 22: Examples of microstructures in quartz in mylonites. a. Quartz porphyroclast with
subgrain rotation recrystallization microstructures has asymmetry consistent with SE-side
down shear sense in Gore Range mylonite. b. Subgrain rotation recrystallization in Idaho
Springs-Ralston mylonite. Subgrains have asymmetry consistent with SE-side down

shear sense.
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into small pieces that have become rounded during shearing. In ultramylonites,

as in mylonites, aluminosilicate minerals are absent or metastable, and

retrograde chlorite and muscovite are abundant.

3.10 SHEAR SENSE IN MYLONITES AND ULTRAMYLONITES

Mylonites and ultramylonites have strong asymmetric fabrics (S-C and C-
C’) and quartz porphyroclasts (sigma and delta), indicating that simple shear was
important during the deformation of these tectonites (Fig. 25a,b). When observed
perpendicular to foliation and parallel to mineral stretching lineations, asymmetric
mylonite and ultramylonite fabrics and clasts provide information on shear sense.
Because each shear zone segment contains steeply plunging mineral stretching
lineations, movements within the zones are interpreted to be primarily dip-slip.
The small strike-slip components do not show consistent sense from one shear
zone segment to the next, suggesting that there is no regional strike-slip
movement pattern. The strike-slip components may be only locally important,
because they are consistent within each shear zone, but are not consistent from
one shear zone to the next. For example, SE-side down mylonites in the

Homestake and Idaho Springs-Ralston shear zones have small dextral
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clasts in mylonite, Gore Range shear zone. b. SE-side up shear band in ultramylonite, Homestake shear zone.
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components to movement, but SE-side down mylonites in the Gore Range shear

zone have a small sinistral component.

In each shear zone, ultramylonites appear to overprint mylonites, and
show different shear sense than the mylonites they overprint (Fig. 26a,b). In the
Homestake and ldaho Springs-Ralston shear zones, SE-side down, subvertical
mylonites with strong S-C fabrics and sigma-porphyroclasts are overprinted by
SE-side up, sub-vertical ultramylonites with C-C’ fabrics, Reidel shears, sigma-
porphyroclasts, and pseuodotachylite veins (Shaw et al., 2001). In the Gore
Range shear zone, SE-side down mylonites are drag-folded with SE-side up
shear sense and overprinted by ultramylonites with quartz ribbons that agree with
SE-side up movement (Fig. 26a). At St. Louis Lake, thin SE-side down
ultramylonite bands overprint SE-side up mylonites with well-developed S-C
fabric (Fig. 26b). Because mylonites and ultramylonites along these shear zone
segments have distinctly different mineral stretching lineation orientations,
different shear sense, and different deformation microstructures, the two fabrics
appear to have formed during separate deformational events. In contrast, some
mylonites within the shear zones simply grade into ultramylonites in more mica-

rich domains, and the two fabrics have similar mineral stretching lineation



69

vt
e i

= _~
/

~

e SR

s S

O kol
e
<
“

T YT a0 A S AR

T
e

e s
e

T4

PR ARSI AT W A

i
A
e msmaemeanSS

TR 12T

PR piry
™
B 4

\
\
J

R
—
~—

‘092 ¥ "BOZ

3as

"SjiuOIAWELIN UMOP BpIs-S 10 Spuens uly) Aq pejuudianc ouge; D-§ Buosis yum apuojAw
dn apis-38 Y Zb'L ‘Bu0z Jeays axeT SN0 1S Uj "q ‘asuas Jesys dn apis-3S Moys 18y}

suoqqu zuenb yym sauoz pajeulwe) ‘paurelb-auy Ajawalxa pue spjoj Beip dn epis-38 Aq
pajuudiano ouge; 9-g Buons yum sajuojAw umop apis-3S ‘auoz Jeays abuey @109 u| ‘e
*dougno uj sayuojAwenn Ag sejuojAw o Bunuudiaso Bujuawnoop sayoleNs :9g ainbiy




70
orientations and shear sense. In these cases, mylonites and ultramylonites could

have formed in the same event but at different strain rates.

3.11 TIMING OF MESOPROTEROZOIC DEFORMATION

Monazite age dating and field relationships bear on the timing of multiple
Mesoproterozoic episodes of mylonitization and ultramylonitization in the
Colorado Mineral Belt shear zone system. Here, we present geochronologic data
that bears on the timing of movement associated with mylonites and
ultramylonites of each shear zone, beginning with the oldest Mesoproterozoic

dates documented along the shear zone system.

3.12 THE PRE-1.45 GA MOVEMENTS

Pre-1.45 Ga motion is suggested in the St. Louis Lake shear zone.
Monazites from a 100 meter wide SE-side down and slightly dextral strand of
mylonitized Boulder Creek granite along the St. Louis Lake shear zone yield
dates of 1518 +/- 40 Ma and 1531 +/- 33 Ma (Fig. 18). These monazites are
elongate parallel to the subvertical mylonite fabric. The 1518 Ma grain contains

elongate quartz and apatite inclusions, which are at a small angle to the mylonite
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fabric. These inclusions have orientations that are parallel to the schistosite

planes in the matrix S-C fabric, agreeing with SE-side down shear sense. The
1531 Ma grain includes a euhedral apatite crystal. Neither grain shows evidence
for internal chemical zoning of U, Th, Y, or Pb. These monazites lie along quartz
veins in the mylonite and have coronas of apatite and REE clays, similar to those
rimming the post-1.38 Ga monazites in St. Louis Lake shear zone. One observed
grain contains only tiny specks of monazite, each several microns in diameter,
enclosed in apatite with a corona of REE clay. Deformations between 1.52 and
1.63 Ga are undocumented in Colorado, but the microstructural differences
between the ~1.4 Ga mylonites and the ~1.7 Ga higher temperature tectonites
they overprint suggest exhumation between ~1.7 Ga and ~1.4 Ga. Exhumation
may have involved the dissolution and reprecipitation of monazite along fluid
pathways. In this study, St. Louis Lake shear zone is the only segment of the
Colorado Mineral Belt shear zone system to record ~1.52 Ga dates and their

importance is not yet understood.
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3.13 THE 1.45 GA MOVEMENTS

1.45 Ga movements are documented in the Idaho Springs-Ralston shear
zone and possibly in the Homestake shear zone. Previous studies have
presented field evidence for SE-side down and slightly sinistral movement along
the Idaho Springs-Ralston shear zone during emplacement of the Mt. Evans
pluton (Nyman et al., 1994; Graubard and Mattinson, 1990) at 1442 +/- 2 Ma ([U-
Pbj] Aleinikoff et al., 1993). Shaw et al. (2001) also reported several monazite

dates of ~1452 Ma from Homestake mylonites (Fig. 18).

3.14 THE 1.42 GA MOVEMENTS

Motion at about 1.42 Ga is recorded in SE-side up mylonites in the St.
Louis Lake and Idaho Springs-Ralston shear zones (Fig. 18). Field relations in
the St. Louis Lake shear zone indicate SE-side up mylonitization synchronous
with emplacement of the Silver Plume pluton (1422 +/- 3 Ma [U-Pb), Hedge,
1969). In the Idaho Springs-Ralston shear zone, monazites in a SE-side up
mylonite also indicate movement at 1422 Ma (Fig. 20c). In the S2 domain
adjacent to the mylonite, several monazites with Paleoproterozoic core dates

have ~1422 Ma rim dates, based on several spot analyses per rim (Fig. 20d,e).
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Another monazite has a 1418 +/- 8 Ma core that has an asymmetry concordant

with SE-side up shear sense observed in sigma porphyroclasts and mesoscopic
S-C fabrics of the mylonite (Fig. 20c).

One monazite grain in the Coal Creek pelitic schist, adjacent to the Idaho
Springs-Ralston shear zone, has a date of 1418 +/- 30 Ma and appears to be
enclosed in a poikiloblastic andalusite porphyroblast (Fig. 27a,b). This
association, suggesting that andalusite grew during or after 1.42 Ga deformation,
has not been observed elsewhere in the Colorado Mineral Belt shear zone
system. However, farther north in the Front Range, andalusite, staurolite,
cordierite, and garnet porphyroblasts overprint earlier assemblages, and
andalusite grew across Paleoproterozoic fabrics, suggesting that these minerals
grew during a relatively low-pressure episode of metamorphism at ~1.4 Ga

based on hornblende “°Ar/°Ar dates (Selverstone et al., 1997; Shaw et al., 1999).

3.15 THE 1.38-1.4 GA MOVEMENTS
1.38-1.4 Ga movements are recorded in SE-side down mylonites in the
Homestake and Idaho Springs-Ralston shear zones (Fig. 18). In the Homestake

shear zone, a population of monazites from the >30 meter wide SE-side down
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Figure 27: 1.42 Ga monazite in andalusite porphyroblast in hinge
of F2 Coal Creek synform along Idaho Springs-Ralston shear zone.
Andalusite overgrew S1, but fabric appears to have been deflected

during development of F2 crenulation.
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and slightly dextral main mylonite strand gives an average date of 1376 +/- 11

Ma (Shaw et al., 2001). Along the southern extent of the Homestake, SE-side
down mylonites moved during St. Kevin batholith emplacement at 1396 Ma ([U-
Pb], Doe and Pearson, 1969).

The mylonites and ultramylonites of the Gore Range shear zone have not
yet provided any datable monazite. The few monazites that have been detected
are shattered grains with only small patches of true monazite enclosed in a
material with high REE concentrations, but no phosphorus. Fluid flux within the
shear zone appears to have leached P out of monazites, leaving behind pockets
of immobile REEs. Because the Gore Range shear zone is directly along strike of
the Homestake and, like the Homestake, contains strands of SE-side down
mylonites and SE-side up ultramylonites (Fig. 26a), we consider the Gore Range
shear zone to be the discrete northeastern continuation of the Homestake shear
zone.

The Idaho Springs-Ralston shear zone includes a >30 meter wide, SE-
side down and slightly dextral mylonite strand that deforms the contact between
the Coal Creek quartzite and quartz monzonite of the Boulder Creek batholith. A

population of small (~10 micron diameter) monazites, elongate parallel to fabric
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and enclosed in recrystallized quartz grains in mylonitized Coal Creek quartzite,

has an average date of 1384 +/- 14 Ma. One elongate monazite from the Coal
Creek pelitic schist adjacent to the mylonite zone yields a date of 1373 +/- 19 Ma,
and is boudinaged due to subsequent deformation. Other elongate monazites
from the Coal Creek pelitic schist give an average date of 1396 +/- 18 Ma,

possibly representing a separate movement.

3.16 THE POST-1.38 GA MOVEMENTS

Post-1.38 Ga movements are recorded in SE-side up ultramylonites that
overprint SE-side down mylonites in the Homestake and Idaho Springs-Ralston
shear zones, and in SE-side down ultramylonites that overprint SE-side up
mylonites in the St. Louis Lake shear zone (Fig. 18). In the Homestake shear
zone, monazites within a >30 meter wide SE-side up ultramylonite strand, which
partly overprints a >30 meter wide SE-side down mylonite strand, do not give a
clear date of ultramylonitization. Many monazite grains present in this
ultramylonite bear dates that are similar to those in the overprinted mylonite, and
it is possible that no new monazite grew during ultramylonitization. However, the

Homestake ultramylonite contains a 1375 +/~- 14 Ma monazite grain that is offset
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along an antithetic bookshelf fault consistent with the SE-side up shear sense of

the ultramylonite strand. This would suggest that ultramylonitization in the
Homestake shear zone occurred after 1375 Ma. The youngest monazite dates
from the Homestake shear zone come from one grain with an average date of
1.29 Ga, and several other spot analyses that yielded dates of 1.25 Ga (Shaw et
al., 2001). These post-1.38 Ga dates are provocative, but more data are needed
to define the timing of post-1.38 Ga deformation.

In the St. Louis Lake shear zone, SE-side down ultramylonites with post-
1.38 Ga dates overprint the 1.42 Ga SE-side up mylonites. A monazite froma 10
meter wide, SE-side down strand of ultramylonitized Silver Plume granite has a
core with a date of 1343 +/- 11 Ma and a rim with a date of 1294 +/- 21 Ma (Fig.
18, Fig. 20a,b). The core of the grain is elongate parallel to the ultramylonite
fabric and has been boudinaged, with younger monazite forming in the boudin
neck and around the rim. These dates suggest that two shear zone movements
occurred after the emplacement of the Silver Plume granite. Another elongate
monazite grain from the same ultramylonite sample gives a date of 1297 +/- 22
Ma. This monazite grain is also elongate parallel to the ultramylonite fabric and

has a corona of apatite and a narrow outermost corona of non-stoichiometric clay



78
with high Ce-content. The complicated corona on this and other grains from

several locations along the St. Louis Lake shear zone segment suggest that
fluids rich in Ca may have been moving through the shear zone during
deformation, dissolving monazite and growing apatite, and leaving a residue of
incompatible, immobile REEs in an outer corona of non-stoichiometric clay.

In the |daho Springs-Ralston shear zone, a >10 meter wide, SE-side up
and slightly sinistral ultramylonite strand overprints a >30 meter wide, SE-side
down and slightly dextral mylonite strand, and contains monazites with dates
ranging from 1.25 Ga to 1.36 Ga (Fig. 18). In this ultramylonite strand, one
monazite that is elongate parallel to the ultramylonite fabric has a date of 1355
+/- 15 Ma, while another grain that is immed by apatite has a date of 1304 +/- 12
Ma. A third grain bears an elongate core with a date of 1306 +/- 4 Ma and an
elongate rim with a date of 1253 +/- 18 Ma. In the Coal Creek pelitic schist, at the
margin of the Idaho Springs-Ralston shear zone segment, one monazite with a
1.4 Ga core has an elongate rim with a date of ~1337 based on several spot
analyses. These post-1.38 Ga monazite dates, recorded all along the Colorado

Mineral Belt shear zone system, suggest multiple movements and/or fluid flux



events at 1.25 Ga, 1.3 Ga, and 1.35 Ga, or a near continuum of fluid flux

between 1.25 and 1.35 Ga.

79



80
4.0 DISCUSSION

4.1 TECTONIC FINGERPRINT FOR DEFORMATION ALONG
THE COLORADO MINERAL BELT SHEAR ZONE SYSTEM

The record of Mesoproterozoic movements documented in mylonites and
ultramylonites of the Colorado Mineral Belt shear zone system, and
Paleoproterozoic deformation documented in the higher temperature S1 and S2
domains along the shear zone system, provides a ‘tectonic fingerprint’ for the
deformational history of the Colorado Mineral Belt shear ;zone system. This
tectonic fingerprint is summarized in Figure 18 and includes a >100 Ma long
Mesoproterozoic period of orogenesis that includes deformational pulses at 1297
+/- 20 Ma, 1351 +/- 13 Ma, 1378 +/- 17 Ma, 1396 +/- 12 Ma, and 1419 +/- 18 Ma,
and a >70 Ma long Paleoproterozoic period of orogenesis that includes
deformational pulses at 1620 +/- 20 Ma, 1652 +/- 11 Ma, 1674 +/- 13 Ma, and
1692 +/- 13 Ma.

These ‘deformational pulse’ ages are determined based on statistically
distinct age populations within monazite grains of each shear zone. An

alternative interpretation is that the monazite data document near continuums of
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deformation and monazite growth from 1.3-1.45 Ga and 1.62-1.7 Ga. The in situ

electron microprobe monazite dating technique used here is still in the early
stages of development. The technique is dependent on the fundamental
assumptions that monazite incorporates negligible common lead during growth
and that elemental concentrations have not been significantly modified by
subsequent mass transfer (Montel et al., 1996). However, it appears that
monazite may dissolve and reprecipitate during low temperature fluid flux events
in some mylonite and ultramylonite zones of this study. New background
measurement techniques are being developed, which will help eliminate spurious
background measurements at the peak position and reduce the standard
deviations associated with each spot analysis (Williams, M.L., written
communication). Despite the problematic aspects of the technique, analyses of
the same grains at two different labs produced statistically similar values, and
Williams et al. (1999) show that the electron microprobe monazite dates compare
closely with mass spectrometric U-Th-Pb dates. A number of monazite dates
determined in the present study are supported by Rb-Sr and U-Th-Pb ages for
adjacent syn-deformational plutons, such as a 1418 +/- 8 Ma grain at the margin

of the 1422 Ma Silver Plume pluton (1422 +/- 3 Ma [U-Pb]; Hedge, 1969) and a
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1674 +/- 13 Ma grain at the margin of the 1675 Ma Cross Creek pluton (Tweto

and Lovering, 1977). Therefore, we discuss the details of the monazite age
determinations as if they were accurate representations of the timing of
deformation. Still, | am cautious about very young dates, which could have been
influenced by low temperature fluid flux events, and | am cautious about dates
that do not fit within a broad tectonic time framework defined by previous workers
for the southwestern U.S., and avoid making conclusions that rely solely on these
questionable dates.

The period between >1.73 Ga and <1.66 Ga is marked by development of
low-angle S1 foliation and isoclinal folds, based on monazitefabric relationships
along the Homestake and Gore Range shear zones, and relationships between
the Coal Creek quartzite and Boulder Creek batholith along the Idaho Springs-
Ralston shear zone (Fig. 28a). D1 coincided with early metamorphic
temperatures of >600°C that exceeded the second sillimanite isograd during syn-
plutonic deformation along the Gore Range shear zone, as well as along the
ldaho Springs-Ralston shear zone near Chicago Creek (Moench, 1994). If Coal
Creek quartzite was deposited on Boulder Creek granite and incorporated 1.66

Ga detrital zircons, then deformation along S1 continued after 1.66 Ga.
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Between 1.65 and 1.62 Ga, D2 deformation coincided with the steepening

of D1 sheet-like structures along subvertical NE-trending structures (Fig. 28b).
Metamorphic minerals that grew post-D1 along the Idaho Springs-Ralston shear
zone document peak metamorphic temperatures of about 550°C. In the Gore
Range shear zone, migmatites folded by tight F2 folds show
retrogression of garnet to andalusite + biotite, which may have occurred during
D2.

Mesoproterozoic mylonitization reactivated S2 domains between 1.45 and
1.3 Ga (Fig. 28c, Fig. 29) and was accompanied by retrogression of
aluminosilicates and amphibolite grade assemblages to greenschist grade
assemblages containing chlorite and muscovite (although 1.42 Ga mylonitization
may have resulted in growth of andalusite in the Idaho Springs-Ralston shear

zone).

4.2 A REGIONAL CONTEXT FOR TIMING OF DEFORMATION ALONG THE
COLORADO MINERAL BELT SHEAR ZONE SYSTEM
The multiple periods of Proterozoic deformation along the Colorado

Mineral Belt shear zone system correspond to magmatic and orogenic events
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documented throughout Colorado and the southwestern U.S., suggesting that

movement along the shear zones reflects responses to large-scale thermal and
tectonic events instead of local events, such as the emplacement of individual
plutons.

The few 1.73-1.72 Ga dates obtained in the Gore Range and Idaho
Springs-Ralston shear zones may correspond with emplacement of the Boulder
Creek and Rawah batholiths at 1721 +/- 15 Ma ([U-Pb SHRIMP], Premo and
Fanning, 2000) and 1720 +/- 8 Ma ([U-Pb], Premo and Van Schmus, 1989),
respectively. In Big Thompson Canyon, northern Front Range, a 1726 +/- 15 Ma
trondhjemite pluton was emplaced shortly before an important stage of regional
metamorphism ([U-Pb], Barovich, 1986). 1.73 Ga dates come from the arc-like
volcanic supracrustal rocks in the Salida-Gunnison block south of the Colorado
Mineral Belt shear zone system (Bickford and Boardman, 1984). Deformation
between 1.73 and 1.72 Ga in central Colorado appears to have coincided with
the completion of suturing between the Green Mountain arc and the Cheyenne
Belt to the north, and the initiation of the Salida-Gunnison arc to the south (Reed

etal., 1987).
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1.7 Ga deformation dates in S1 domains of the Colorado Mineral Belt

shear zone system are similar to deformation dates of 1.72-1.7 Ga associated
with initially shallowly dipping foliations and subrecumbent folds in central
Arizona (Karlstrom and Bowring, 1991). The Yavapai orogeny in central Arizona
appears to have involved partitioned crustal shortening during amalgamation of
lithospheric fragments to North America between 1.7 and 1.69 Ga (Karlstrom and
Bowring, 1991).

Monazite growth at ~1.67 Ga in the Gore Range shear zone may have
been a more local event coinciding with intrusion of the adjacent Cross Creek
batholith, because 1.67 Ga deformation dates are not as abundant in the
Homestake and Idaho Springs-Ralston shear zones.

1.65 to 1.62 Ga deformation dates coincide with the Mazatzal orogeny in
southeastern Arizona (Karlstrom and Bowring, 1991), during which subvertical
NE-trending fabrics developed. The Mazatzal orogeny is interpreted to have
coincided with the development of a continental margin batholith above a
northwest- or north-dipping subduction system located in southeastern Arizona
(Selverstone et al., 1999) and traced across southern Colorado (Shaw and

Karlstrom, 1999). In New Mexico, Bauer and Williams (1994) defined an



88
important deformation event between 1664 and 1654 Ma, based on intrusion of

1654 +/- 1 Ma Magdalena granite into 1664 +/- 3 Ma supracrustal rocks and the
lack of foliation in the Magdalena granite. Bauer and Williams (1994) attributed
this deformation to N-directed crustal shortening contemporaneous with the
Mazatzal orogeny in southeastern Arizona.

1.62 Ga deformation dates correspond to dates of >1618 +/- 22 Ma for the
Big Creek gneiss of the northern Front Range, 1627 +/- 4 Ma age for a quartz
monzonite pluton in the Sierra Madre of northern Colorado, and emplacement
ages for plutons in the Mount Tyndall area of the Wet Mountains, southern
Colorado ([U-Pb], Premo and Van Schmus, 1989; [U-Pb], Bickford et al., 1989).

Mesoproterozoic movements in the Colorado Mineral Belt shear zone
system correspond in time with intrusions emplaced between 1.3 and 1.5 Ga
along a belt that spans Laurentia-Baltica (Nyman et al., 1994). Although the
plutons have been described as anorogenic, recent studies have shown
evidence for ~1.4 Ga deformation and metamorphism in the vicinity of many
plutons (Nyman et al., 1994). In Colorado and New Mexico, ~1.4 Ga shear zones
are moderately- to steeply-dipping and show evidence for synmagmatic

deformation (Kirby and Karlstrom, 1993; Nyman et al., 1994). In the northern
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Front Range of Colorado, the NE-trending, steeply-dipping Moose Mountain

shear zone shows evidence for reverse-sense reactivation synchronous with
intrusion of the ~1.4 Ga St. Vrain pluton (Selverstone et al., 2000). This shear
zone is located 50 kilometers north of, and is roughly parallel to, the Idaho
Springs-Ralston shear zone. The relationship of the Moose Mountain shear zone,
and several other shear zones of northern Colorado suspected to have been
active at ~1.4 Ga, to the Colorado Mineral Belt shear zone system is not fully
understood. However, the northern Front Range shear zones do not appear to
extend southwest across Colorado, as the Colorado Mineral Belt shear zone
system does. Movement along the Colorado Mineral Belt shear zone system
probably coincided with movement along northern Front Range shear zones at

some time in the Mesoproterozoic.

4.3 TECTONIC SIGNIFICANCE OF THE COLORADO MINERAL
BELT SHEAR ZONE SYSTEM

The Mesoproterozoic mylonites of the Colorado Mineral Belt shear zone
system, and the Paleoproterozoic S2 high-strain domains that they overprint,

record primarily dip-slip movements on subvertical fault planes (Fig. 7a,b). The
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zones appear to have become subvertical during D2, with discrete mylonites

reactivating broad S2 domains at middle crustal levels. Given these geometries,
the shear zones appear to have caused large scale ‘jostling’ of blocks through
‘non-Andersonian’ kinematics. These types of movements could occur along a
flower structure or as part of a transpressive system, but we do not find extensive
evidence for either horizontal stretching lineations or horizontal shear sense
indicators of strike-slip movement. So the question arises: What is the origin of
this type of subvertical, dip-slip zone?

Major geologic discontinuities have not been identified across mylonite
zones, S2 high-strain domains, or S1. The melange of oceanic-type rocks along
the St. Louis Lake shear zone may represent a boundary that juxtaposed far-
travelled packages of rocks during Paleoproterozoic accretion, similar to that
proposed for the Moose Mountain shear zone in the northern Front Range
(Selverstone et al., 2000). However, the St. Louis Lake shear zone does not
appear to separate packages of rocks with different structural and metamorphic
histories, as does the Moose Mountain shear zone (Selverstone et al., 2000).

More likely, the St. Louis Lake shear zone juxtaposed rocks from different
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structural levels during D2 intracontinental steepening of the initially low-angle,

continental assembly-related S1 fabrics.

The mapping presented in this thesis shows the melange along the St.
Louis Lake shear zone as an isolated fragment of oceanic-type rocks that was
tectonically juxtaposed with granites and biotite schists along the shear zone
during D2. This is in contrast to the oceanic melange observed along the
Buckhorn Creek shear zone in the northern Front Range, which is interpreted to
represent intact oceanic lithosphere into which arc plutons intruded during
Paleoproterozoic continental accretion (Cavosie, 2001).

The Paleoproterozoic structures, with inferred deformation dates spanning
1.7-1.62 Ga, developed during a time of regional tectonism that was likely
associated with the ‘welding’ together of arcs, and the welding of packages of
arcs to the Archean Wyoming craton. This period of crustal shortening followed
initial collisions between different arcs and the accretion of crustal material. Syn-
tectonic plutons and batholiths of this period, such as the Cross Creek and
Boulder Creek batholiths, do not appear to represent parts of the initial magmatic

arcs, since they do not have isotopic signatures characteristic of arc plutons, and
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there is no evidence andesites or adjacent suture zones (Shaw and Karlstrom,

1999; Aleinikoff, 1993; Reed, 1987).

In contrast to the D1 and D2 crustal assembly-related deformation that
affected broad regions of Colorado, the Mesoproterozoic Colorado Mineral Belt
shear zone system formed as a relatively narrow zone at a time when plate
convergence was probably occurring some 1,000 kilometers to the south, based
on the proposed boundary between the Mazatzal Province and the Grenville
Province near the present-day New Mexico/Texas border (Karlstrom et al.,
1989). Such a great distance from this margin, the mylonite system seems to
have reactivated a zone of weakness related to Paleoproterozoic assembly.
However, Mesoproterozoic mylonitization led to the development of a more
focused belt of weakness and defined the trend that has influenced Phanerozoic
deformation and magmatism along the Colorado Mineral Belt.

Comparison of the Colorado Mineral shear zone system with younger
analogues can shed light on the importance of intracontinental zones of
deformation, and the similarities among these zones, and can link the surface
and shallow crustal level expression of such zones to their middle crustal

analogues.
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One relatively recent analogue is the Tien Shan of central Asia, where

reactivation has taken place primarily along moderately- to steeply-dipping
reverse structures (Avouac et al., 1993; Brookfield, 2000). Like the Colorado
Mineral Belt shear zone system, the Tien Shan records a complex tectonic
history of continental assembly that occurred within a broad, diffuse zone
containing slices of many different rock packages (Allen and Vincent, 1997). In
both areas, broad zones of assembly-related structural grain were reactivated as
narrower, more discrete zones of intracontinental deformation thousands of
kilometers from the plate margin. Structures within the Tien Shan and the
Colorado Mineral Belt shear zone system are adjacent to plutons, and there is
evidence for early syn-plutonic deformation (Brookfield, 2000). Although the
magnitude of Precambrian offset across the Colorado Mineral Belt shear zone
segments is difficult to determine, the Tien Shan faults have experienced several
kilometers of offset during Cenozoic intracontinental reactivation (Yin et al.,
1998). Most earthquakes on the Tien Shan faults have thrust solutions, indicating
that this intracontinental zone of deformation is facilitating crustal shortening (Yin

et al., 1998).
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The North Tien Shan fault is interpreted to have originated as a steeply-

dipping ‘back-stop’ to a zone of lithospheric fragments assembled in the late
Paleozoic (Allen and Vincent, 1997). The fault was reactivated in the Cenozoic
as a steeply-dipping north-directed thrust following the Paleozoic structural grain,
but there is some evidence for dextral strike-slip movement (Allen and Vincent,
1997). A comparison of maps and cross-sections across the Colorado Mineral
Belt shear zone system and the North Tien Shan fault illustrates some of the

similarities and differences between these structures (Fig. 30a,b,c,d).
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5.0 CONCLUSIONS

The Colorado Mineral Belt shear zone system is here defined as a
Mesoproterozoic system of mylonites and ultramylonites, segments of which
have moved contemporaneously during a protracted period of orogenesis
between 1.3 and 1.45 Ga. Though the shear zone system is Mesoproterozoic,
the system overprints a broader higher temperature high-strain domain that
records a >70 Ma Paleoproterozoic orogenic episode. In this way, the Colorado
Mineral Belt shear zone system may have reactivated a more diffuse zone of
weakness associated with continental assembly, and in doing so, defined the
trend that controlled Phanerozoic deformation and localization of magmatic
systems along the Colorado Mineral Belt.

The long history of deformation along the Colorado Mineral Belt shear
zone system indicates that lithospheric zones of weakness, first established as
diffuse zones of weakness during continental assembly and later reactivated as
narrow intracontinental zones, may remain as loci of geologic processes for
hundreds of millions of years. This study of the Colorado Mineral Belt shear zone
system documents many characteristics of intracontinental tectonic zones

including 1. Origination of such zones in broad, subvertical domains of high strain
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and foliation intensification that have steepened what are inferred to be initially

low-angle sheet-like structures (Fig. 28a,b), 2. Reactivation of such zones as
progressively narrower, discrete domains of increasingly lower-T/igher strain
rate grain size reduction at progressively shallower depths (Fig. 28¢c), 3.
Emplacement of plutons and mineralization multiple times along the zone (Fig. 1;
Fig 4), and 4. Development of lithospheric-scale inhomogeneities such as
negative gravity anomalies and slow mantle anomalies associated with the zone
(Fig. 1; Fig 2; Fig. 3).

The Colorado Mineral Belt shear zone system is dominated by steeply-
dipping structures with steeply-plunging mineral stretching lineations, indicating
primarily dip slip movements along subvertical zones. A kinematic model that
accounts for these movements involves the ‘jostling’ of blocks, up and then down
along the same zone of weakness, possibly facilitating pluton emplacement or an
interplay between crustal shortening and crustal collapse. What we do know
about these movements is that they are observed in other intracontinental zones
of deformation, such as the Tien Shan of central Asia, the Atlas Mountains of
northern Africa, and the Laramide Rocky Mountains. Therefore, dip-slip

movement along subvertical zones may be an important characteristic of



98
intracontinental zones of deformation that have remained as weak zones in the

lithosphere, experiencing multiple episodes of reactivation over hundreds of

millions of years.
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6.0 APPENDICES

6.1 APPENDIX 1: MONAZITE ANALYTICAL TECHNIQUES

Spot analyses were accomplished using 15 kV accelerating voltage, 200
nA beam current, and a counting time of 600 seconds per element, resulting in a
spot diameter of 3 to 5 microns. Several major element spot analyses were
conducted for each population of monazite grains (for each sample, or subgroups
of grains with distinct morphologies and chemical signatures within one sample).
Major element results were hand-entered and used in trace element analyses.

Weight percent Y was measured to correct for the interference of the Yy,
peak with Pb,,,. The Y correction was determined by Montel et al. (1996) by
measuring the intensity of Y , on synthetic YPO,. Extrapolation down to the Y
content of monazite (<2 wt%) shows that this creates a maximum overestimate of
the Pb content of about 30 ppm. In this study, 275 spot analyses gave an
average 1.43 +/- 0.55 wt% Y. | corrected the total Pb by subtracting
(Wt%Y*0.0018) from measured the Pb, correcting the Pb value by an average of
25.8 ppm.

Using the corrected Pb, U, and Th measurements, and assuming

negligible amounts of common Pb (Parrish, 1990), | applied the age equation of
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Montel et al. (1996) to calculate the time of monazite growth. Although the

closure temperature for monazite during crystallization is estimated at 800 C
(M.L. Williams, personal communication), the mineral may be dissolved and
reprecipitated at much lower temperatures (above ~300 C). Therefore, monazite
dates can represent the timing of primary or metamorphic growth, or low-T
deformation synchronous with fluid flux. Because monazite grains are analyzed
in situ, | use crystal morphology, compositional zoning patterns, and textural
context to better understand the events that triggered monazite growth at
different times in the Proterozoic.

As a means of comparison, four grains were analyzed at both the
University of Massachusetts electron microprobe lab and the New Mexico
Institute of Technology lab. Dates obtained from each lab for the age domains
within each grain were statistically similar within a 95% confidence interval when
compared using a pooled t-test. The monazite analysis technique used in this
study is identical to that used by Shaw, et al. (2001) in their study of the
Homestake shear zone.

Monazite dates from within and around the Colorado Mineral Belt shear

zone system are summarized in Figure 15. Date populations from these shear
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zones were grouped together using the condition that they were statistically

similar within a 95% confidence interval in pooled t-tests. Weighted means and
standard deviations were calculated for the grouped date populations to
summarize the deformational pulses recorded in the CMBSZ. Frequency curves
for monazite grains from the Gore Range, St. Louis Lake, and Idaho Springs-
Ralston shear zone segments were compared to curves for Homestake shear
zone grains published in Shaw et al. (2001) to emphasize the similarities in date

populations in each shear zone.

6.2 APPENDIX 2: RESTORING STRUCTURAL DATA

Because Phanerozoic strata are not exposed in the vicinity of Gore
Range, St. Louis Lake, and Idaho Springs-Ralston shear zones, it is difficult to
assess the effects of Phanerozoic tectonism on original orientations of structures
andfabrics along these zones. At Homestake shear zone, bedding in overlying
Upper Sawatch quartzite has an average orientation 320, 10E. This information
was used to restore the field measurements in Table 1 and 2 to the Proterozoic

orientations in Table 3.
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Paleomagnetism studies, which provided information on regional tilting

within tens of kilometers of the other shear zones, were used to restore
Proterozoic measurements in those zones. Table 1 and 2 shows the average
field measurements for fabric orientations in and along the shear zones and
Table 3 shows the restored values. Field evidence and paleomagnetic data from
late Cretaceous to mid-Tertiary intrusives in the northern Mosquito Range, about
25 km southeast of Gore Range shear zone, indicate that approximately 20
degrees of eastward tilt along a horizontal N-S axis occurred prior to sill
emplacement around 65 Ma (Oppenheimer and Geissman, 1988).

Field observations and paleomagnetic studies conducted at Red
Mountain, about 20 km southeast of St. Louis Lake shear zone, indicate between
15 and 25 degrees of tilting to the southeast, about a nearly horizontal axis with
an azimuth of 015 (Geissman et al., 1992) in late Oligocene and younger time.
Similar tilting has been documented for the easternmost, east-tilted flank of the
Front Range (Kellogg, 1973; Hoblitt and Larson, 1975).

Paleomagnetic studies and mapping of the Paleozoic rocks near Table
Mountain, 13 km southeast of Idaho Springs-Ralston shear zone, show evidence

for eastward tilting of Paleozoic strata by 60° along a horizontal axis with azimuth
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of 325° after intrusion of the 62 Ma Table Mountain intrusives (Hoblitt and

Larson, 1975). Tilting of the intrusives and host beds resulted from uplift of the
Precambrian block to the west, which may have included Idaho Springs-Ralston

shear zone. However, Phanerozoic deformation in the Front Range is especially

complex and many faults lie between Idaho Springs-Ralston shear zone and

Table Mountain.

Table 3: Restored S2 and S3 tectonites, mineral stretching lineations, and F2 fold

axial planes and fold axes presented in Table 1 of the text.

Restored 10°toW | 20°toW |20°toW |[60°toW
orientations about about about about horiz
horiz axis | horiz axis | horiz axis | axis 325°
320°az. | 0°az. 015°az. | az.
Shear zone HS GR SLL ISR
S3a SE-side up strike and dip 083, 578 | 233, 55N
mylonite/ trend and plunge 4810 132 | 27 to 242
phyllonite
strike and dip 046, 79S8 | 096, 728/ 243, 79N
S3b SE-side down 228, 88N
mylonite trend and plunge | 76 to 104 | 54 to 124/ 56 to 046
40 to 045
strike and dip 030, 77E_| 035, 79E 035, 79E
S3c SE-side up trend and plunge | 66to 060 | 78 to 107 62 to 058
ultramylonite
strike and dip 068, 71S
S3d SE-side down | trend and plunge 65to 123
mylonite
strike and dip 036, 83E | 044, 67E | 083,60S | 062,86S
S2 hi-T tectonite trend and plunge | 7810 074 | 63t0 094 | 53to 131 | 42 to 068
Axial plane 036, 83E | 205, 54W/ | 073,64S | 227, 71 N
F2 strike and dip 116, 38S
Fold axis 4110042 | 2410007/ | 6110142 | 3510 243
trend and plunge 36 to 222
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: MONAZITE DATA

6.3 APPENDIX 3
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6.4 APPENDIX 4: STRUCTURAL DATA
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6.5 APPENDIX 5

Homestake shear zone

poles to S1 foliation e

L1 mineral ©
stretching
lineation on S1

poles to 82 high-T @
high strain
domain

O

F2 fold axis
a1}

Homestake shear zone

poles to SE-side down e
mylonite fabric

Mineral stretching o
lineation on
SE-side down mylonite

poles to SE-side up ¢
ultramylonite fabric

Mineral stretching ©
lineation on SE-side
up ultramylonite
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Gore Range shear zone

poles to S1 foliation e

Q

L1 mineral stretching
lineation on S1

Gore Range shear zone

poles to S2 high-T e
high strain domains

L2 mineral stretching o
lineation on S2
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Gore Range shear zone

poles to F2 axial plane ¢
F2foldaxis ©

Gore Range shear zone

poles to SE-side down ¢
mylonite fabric

mineral stretching o
lineation on
SE-side down
mylonite

poles to SE-side @
up ultramylonite
fabric

mineral stretching
lineationon o
SE-side up
ultramylonite
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St. Louis Lake shear zone

poles to S1 foliation e

L1 mineral stretching ©
lineation on S1

St. Louis Lake shear zone

poles to S2 high-T e
high strain domains

L2 mineral stretching
lineationon 82 o
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St. Louis Lake shear zone

poles to F2 axial plane ¢
F2 fold axis o

St. Louis Lake shear zone

poles to SE-side up »
mylonite fabric

mineral stretching ©
lineation on
SE-side up
mylonite

poles to SE-side ¢
down ultramylonite
fabric

mineral stretching
lineationon |,
SE-side down
ultramylonite
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Idaho Springs-Ralston shear zone

poles to S1 foliation ®

poles to S2 high-T @
high strain domains

L1 mineral stretching
lineationon §1 ©

L2 mineral stretching
lineation on S2 ©

Idaho Springs-Ralston shear zone

poles to F1b axial plane ©

F1b fold axis @
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Idaho Springs-Ralston shear zone

poles to F2 axial plane »

F2 fold axis «

Ildaho Springs-Ralston shear zone

poles to SE-side up o
mylonite fabric

poles to SE-side down e
mylonite fabric

poles to SE-side up ©
ultramylonite fabric

mineral stretching
lineation on SE-up
mylonite

mineral stretching «
lineation on SE-side
down mylonite

mineral stretching o
lineation on SE-up
ultramyionite
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6.6 APPENDIX 6: PRELIMINARY MAJOR AND TRACE ELEMENT DATA FOR

COAL CREEK QUARTZITE PROBABLE REGOLITH

Coal Creek samples

Blue Ridge samples

arkosic

potential {potential |qtzite metacom [metacom
regolith (1{regolith (15 gtzite (glomw/ f[glomw/ |metacomgl|*low total
meter (1 meter |meters |conglom schist schist om w/ weight,
from from from (100 matrix matrix schist problem
contact [contact [contact [meters |[and and matrix and {with Si02
with with with from granite  |granite |granite measureme
granite) |granite) |granite) |contact) |clasts clasts clasts nt?

XRF Major Element Analyses

wt % KO1CC52 |AO01GG30|AO1GGS [KO1CC53K00BR1 |KOOBR3 {KOOBR14*

Sl02 72.08 71.71 91.37] 92.361 77.43 72.34 65.73

Ai203 14.36 14.31 5.63] 1.408 13.33 15.51 16.11

Fe203 2.075 2.04 1.47] 3.155 1.43 3.24 3.64

FeO

Fe Total 2.075 2.04 1.47] 3.155 1.43 3.24 3.64

Mgo 0.78 0.74 0.22] 0.235 0.53 0.67 1.26

Ca0 1.23 1.04 0.5 0.895 0.35 0.28 0.92

Na20 3.07 3.22] 0.095| 0.107 0.23 0.2 0.21

K20 4.4 4.72) 0.314] 0.118 5.74 5.04 6.12

Tio2 0.25 0.274| 0.347] 0.279 0.056 0.427 0.613

P205 0.125 0.1 0.01} 0.016 0.07 0.08 0.11

MnO 0.07 0.087| 0.001 0 0.015 0.014 0.047

XRF Trace Element Analyses

Ba 1071 1098 264 160 490 293 1005

Co 23 17 35 1 36 14 56

Cr 51 50 52 57 76 83 90

Cu 11 19 9 9 9 8 10

Nb 22 31 17 14 17 21 14

Ni 38 32 26 24 26 25 32

Sr 216 188 53 306 87 26 51

Y 21 22 16 16 24 32 59

Zr 151 145 285 239 36 155 196

Rb 256 227 37 31 288 245 264

Zn 110 127 10 5 47 68 142
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6.7 APPENDIX 7: LIST OF SAMPLES AND THIN SECTIONS
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