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ABSTRACT

The Sangre de Cristo Range in southern Colorado exposes some of the
deepest Cenozoic structural levels in the Rocky Mountain region, including
mylonitic shear zones associated with both the Laramide orogeny and Rio
Grande rift. We investigated the relation between Laramide contraction and
Rio Grande rift extension with detailed geologic mapping, kinematic analysis,
and geochronometry in a 50 km? area centered on the Independence Mine
shear zone (IMSZ). The 15-100-m-thick IMSZ is one of several shallowly to
moderately (~45° * 20°) W-SW-dipping brittle-plastic shear zones along the
western flank of the range. These shear zones display microstructural evi-
dence of initiation as top-NE contractional mylonite zones, consistent with
regional Laramide kinematics, which have been pervasively overprinted by
shear fabrics indicating top-SW extensional reactivation. Both top-NE and
top-SW shear fabrics involve cataclasis and quartz dislocation creep, although
top-SW shear is more commonly localized along phyllosilicate-lined shear
bands. Shear zones are hosted predominately within Proterozoic gneiss, and
contain abundant chlorite and white mica derived from alteration of horn-
blende and feldspar, which indicates that weakening driven by fluid reactions
played an important role in localizing strain. Extensional overprinting appears
to be most pervasive along more steeply dipping portions of shear zones
and where secondary phyllosilicates form an interconnected weak phase,
which suggests that reactivation was primarily controlled by geometry and
rheological contrasts inherited from contraction. One top-SW shear zone
adjacent to the IMSZ cuts a late Oligocene gabbro stock, and monazite grains
synkinematic with top-SW shear in the IMSZ yielded late Oligocene to Early
Miocene U-Th-Pb dates that correspond with initiation of the Rio Grande rift.
Reactivation of weak reverse faults may represent an important structural
control during initial extension in the middle crust, prior to slip along the
high-angle Sangre de Cristo normal fault system.

M. Cole Sitar @ https://orcid.org/0000-0003-0688-1067

H 1. INTRODUCTION

Shear zones play fundamental roles in accommodating strain in the middle
to lower crust. The rheological and kinematic evolution of shear zones near
the brittle-plastic transition is particularly important, as peak crustal strength
typically resides in this zone (e.g., Sibson, 1983; Kohlstedt et al., 1995; Behr and
Platt, 2014). The brittle-plastic transition zone may control the state of stress
throughout the crust, affect the distribution and mechanisms of deformation,
and influence fault (brittle) and shear zone (plastic) reactivation. The degree
to which the behavior of this brittle-plastic zone is influenced by structural
inheritance is not well understood, but investigation of exhumed brittle-plastic
shear zones that have undergone polyphase deformation may provide import-
ant insight into the processes governing the reactivation and evolution of
superposed orogens.

The conditions under which brittle faults may be reactivated are well
understood. Brittle faults that are not optimally oriented in a stress field
(e.g., non-Andersonian; Anderson, 1905) may be reactivated given a sufficiently
high fluid pressure (p;) and/or a low coefficient of static friction (u; Byerlee,
1978; Sibson, 1985). Several studies of presently active faults suggest that
frictionally weak clay minerals found in gouge can facilitate slip along mis-
oriented faults in the upper crust, but these minerals break down at greater
depths (>6-9 km), and slip along non-Andersonian faults and shear zones near
the brittle-plastic transition are consequently somewhat enigmatic (Carpenter
et al., 2012; Behr and Platt, 2014). Foliated shear fabrics dominated by chlo-
rite and/or muscovite may form frictionally weak zones in the lower part of
the brittle crust (e.g., Collettini et al., 2019), and fluid-assisted plastic flow of
phyllosilicates may contribute to a weak fault/shear zone rheology near the
brittle-plastic transition (e.g., Bos and Spiers, 2002; Wallis et al., 2015). In addi-
tion to increasing p;, fluids may play important roles in weakening rocks and
facilitating fault/shear zone reactivation. For example, chlorite is relatively
strong while dry but weakens substantially when wet (Collettini, 2011), and flu-
ids can weaken common stronger silicate minerals such as quartz by infiltrating
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and disrupting their crystalline structures (i.e., “hydrolytic weakening;” Griggs,
1967). Fluid-rock reactions can likewise produce weaker minerals, such as phyl-
losilicates, through alteration of stronger minerals, such as amphiboles and
feldspars (i.e., “reaction weakening;” e.g., O'Hara, 1988; Yonkee et al., 2003).

The Independence Mine shear zone (IMSZ) is a SW-dipping brittle-plastic
shear zone characterized by chlorite-rich mylonites and exposed along the
western flank of the Sangre de Cristo Range in southern Colorado. Because
the IMSZ and related shear zones have been exhumed from the brittle-plastic
transition, they provide a useful analogue for how structures that are sub-
optimally oriented with respect to an Andersonian regime behave at depth.
Previous mapping at a scale of 1:24,000 or smaller led to interpretation of the
IMSZ as a thrust fault (Clement, 1952; Lindsey et al., 1986a), but the structure
has not been studied in detail. IMSZ mylonites commonly display fabrics
consistent with top-SW (normal-sense) displacement that are locally mixed
with fabrics and kinematic indicators consistent with top-NE (reverse-sense)
displacement. Regional ENE-directed crustal shortening occurred during
the Late Cretaceous to early Paleogene Laramide orogeny, with subsequent
SW-directed extension associated with the Rio Grande rift initiating in the
late Oligocene and continuing through the present day (e.g., Lindsey, 2010).
Known local Laramide thrust faults mostly dip shallowly to the SW, whereas
local Rio Grande rift-associated normal faults dip moderately to steeply to the
SW (e.g., Brister and Gries, 1994; Kluth and Schaftenaar, 1994). The dip of the
IMSZ generally appears to be intermediate to the dip of local Laramide and
Rio Grande faults, and contradictory kinematic fabrics within it suggest that it
may have been active during both events. Here, we present detailed geologic
mapping of the IMSZ and adjacent structures in addition to microstructural
and geochronological analyses to evaluate controls on reactivation and how
deformation has been accommodated in the middle crust during regional
shortening and rifting events.

M 2. GEOLOGIC SETTING

The NNW-trending Sangre de Cristo Range in Colorado constitutes the
northern end of the broader Sangre de Cristo Mountains, which extend south
to Santa Fe, New Mexico, and comprise the southernmost part of the Rocky
Mountains (e.g., Lindsey, 2010; Fig. 1). Rocks in the Sangre de Cristo Range
record a complex deformational history spanning from the Paleoproterozoic
to the present. Polydeformed Proterozoic basement rocks dominate the west-
ern flank of the range. These rocks include Paleoproterozoic amphibolite and
quartzofeldspathic gneisses that typically exhibit steeply dipping, NW-striking
fabrics and isoclinal folds associated with the amalgamation of the Yavapai
province between 1.75 Ga and 1.71 Ga (“D,,” per Jones and Connelly, 2006).
This deformation event was followed by regional emplacement of felsic intru-
sions prior to a deformation event that produced localized NE-SW-striking
fabrics in the range that have been interpreted to represent the late stages of
the Mazatzal orogeny (“D,,” Jones and Connelly, 2006). A subsequent tectonic

lull extending into the Mesoproterozoic was broken by the emplacement of the
coarse-grained A-type quartz monzonite of Music Pass at ca. 1.43 Ga (Jones
and Connelly, 2006) and shortly thereafter by an additional, poorly understood
deformational event that produced NE-SW-trending folds and subvertical
mylonitic fabrics in both Paleoproterozoic and Mesoproterozoic units (“D,,”
Jones and Connelly, 2006).

The area of the modern Sangre de Cristo Range is interpreted to have
experienced relative tectonic quiescence through the early Paleozoic, and a
succession of units, including the Ordovician Harding Formation and the Mis-
sissippian Leadville Limestone, were deposited in marine settings, followed by
widespread exposure and karst development (Clement, 1952; Lindsey, 2010).
Late Paleozoic rocks in the range record uplift and erosion of the Ancestral
Rocky Mountains. During the Pennsylvanian—-Permian, the contemporary San-
gre de Cristo Range was located in the Central Colorado trough, a depositional
basin bounded by the Uncompahgre uplift to the southwest and the Ancestral
Front Range and Apishapa uplifts to the northeast (Lindsey et al., 1986¢; Hoy
and Ridgway, 2002; Sweet et al., 2021; Smith et al., 2023). The Pennsylvanian
Minturn Formation and Pennsylvanian-Permian Sangre de Cristo Formation
were deposited in the Central Colorado trough and are cumulatively >4 km
thick. An upward-coarsening trend in these units provides evidence of the
relatively rapid exhumation and beveling of the Uncompahgre uplift, with
deposition of the Crestone Conglomerate Member of the Sangre de Cristo
Formation recording unroofing of the crystalline basement of the Uncompah-
gre uplift (Lindsey et al., 1986¢c; Hoy and Ridgway, 2002). The upper Paleozoic
units of the Sangre de Cristo Range also preserve several primary Ancestral
Rocky Mountains structures (Hoy and Ridgway, 2002) that are rarely exposed
elsewhere (Sweet and Soreghan, 2010). These structures are generally con-
sistent with NE-SW shortening and include the NW-SE-trending Gibson Peak
growth syncline within the Sangre de Cristo Formation to the northeast of the
study area and the Sand Creek thrust system to the south of the study area
(Fig. 1A; Hoy and Ridgway, 2002). The Gibson Peak syncline has been inter-
preted to record Pennsylvanian-Permian syndepositional shortening along the
Crestone thrust (Figs. 1 and 2) at the northeastern margin of the Uncompahgre
uplift, which suggests that some thrust faults that later accommodated Lar-
amide shortening originated during the Ancestral Rocky Mountains orogeny
(Hoy and Ridgway, 2002). Such reactivation appears to have been localized.
The Crestone Conglomerate Member overlaps a steeply W-dipping reverse
fault named the Little Sand Creek thrust, which indicates that this fault was
involved in early-middle Ancestral Rocky Mountains shortening but was not
reactivated during the Laramide orogeny (Hoy and Ridgway, 2002; Lindsey
and Caine, 2024). Some researchers have interpreted the Sand Creek thrust
system as being contiguous with the folded Deadman Creek thrust fault along
the western flank of the range (e.g., Lindsey et al., 1986a; Lindsey and Caine,
2024). The northern end of the Deadman Creek thrust fault is adjacent to the
southern end of the IMSZ (Figs. 1 and 2), and, like the IMSZ, the Deadman
Creek thrust fault includes mylonites involving Proterozoic basement rocks
(Weigel, 2014; Lindsey and Caine, 2024).
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In the early to middle Mesozoic, the area of the Sangre de Cristo Range was
likely the site of renewed deposition prior to the onset of the Laramide orogeny
in the Late Cretaceous, which is recorded by the sedimentary record in the
Raton basin east of the range (Lindsey, 1998; Cather, 2004; Bush et al., 2016).
Surface uplift may have begun as early as 80 Ma but certainly before 70 Ma
(Cather, 2004; Bush et al., 2016; Thacker et al., 2023). During the Laramide orog-
eny, the current southwestern flank of the Sangre de Cristo Range was located
within the San Luis uplift, which has been interpreted as accommodating
spatially variable, kilometer-scale shortening along W- to SW-dipping thrusts
and reverse faults, such as the Deadman Creek thrust and the reactivated Cre-
stone thrust (Tweto, 1975; Hoy and Ridgway, 2002; Lindsey, 2010). Laramide
slip histories for these faults that do not involve Mesozoic units have been
interpreted largely based on indirect evidence, although NE-vergent thrust

faults along the eastern flank of the range locally involve Mesozoic strata and
thus clearly record Laramide deformation (e.g., the Loco Hill thrust; Lindsey
et al., 1983). The Sand Creek thrust, which may correlate with the Deadman
Creek thrust fault and its associated mylonite zone, cuts the entire thickness
of the Pennsylvanian—-Permian section and is interpreted to cut other thrust
faults (the Crestone and Marble Mountain thrust), which suggests that it likely
records Laramide (post-Ancestral Rocky Mountains) slip as well (Lindsey and
Caine, 2024). The IMSZ may have originated contemporaneously as the mid-
crustal counterpart of a similarly oriented Laramide thrust/reverse fault. Based
on the sedimentary record in the Raton basin, Laramide uplift continued into
the early Eocene and was followed by a period of erosional beveling (Cather,
2004; Bush et al., 2016; Lindsey and Caine, 2024). Conodont alteration indices
within Pennsylvanian units suggest peak Laramide burial temperatures of up
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to ~300 °C along the western side of the Sangre de Cristo Range (Lindsey et
al., 1986b), although some areas were locally heated to ~400-600 °C during
Oligocene contact metamorphism (Malavarca et al., 2023).

Multiple lines of evidence indicate that extension and development of
significant paleotopography associated with the Rio Grande rift began in the
late Oligocene. Early Oligocene volcanic deposits were deposited across a
relatively low-relief landscape, including the 28 Ma Fish Canyon Tuff, which
erupted from the La Garita caldera to the west of the present Sangre de Cristo
Range but also crops out along the western flank of the Wet Mountains east
of the range (Steven and Lipman, 1975; Mclntosh and Chapin, 2004). Further
evidence from volcanic deposits (e.g., <26.8 Ma Hinsdale Formation basalt
flows, which unconformably cover earlier Oligocene ash deposits; Lipman,
1975; Brister and Gries, 1994) suggests that extensional development of the
San Luis basin north and west of Blanca Peak may have begun at ca. 27 Ma.
“OAr/3®Ar dates for plutonic and volcanic rocks represented as clasts in basal
syn-rift sediments indicate a slightly younger (ca. 25 Ma) initiation of rift-related
extension in the Culebra embayment south of Blanca Peak (Wallace, 2004). In
the San Juan volcanic field along the western margin of the rift, a switch to
bimodal volcanism at ca. 26 Ma is interpreted to coincide with the inception
of regional extension (Lipman et al., 1970; Lipman and Mclntosh, 2011). Apa-
tite low-temperature thermochronologic data from fission-track and (U-Th)/
He analysis broadly suggest an onset of extensional unroofing between ca.
27 Ma to ca. 25 Ma (Lindsey et al., 1986b; Kelley et al., 1992; Ricketts et al.,
2016). More recent thermochronologic studies indicate that exhumation rates
rapidly increased in the Middle Miocene (Abbey and Niemi, 2020; Singleton
et al., 2024), which is consistent with evidence of an increase in normal fault
slip rates at ca. 15 Ma based on offset volcanic units in the Culebra Range
(Miggins et al., 2002). Rio Grande rift extension along the eastern flank of
the Sangre de Cristo Range was partially accommodated along the Alvarado
fault, which likely originated as a Laramide thrust fault prior to normal-sense
reactivation (Lindsey et al., 1983; Ghamedi et al., 2023). West-dipping faults in
the San Luis Valley and near the western flank of the range have cumulatively
accommodated ~9 km of normal-sense vertical separation, with the majority
of this separation developed along the moderate- to high-angle (~60°) Sangre
de Cristo fault system and geometrically similar buried normal faults (Kluth
and Schaftenaar, 1994; Grauch et al., 2013). The strand of the Sangre de Cristo
fault system along the topographic base of the range likely has <300 m of sep-
aration in most places (Watkins, 1996; Grauch et al., 2013), and a W-dipping
fault nearly 7 km west of the range front in the San Luis Valley records the
largest separation (Kluth and Schaftenaar, 1994; Grauch et al., 2013). The steep
dips of the Sangre de Cristo fault system and overall low dips of basin strata
(Kluth and Schaftenaar, 1994) suggest that the range has undergone little
tilting. Relatively well-defined fault scarps in Quaternary sediments indicate
that extension along the Sangre de Cristo fault system has continued into
the Holocene (McCalpin, 1981; Ruleman and Brandt, 2021). Other higher- and
lower-angle SW-dipping normal faults have been noted or proposed along
the western flank of the range (Benson and Jones, 1996; Watkins, 1996; Hoey

et al., 2006; Caine et al., 2013), but their significance in accommodating Rio
Grande rift-related extension is unclear. The role played by preexisting thrust
faults along the western flank of the range during Rio Grande rifting is like-
wise poorly understood, although some workers have interpreted rift-related
reactivation of Laramide thrusts to the north (Fletcher et al., 2006) and south
(Caine et al., 2017; Lisenbee, 2013) of the study area.

B 3. METHODS
3.1 Mapping and Structural Analysis

We characterized the IMSZ and related shear zones through 1:10,000-scale
geologic mapping of an ~50 km? area and by collecting detailed structural data
(Fig. 2; File S1') documenting the orientation, thickness, length, kinematics,
and structural context of outcrop and map-scale shear zones. Our study area
includes the entire extent of the IMSZ, the southern end of the Crestone thrust,
and the northern end of the Deadman Creek thrust (Fig. 2). The orientations
of mapped shear zone margins and faults were calculated from three-point
solutions along ~5600-1000-m-long segments using a custom Python-based
Quantum GIS (QGIS) tool utilizing elevation data from a 1-m resolution digital
elevation model base map from U.S. Geological Survey 3DEP lidar data. For
details on mapping, geospatial, and structural data collection methods, see
Sitar (2023).

Petrographic analysis of ~30 samples evaluated microscale kinematics
and deformation conditions (File S2). Microstructural kinematic indicators in
oriented X:Z petrographic sections (perpendicular to foliation and parallel to
lineation) include S-C fabrics, C’ shear bands, sheared veins, and oblique fab-
rics defined by recrystallized grain orientations in quartz ribbons. The modal
percentage and dominant mineralogy of phyllosilicates were estimated for
each sample, along with the relative extent to which phyllosilicates and quartz
(rheologically weak phases) are interconnected at the thin section scale, which
may govern the bulk rheology of polymineralogic rocks (e.g., Handy 1990).
In some cases, estimates of phyllosilicate modal percentages were obtained
directly from quantitative analyses by using a TESCAN integrated mineral
analyzer (TIMA) at the Automated Mineralogy Lab at the Colorado School of
Mines (File S3A). Phyllosilicate phases were identified in select samples using
a TerraSpec Halo near-infrared spectrometer. Four quartz-rich samples were
analyzed via electron backscatter diffraction (EBSD) at Washington and Lee
University using a Zeiss EVO MA 15 scanning electron microscope operating in
low vacuum at an accelerating voltage of 25 kV, probe current of 20-25 nA, and
working distance between 15 mm and 25 mm. Step sizes between 0.5 ym and

'Supplemental Material. 1:10,000-scale geologic map (File S1); locations and descriptions of all
samples (File S2); mineralogy and monazite scans (File S3); zircon U-Pb data (File S4); zircon fis-
sion track data (File S5); and monazite U-Th-Pb data (File S6). Please visit https://doi.org/10.1130
/GEQS.S.28474307 to access the supplemental material, and contact editing@geosociety.org
with any questions
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20 ym were chosen on a sample-to-sample basis. Crystallographic axes were
reduced to one point per grain and plotted on lower hemisphere pole figures.

3.2 Geochronology and Thermochronology

We used U-Pb geochronology and fission-track thermochronology to con-
strain the age of the shear zones. One mapped gabbro stock was analyzed via
zircon U-Pb laser ablation-inductively coupled plasma-mass spectrometry
(LA-ICP-MS) at the GeoAnalytical Lab at Washington State University, and
zircon fission-track thermochronology under the direction of Paul O’Sullivan
at GeoSep Services (Files S4 and S5). In both analyses, a laser spot size of
20 ym was used for U-Pb analyses. Seven polished thick sections of rocks
from shear zones in the study area that include probable synkinematic to late
synkinematic calcite veins were analyzed via LA-ICP-MS at the University of
California, Santa Barbara, petrochronology facility to attempt to constrain their
latest shearing with calcite U-Pb dates. Unfortunately, calcite in these samples
did not contain sufficient U compared to common Pb to yield meaningful
ages (Sitar, 2023). Grains of synkinematic to postkinematic monazite were
identified in three polished thin sections from shear zones via TIMA analysis
(File S3B), followed by reflected-light petrographic examination. These grains
were dated via U-Th-Pb LA-ICP-MS analysis at the University of California,
Santa Barbara. A spot size of 8 ym was used to maximize the number of spots
and grains datable in each section (File S6). Analysis was completed using
a Photon Machines excimer 193 nm laser equipped with a HelEX cell, a Nu
Instruments Plasma P3D multicollector ICP-MS (for U, Th, and Pb isotopes),
and an Agilent 7700x quadrupole ICP-MS (for rare earth elements, Y, and Si)
following the methods outlined in Kylander-Clark et al. (2013) and described
in the Supplemental Material (File S6). Data were reduced using lolite (Paton
et al., 2011), and IsoplotR (Vermeesch, 2018) was used to calculate various
geochronometric ages from LA-ICP-MS data and to plot the data.

Bl 4. SHEAR ZONES: FIELD RELATIONS AND MACROSTRUCTURAL
ANALYSIS

4.1 Independence Mine Shear Zone

The IMSZ is exposed over a length of ~5 km, truncated by the Sangre de
Cristo fault at its southern end, and concealed by Quaternary sediment at the
northern end (Fig. 2, File S1). Rocks within the mapped IMSZ consist of chlorite-
rich mylonites and ultramylonites, with minor, localized areas of protomylonite
to mylonite dominated by quartz, feldspar, and white mica (i.e., muscovite,
phengite, and/or illite, per near-infrared spectrometer analyses). Three-point
solutions along the mapped trace of the IMSZ margins suggest that it is curvipla-
nar. Dips range from 25° to 62°W to W-SW, with shallower dips at the northern
and southern ends of the mapped exposure (e.g., calculated orientations of

181°, 32°W; 169°, 56°W; and 154°, 26°SW along the northernmost, central, and
southernmost segments, respectively; Fig. 3). The true thickness of the IMSZ
(perpendicular to the margins) ranges from 15 m to ~100 m. Although the IMSZ
is bound on either side by different Proterozoic gneissic units along parts of its
mapped exposure (Fig. 2), the complexity in the distribution of these units pre-
cludes estimation of displacement. The IMSZ is partially or fully hosted within
gneissic amphibolite throughout the study area. In most locations, the IMSZ
cuts across gneissic foliation defined by compositional layering and mineral
orientation, which commonly strikes E-W to NE-SW, and dips steeply (Fig. 4A;
see Sitar, 2023, for a detailed description of Proterozoic structures).

Mylonitic foliation defined by aligned phyllosilicates + quartz bands and
a lineation generally defined by elongated quartz grains and streaks of mica
characterize fabrics in the IMSZ. Foliation is notably more thinly spaced and
platy than gneissic foliation adjacent to the shear zone (Figs. 5A and 5B).
Mylonitic foliation consistently dips ~15°-40°W-SW to W-NW, and lineation
plunges approximately down-dip to the W-SW (Fig. 4B). In most areas, dips of
mylonitic foliation are consistently >10° shallower than that of the calculated
local orientation of the IMSZ margins (Fig. 3). Macroscale S-C fabrics with
locally well-developed C’ shear bands are visible in most exposures of the
IMSZ. Generally, these fabrics are consistent with top-SW (normal-sense) shear,
but they locally suggest top-NE (thrust/reverse-sense) shear, most notably at
the Independence Mine itself (Fig. 5B).

4.2 Other Shear Zones

Twelve additional discrete brittle-plastic shear zones were identified during
mapping that appear to either splay from the IMSZ or trend subparallel to it
(Figs. 2 and 3; File S1). Many of these shear zones were first mapped as faults
by Clement (1952). All non- IMSZs identified are thinner (~1-25 m thick) and
less laterally extensive (with mapped lengths between ~0.5 km and ~3.3 km)
than the IMSZ and are herein referred to as smaller shear zones. Three-point
calculations for the smaller shear zones indicate dips ranging from 29° to
67°W to W-SW (Fig. 3). As in the case of the IMSZ, many of the smaller shear
zones appear to offset internal contacts within the gneissic basement of the
study area, but these offsets are not useful for estimating total displacement
or relative age given the complexity of the gneisses and their Proterozoic
age. One shear zone cuts a distinct tholeiitic gabbro stock near Cottonwood
Creek (see Figs. 6 and S1) that is hydrothermally altered but contains relict
clinopyroxene and hornblende and has quenched margins along its intrusive
contact with Proterozoic gneiss (Fig. 6; see Sitar, 2023, for geochemical data on
this gabbro). Where the gabbro is cut by the shear zone, it displays a top-SW
S-C fabric dominated by secondary white mica and chlorite. Some amount
of normal-sense offset across this shear zone is likely, but its magnitude is
uncertain based on the irregular borders of the gabbro intrusion (Fig. 2 cross
section D-D’, and Fig. 6B). This gabbro yielded late Oligocene zircon U-Pb and
fission-track dates (see Section 6.1).
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Figure 3. (A) Simplified geologic map
of the Independence Mine shear
zone (IMSZ) and related shear zones
showing the calculated shear zone
margin orientations from three-point
solutions (black arrows indicate dip
direction and dip) and angles between
the shear zone margins and average
foliation (0’). Red 0’ values (positive)
denote where foliation is shallower
than the shear zone margin, consis-
tent with top-SW shear, and blue
0’ values (negative) denote where
foliation is steeper than the shear
zone margin, consistent with top-NE
shear. (B) Histogram of all calculated
0" angles.
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A) Gneissic foliation

C) smaller SZ D) all Sz

Figure 4. Lower hemisphere equal area plots of fabrics within the Proterozoic basement. (A) Poles to gneissic foliation with cylindrical best fit (gray great circle); e1 (maximum
eigenvector): 154°, 10° (0.56; trend, plunge, eigenvalue), e3 (minimum eigenvector): 257°,53° (0.15); e2 is the intermediate eigenvector. (B) Mylonitic foliation planes (gray) and
lineations (red) in the Independence Mine shear zone (IMSZ). Bold black great circle is the mean plane (oriented 170°, 28°W). Red square is the mean lineation (oriented 245°,
30°). (C) Mylonitic foliation planes (gray) and lineations (red) in all other smaller shear zones. Bold black great circle is the mean plane (oriented 171°, 24°W). Red square is
the mean lineation (oriented 253°, 26°). (D) Poles to all mylonitic shear zones (black circles) and lineations (red circles) and poles to shear zone margin orientations calculated
from three-point solutions (dashed great circles and blue boxes as poles to planes). Large solid red circle is the mean lineation (oriented 249°, 28°). Large solid black circle is
the mean foliation pole corresponding to a plane oriented 170°, 26°W. Solid blue box is the mean shear zone margin pole corresponding to a plane oriented 166°, 44°W. All

plots were created using Stereonet software (Allmendinger et al., 2013).

The smaller shear zones are primarily bounded by Proterozoic quartzofelds-
pathic gneiss or granitoid (Figs. 2 and 3). Shear zone lithology varies according
to the local host rock: IMSZ-like chlorite-rich ultramylonite to mylonite (Fig. 5C)
is most common where shear zones are hosted by gneissic amphibolite, and
quartz-feldspar-rich protomylonite to mylonite (with foliation commonly
defined by aligned bands of quartz, fractured feldspar, and/or white mica)
is most common where shear zones are hosted by quartzofeldspathic rock
(Figs. 2 and 3). Some areas of quartz-feldspar-rich protomylonite are found
within the relatively discrete (meter-scale) boundaries of clearly identified
smaller shear zones, but others appear in shear zones that are either not
map scale or cannot be traced beyond a single exposure (File S1). Measured
mylonitic foliation both within and outside of map-scale shear zones generally
dips moderately to shallowly (~15°-45°) W to W-SW, with down-dip lineations
plunging W to SW (Fig. 4C). No significant differences in mylonitic foliation and
lineation orientations are apparent between chlorite-rich and quartz-feldspar—
rich mylonites. As in the case of the IMSZ, shear zone boundaries generally
cut across Proterozoic gneissic foliation, and measured mylonitic foliation is
consistently >10° more shallowly dipping than the shear zone margins (Figs. 3
and 4D). Macroscale S-C fabrics and C’ shear bands are variably developed
within the smaller shear zones, and these fabrics are locally compatible with
top-SW (normal-sense) kinematics (Fig. 5C), top-NE (thrust-sense) kinemat-
ics, or both, with contrasting kinematics along strike in the same shear zone
or even the same outcrop. Top-NE S-C fabrics appear more commonly in
quartz-feldspar-rich protomylonites, especially outside of map-scale shear

zones. Besides local variations in modal mineralogy and structural thickness,
few substantive differences between the IMSZ and other shear zones are clear.

The northernmost exposure of the Deadman Creek thrust appears near
the southern edge of the study area in an erosional window that is mostly
obscured by Quaternary sediment (Fig. 2). Like the Crestone thrust at the north-
ern end of the study area, the Deadman Creek thrust consists of Proterozoic
basement rocks over a footwall consisting of Ordovician Harding Formation
quartzite and carbonate rocks likely belonging to the Mississippian Leadville
Formation. Unlike the Crestone thrust, this exposure of the Deadman Creek
thrust is marked by a discrete, <10-m-thick zone of protomylonite to mylonite
composed of a variably sheared mixture of hanging-wall gneiss, and footwall
Harding Formation quartzite (File S1). Mylonitic foliation dips ~25°W-SW here,
and outcrop-scale S-C fabrics are consistent with top-NE (thrust-sense) shear,
with other local kinematic indicators including C shear bands and quartz sig-
moids suggesting top-SW (normal-sense) shear (Fig. 5D).

4.3 Relation Between Shear Zones and the Sangre de Cristo Fault System

The Sangre de Cristo fault system is locally expressed as a network of
normal faults that trace NW-SE to N-S along and off the range front within
the study area (Fig. 2). These faults are inferred to dip to the southwest at
moderate to steep angles, consistent with an ~60° dip based on modeling of
seismic data by Kluth and Schaftenaar (1994). Scarps and aeromagnetic data
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Figure 5. Photographs of shear zones in the study area. (A) Independence Mine shear zone (IMSZ) defined by chlorite-rich, gently SW-dipping foliation. (B) IMSZ at Independence Mine,
with sigmoidal fabrics consistent with top-NE (reverse-sense) shear. (C) S-C fabrics, which are indicative of top-SW (normal-sense) shear in a chlorite-rich mylonite from a smaller
shear zone. (D) Outcrop of the northernmost exposure of the Deadman Creek thrust/shear zone, with evidence of top-NE and top-SW shear based on sigmoidal foliation patterns.
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Figure 6. (A) Photograph of a prospect exposing altered late Oligocene gabbro with moderately SW-dipping mylonitic fabric. The dashed red line marks the boundary between sheared
gabbro (to the right) and unstrained gabbro (to the left). (B) Geologic map of the gabbro unit (PEg) showing the location of the photograph in part A and sample 6-21-SC142, which
was dated by zircon U-Pb and fission track analysis. See Figure 2 for map unit abbreviations. (C) Photomicrograph of the relatively unaltered gabbro at 6-21-SC142. (D) Photomicro-
graph of the gabbro where it is cut by the shear zone, showing intense fracturing and development of a foliation defined by chlorite.
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suggest that faults off the range front commonly splay off or share relay ramps
with a primary range-bounding fault (deemed the “Sangre de Cristo fault” for
the purposes of this study) at the approximate edge of bedrock exposure in
the study area (Fig. 2).

The Sangre de Cristo fault truncates all mapped mylonitic shear zones
within the study area, including the IMSZ at its southern end (Figs. 2 and 3).
The shear zones strike subparallel to and are more densely spaced toward
the Sangre de Cristo fault and culminate in several discontinuous exposures
of SW-dipping chlorite mylonite that appear within ~50 m of the range front.
While this spatial relation could suggest a connection between the mylonites
and the brittle Sangre de Cristo fault, we instead interpret these exposures as
older shear zones that are cut by the more steeply dipping Sangre de Cristo
fault system, based on their geometric differences and interpreted ages (see
Section 7; Fig. 2; File S1).

H 5. MICROSTRUCTURAL ANALYSIS
5.1 Mineralogy and Textures

Petrographic samples from the IMSZ and other basement-hosted brittle-
plastic shear zones vary in composition and degree of mylonitization, with
samples ranging from protomylonitic quartz-feldspar-rich gneiss to chlorite
ultramylonite. Protomylonitic rocks generally contain limited proportions
(i.e., as little as ~1%) of white mica after feldspar, and quartz commonly rep-
resents the interconnected weak phase in these rocks. Most samples record
various degrees of fracturing and brittle comminution of feldspar + quartz,
including samples that record exclusively top-SW shear and top-NE shear
(e.g., Figs. 7A and 7B). Incipient sericitization of feldspar is commonly con-
centrated along brittle fractures (e.g., Fig. 7C), and proportions of white mica

Figure 7. (A, B) Plane-polarized light
scans and (C-E) photomicrographs of
mylonites characterized by pervasive
brittle deformation and development
of secondary chlorite and white mica.
All images are from X:Z sections with
NE (up-plunge) on the right side. Images
C and E were taken in cross-polarized
light with the gypsum plate inserted.
(A) Independence Mine shear zone
(IMSZ) sample with top-SW S-C fab-
ric (20-9-SC35). (B) Smaller shear zone
protomylonite with top-NE S-C fabric
(6-21-SC144). (C) Sample from the Dead-
man Creek shear zone with secondary
white mica developed along fractured
K-feldspar porphyroclasts (22-5-SC578).
(D) IMSZ sample with elongate angu-
lar/subangular quartz porphyroclasts
within a chlorite-rich matrix recording
top-SW shear (19-7-14). (E) Smaller
shear zone sample with quartz and
feldspar porphyroclasts of highly vari-
able sizes (6-21-SC149). File S2 provides
locations of all thin sections; see text
footnote 1.
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and chlorite tend to increase with greater grain size reduction (Fig. 7). Chlorite,
often in combination with white mica, is commonly a major component of
more strained rocks (i.e., mylonite to ultramylonite). Although chlorite and
white mica, in total amounts of <55%, usually form the interconnected weak
phase of ultramylonitic samples, recrystallized quartz is interpreted to be the
dominant interconnected weak phase in some high-strain mylonitic shear
zone samples. Quartz and relict fractured and sericitized feldspar in variable
proportions are the primary porphyroclasts. Quartz porphyroclasts, lenses,
and smaller ribbons are commonly subangular and highly variable in size
(Figs. 7D and 7E), and locally feldspar records pervasive cataclasis. These
textures and deformation conditions suggest that many of the mylonitic shear
zones evolved from cataclastic rock. Apatite, epidote, calcite, quartz, and
iron oxide are common hydrothermal-metasomatic phases within mylonite-
ultramylonite samples (File S2). Mutually crosscutting relations with shear
fabrics indicate that the calcite, quartz, and iron oxide appear locally as
synkinematic veinlets.

5.2 Kinematics

Microstructural kinematic indicators in shear zone samples are like those
visible in outcrops, with top-NE mylonitic fabrics (Fig. 8) variably over-
printed by top-SW S-C + C’ fabrics (Fig. 9). Altogether, ~64% of oriented
X:Z thin sections record exclusively to dominantly top-SW shear (locally
with sparse and subtle indicators of top-NE shear); ~14% record exclusively
top-NE shear, and ~21% record evidence of mixed top-SW and top-NE shear
(Figs. 10A and 10B).

5.2.1 Reverse-Sense (Top-NE) Shear

Top-NE fabrics and domains preserving top-NE fabrics in samples with
mixed kinematic indicators generally contain less phyllosilicate (~5%-20%)
than those overprinted by top-SW fabrics (Fig. 10C). Rarely, mylonites with
brittle-plastic fabrics and interconnected phyllosilicate exclusively record
top-NE shear. Domains with kinematic indicators of top-NE shear dispropor-
tionately record quartz dynamic recrystallization compared to top-SW fabrics.
In most samples with interpreted top-NE kinematics, ribbons of quartz are
dominated by relatively small (~5-15 um) recrystallized grains and subgrains
with well-developed oblique grain-shape preferred orientations consistent
with top-NE shear (e.g., Figs. 8C and 8D). Locally, quartz porphyroclasts and
ribbon margins have randomly oriented <10-um-wide bulges and recrystallized
grains. These textures suggest a combination of subgrain rotation (SGR) and
bulging (BLG) dynamic quartz recrystallization. BLG is probably more common
within samples from the study area, but SGR accounts for a greater volume of
quartz recrystallization where present. Quartz deformation in top-NE fabrics
is not exclusively plastic; many samples record fracturing via angular quartz

porphyroclasts with minor recrystallization, while others record late-kinematic
brittle-plastic C’ shear bands that cut quartz ribbons (e.g., Fig. 8D). Other kine-
matic indicators besides S-C-C’ fabrics include mica fish, o-porphyroclasts with
mica tails, and sheared synkinematic to late kinematic calcite veinlets (Fig. 8F).
Although top-NE-dominant samples tend to contain more quartz and feldspar
than top-SW-dominant samples, some mylonite samples with consistent
top-NE kinematic indicators display evidence of synkinematic chloritization
(e.g., fractured porphyroclasts surrounded by chlorite or bound by high-strain,
chlorite-rich C-foliations; Figs.7B and 8E). These samples suggest that, at least
locally, the compositional frameworks of chlorite-rich, top-SW-dominant shear
zones may predate their fabrics.

The northernmost exposure of the Deadman Creek thrust/shear zone
records apparent top-SW kinematic indicators at the outcrop scale but clear
top-NE indicators at the microscale. Top-NE kinematic indicators in this quart-
zofeldspathic mylonite/protomylonite include K-feldspar 6-type porphyroclasts
with white mica tails, S-C-C’ fabrics in micaceous intervals (e.g., Fig. 8A), and
antithetic (top-SW) shear bands at a high angle to foliation. Plastic deformation
of quartz is limited to relatively minor BLG-SGR dynamic recrystallization in a
minority of porphyroclasts. Lindsey and Caine (2024) also noted mixed top-NE
and top-SW kinematic indicators in mylonite along the Deadman Creek shear
zone just south of the study area at outcrop and microscopic scales.

5.2.2 Normal-Sense (Top-SW) Shear

The most characteristic microstructural kinematic indicators of top-SW
fabrics in the study area are shear bands, usually either hosted within or lined
by phyllosilicates (usually with more chlorite than white mica; Figs. 9A-9D).
In several samples, C’ shear bands cutting top-NE S-C fabrics are the only
indicators of top-SW overprinting. More common, however, are fully devel-
oped, phyllosilicate-dominated S-C-C’ fabrics without any relict indicators of
top-NE kinematics. These fabrics may be dominant at an outcrop scale (as in
much of the IMSZ) or limited to localized domains, high-strain zones, and/or
shear bands where phyllosilicates form an interconnected weak phase. Greater
modal proportions of phyllosilicates (20%-55%, usually mostly chlorite) appear
to be correlated with top-SW shear (Fig. 10C). This pattern is also evident at
an outcrop scale. For example, samples from the IMSZ at Independence Mine
preserve top-NE shear in quartz-rich domains (Fig. 8B) but pervasive top-SW
shear in chlorite-rich domains (Fig. 9B). Fabrics in several samples preserve
quartz dynamic recrystallization with oblique grain shape-preferred orien-
tations consistent with top-SW shear (e.g., Figs. 9E and 9F) and sigmoidal
elongation of quartz porphyroclasts. Top-SW S-C-C’ fabrics are, however, also
frequently associated with brittle fracturing of quartz fabrics (e.g., Fig. 9A).
Systematic fracturing and rotation of relict feldspar porphyroclasts are also
common top-SW kinematic indicators. Sheared late synkinematic calcite and
Fe-oxide veins, mica fish, and o-type porphyroclasts with chlorite-white mica
tails are somewhat less common.
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Figure 8. Photomicrographs of mylonite
samples from the study area that record
a top-NE sense of shear. All photomi-
crographs are from X:Z planes with NE
(up-plunge) on the right. (A-D) Taken in
cross-polarized light with gypsum plate
inserted; (E, F) taken in plane-polarized
light. Yellow lines are parallel to the trace
of foliation. (A) S-C fabrics in a white
mica-rich sample from Deadman Creek
shear zone (22-5-SC578); dashed green
lines trace C-planes. (B) Sigmoidal foli-
ation patterns in quartz ribbons from a
sample from the IMSZ (5-21-SC34). (C, D)
S-C-C’ fabrics in quartz-rich sample from
a non-IMSZ shear zone (5-21-SC29).
Dashed green line in image D traces
a brittle-plastic C’ shear band. (E) S-C
fabrics in a chlorite-rich protomylonite
from a smaller shear zone (6-21-SC144).
(F) Sheared calcite vein (outlined in red)
in a chlorite-rich sample from a smaller
shear zone (21-5-SC58).
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Figure 9. Photomicrographs of mylonite
samples from the study area that record
a top-SW sense of shear. All photomi-
crographs are from X:Z planes with SW
(down-plunge) on the left and shown
in cross-polarized light with a gypsum
plate inserted, except for B, which is
a plane-polarized image. Yellow lines
trace foliation, and yellow arrows locally
mark top-SW shear bands. (A) Brittle-
plastic top-SW shear bands from the
Independence Mine shear zone (IMSZ;
19-7-14). (B) S-C fabric in a chlorite-rich
mylonite from the IMSZ (5-21-SC34).
(C) S-C fabrics in a sample from a
smaller shear zone (6-21-SC155). (D) S-C
fabrics in a white mica-rich mylonite
from a smaller shear zone (6-21-SC167).
(E) Sample from the IMSZ (5-21-SC34)
with a quartz lens recording variable
dynamic recrystallization (center of im-
age); dashed yellow lines trace a quartz
grain shape fabric that is oblique to the
overall foliation. (F) Dynamically re-
crystallized quartz from a boudinaged
vein in a smaller shear zone (from the
same outcrop as photograph in Fig. 5C;
5-21-SC12; yellow arrows mark a brittle-
plastic top-SW shear band, and dashed
yellow lines trace a grain shape fabric
that is locally oblique to the overall sub-
horizontal foliation.

GEOSPHERE Sitar et al. | Structural analysis of brittle-plastic shear zones in the Sangre de Cristo Range



http://geosphere.gsapubs.org

Research Paper

GEOSPHERE

I
4198000

o Top-WISW

& TopNE

Oriented section sense of shear

Top-NE overprinted by top-SW|

0

1,000

\
\
\
O

18
n=28
16
14
12
g0
2
o
Q 8
6
4
2
0
B Top-SW Top-NE
i .
250 }
= o
?‘5’ S—— .
E, a0 oL
2 . e
—_—
CEN .
E .
e ~ . S
g . b
1 | |
L]
& .
< 10 i~
-
| Top-SW Top-SW & Top-NE
top-NE
- .
P
8 60+ .
B
53 1| i
9 .
S
E? 50
@ ®
i
G  —
§§l o
B ‘s . L ——
'g 9 L " ._
o S
B
SERE -
<ﬁ§ -
Top-SW Top-SW & Top-NE
top-NE

Sitar et al. | Structural analysis of brittle-plastic shear zones in the Sangre de Cristo Range

Figure 10. (A) Simplified geologic map
of the Independence Mine shear zone
and related shear zones showing the
interpreted sense of shear with ar-
rows parallel to lineation directions
(blue—top-NE reverse-sense shear;
red—top-W/SW normal-sense shear,
green—top-NE shear overprinted by
top-SW shear). (B) Histogram showing
number of oriented thin sections that
record top-SW shear (red), mixed kine-
matics (green), or top-NE shear (blue).
(C) Box and whisker plot of the modal %
phyllosilicates (chlorite and white mica)
correlated with shear sense. (D) Box and
whisker plot of the shear zone margin
dip correlated with shear sense.
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5.3 Electron Backscatter Diffraction Analysis of Quartz
Crystallographic Fabrics

EBSD analyses of quartz in four mylonite samples from the IMSZ and
related shear zones all yielded crystallographic preferred orientations
(CPOs) with variable strengths and asymmetries (Fig. 11A). Despite dif-
ferences in crystallographic fabric patterns, misorientation data for all
samples are indicative of quartz basal <a> slip (Fig. 11B), which is typi-
cally the dominant slip system in relatively low-temperature dislocation
creep regimes (e.g., Passchier and Trouw, 2005). Sample 5-21-SC34c is a
quartz- and white mica-rich mylonite from the IMSZ at the Independence
Mine. Microstructural kinematic indicators in this sample are mixed, with
sigmoidal quartz ribbons and shear bands recording dominant top-NE shear
(Fig. 8B) and much more localized domains of foliation and grain-shape
preferred orientation patterns compatible with top-SW shear. EBSD anal-
ysis targeted two quartz-rich areas within the dominant top-NE domains.
The pole figure for sample 05-21-SC34c is asymmetric, with a c-axis girdle
and a-axes distribution compatible with top-NE, simple-dominated shear
(Fig. 11). Sample 19-7-14 is a chlorite mylonite from the IMSZ. It has a well-
developed, chlorite-dominated top-SW S-C-C’ fabric and isolated elliptical
quartz grains that locally display minor domains of dynamic recrystallization
and have been fractured along top-SW C’ bands (Fig. 9A). EBSD analysis
targeted a wide area across the thin section, with most data coming from
the elliptical quartz clasts aligned parallel to foliation. Despite the clear
top-SW S-C-C’ fabric in sample 19-7-14, the distribution of quartz c-axes is
slightly asymmetric with respect to foliation, and compatible with a com-
ponent of top-NE shear (Fig. 11).

Sample 5-21-SC29 is a quartz-feldspar-chlorite protomylonite from a thin
SW-dipping shear zone structurally below the IMSZ. Outcrop scale-kinematic
indicators locally record top-SW shear, but the sample is dominated by top-NE
S-C fabrics and brittle-plastic shear bands (Figs. 8C and 8D). Quartz ribbons
record moderate degrees of SGR + BLG recrystallization, whereas feldspar
is pervasively fractured. The sample has a strong quartz CPO characterized
by a single c-axis girdle and a-axes maxima oriented clockwise to the folia-
tion, which is compatible with top-NE shear (Fig. 11). Sample 20-9-SC34 is a
quartz-dominated ultramylonite collected at the mapped intersection between
a smaller shear zone and the Sangre de Cristo fault strand at the topographic
base of the range. Quartz is pervasively recrystallized via SGR + BLG, and
oblique foliation and grain shape orientation patterns and C’ shear bands
record top-SW shear. Fabrics are cut by variably recrystallized quartz veins
with an orientation consistent with a top-SW strain regime. EBSD analyses
of multiple quartz ribbons yielded a moderately defined quartz CPO with a
broad c-axis girdle and two maxima forming an ~57° opening angle near
the Z-axis (Fig. 11). The girdle is slightly asymmetric, with a distribution of
c- and a-axes that is consistent with top-SW shear. The c-axis opening angle
suggests a deformation temperature of ~440 + 50 °C, using the calibration of
Faleiros et al. (2016).

Bl 6. GEOCHRONOLOGY AND THERMOCHRONOLOGY
6.1 Zircon U-Pb and Fission Track Data

LA-ICP-MS U-Pb analysis of zircon grains separated from a sample of the
gabbro stock cut by a brittle-plastic shear zone (sample 06-21-SC142, located
in the footwall of the shear zone; Fig. 6) yielded 26 concordant dates ranging
from the Paleoproterozoic to late Oligocene, with inherited subpopulations
from the Paleoproterozoic (ca. 2500-1658 Ma; n = 4), Mesoproterozoic (ca.
1525-1054 Ma; n = 4), and Neoproterozoic to Ordovician (ca. 581-472 Ma;
n = 9). The youngest population (n = 9) consists of <60-uym-wide grains that
yielded a weighted mean age of 25.7 + 1.0 Ma (+2c), with a relatively high
mean square of weighted deviates (MISWD) of 6.1 (Figs. 12A and 12B). The two
youngest grains do not overlap several of the other grains in this population
at 2c and thus may record minor Pb loss (Figs. 12A and 12B). If these grains
are excluded, the weighted mean age is 26.7 + 0.5 Ma, with a low MSWD of
0.9. Regardless of how the age is interpreted, these zircon U-Pb data provide
a late Oligocene upper age constraint on the latest normal-sense shear along
the brittle-plastic shear zone cutting this stock. Fission-track analyses of 19
zircon grains from the same sample yielded a pooled fission-track age of 26.7
+ 3.6/-3.2 Ma (Fig. 12C). Only two of these grains have corresponding Oligocene
U-Pb dates; most other grains have Cambrian to Mesoproterozoic U-Pb dates.
These fission-track data indicate that the stock had cooled below ~200-260 °C
(approximate zircon fission-track closure temperature range, e.g., Reiners and
Brandon, 2006) before the beginning of the Miocene (ca. 23.5 Ma at latest;
<~2.8 m.y. after emplacement).

6.2 Monazite U-Th-Pb

U-Pb LA-ICP-MS analyses of monazite from three mylonite samples (Files
S3B and S5) yielded high common Pb values that are characteristic of hydro-
thermal monazite (e.g., Janots et al., 2012), and we interpret crystallization
ages as lower intercept discordia ages on Terra-Wasserburg diagrams (Fig. 13).
A sample from the IMSZ at Spanish Creek (20-9-SC31; Fig. 2) contains a pop-
ulation of small (<50 yum) monazite grains, which are mostly located along
mylonitic foliation or top-SW C shear bands and found in close association
with Fe-oxide veinlets. The veinlets appear to have a mutually crosscutting
relation with the top-SW C shear bands, where they (along with associated
monazite) are commonly either sheared or completely dissected. We interpret
the monazite as metasomatic and late synkinematic to top-SW displacement
on the IMSZ. LA-ICP-MS U-Th-Pb dating of monazite from this sample yielded
dates from 16 spots, most of which have low Th contents (<200 ppm for most
spots; Fig. 13). Three spots were discarded from the discordia age calculation
due to anomalously low 27Pb/2°6Pb. Two of these spots were on the same grain
and may have been placed too close to the margins of the target monazites. The
remaining analyses produced a calculated lower intercept age of 24.4 + 3.1 Ma
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(MSWD = 3.6; Fig. 13). A likewise high initial Pb value (*’Pb/2*Pb,) of ~0.754
suggests a possibility of inheritance from older monazite and that the actual
age of these grains could be younger. Local normal-sense displacement along
the IMSZ is thus constrained to the latest Oligocene to earliest Miocene.
Sample 20-9-SC35 is of a chlorite-rich mylonite outcrop at the intersection
between the IMSZ and the Sangre de Cristo fault system (Figs. 2 and 7A).
Similar to sample 20-9-SC31, monazite in 20-9-SC35 commonly occurs in
association with rutile-rich layers entrained along foliation and top-SW shear

bands, and within sheared Fe-oxide veinlets, which suggests that the monazite
is also late synkinematic. LA-ICP-MS U-Th-Pb dating of these monazite grains
yielded dates from 26 spots (Fig. 13). These data are relatively scattered in the
Tera-Wasserburg plot, with extremely old calculated #2Th-2Pb ages for spots
with low (<200) 2°6Pb/?“Pb, which yielded a relatively imprecise lower intercept
discordia age of 23.0 + 4.1 Ma (MSWD = 6.5; Fig. 13). A weighted mean of
22Th-28Pp dates (n = 13, after discarding 13 analyses with 2°Pb/?**Pb < 200 or
22Th/?*8 < 100) was used to obtain a statistically more robust sample age of
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22.1 £0.7 Ma. In any case, the 20-9-SC35 monazite U-Th-Pb data constrain latest
normal-sense plastic shear on this part of the IMSZ to the earliest Miocene.

Sample 22-5-SC578 is a mylonitic Proterozoic granitoid from along the
northernmost exposure of the Deadman Creek thrust, which is located ~1 km
east of the Sangre de Cristo fault and ~3 km southeast of the southernmost
exposure of the IMSZ (Fig. 2). This sample records abundant (~45%) second-
ary white mica and top-NE-directed (thrust-sense) S-C-C’ fabrics (Fig. 8A).
Monazite grains in this sample have irregular shapes, are commonly oriented
at a high angle to foliation, and have inclusions of other phases aligned with
the foliation, which suggests that the monazite is postkinematic with respect
to the main fabric. LA-ICP-MS analyses of 43 monazite grains from this sample
indicate relatively low U (average of ~290 ppm U) and high common Pb. U-Pb
analyses define a well-constrained Tera-Wasserburg lower intercept age of 12.6
+ 0.6 Ma (MSWD = 1.1; Fig. 13). We interpret this age to record postkinematic
fluid flow that is most likely associated with the Sangre de Cristo fault system,
which is associated with an abrupt increase in rapid cooling across the range
in the Middle Miocene (Singleton et al., 2024).

M 7. DISCUSSION

1.1 Structural Evolution of Brittle-Plastic Shear Zones in the Sangre
de Cristo Range

7.1.1 Reverse-Sense Shear

Detailed mapping of the IMSZ expands on the work of Clement (1952) and
Lindsey et al. (1986b) and identifies the IMSZ as being the locally thickest and
most laterally extensive member of a system of brittle-plastic shear zones.
These shear zones are along strike with or structurally above the Deadman
Creek thrust/shear zone, which shows evidence of top-NE shear consistent
with regional Laramide shortening and top-SW shear consistent with Rio
Grande rift extension (Lindsey and Caine, 2024). Many of the thrust/reverse
faults in the Sangre de Cristo Range could have initiated during shortening
of the Ancestral Rocky Mountains, but direct evidence (e.g., thrust deforma-
tion of Mesozoic units along the eastern flank) and more indirect evidence
(e.g., thrust deformation of the entire exposed Pennsylvanian—Permian section)
support the interpretation that major structures such as the Deadman Creek
thrust/shear zone record Laramide shortening (Lindsey and Caine, 2024). The
northernmost exposure of protomylonite-cataclasite along the Deadman Creek
shear zone identified in this study also records macro- and micro-structural
indicators of top-NE shear in addition to localized evidence of top-SW shear
(Figs. 5D and 8A). Evidence from mapping and microstructural work of the
IMSZ and smaller, related shear zones broadly supports top-NE kinematics
consistent with Laramide origins for these brittle-plastic shear zones without
precluding or substantiating origins during the Ancestral Rocky Mountains
orogeny (Fig. 8). Top-NE displacement magnitudes along brittle-plastic shear

zones are effectively unconstrained, but decameter-scale zones of mylonite
to ultramylonite imply that these displacements may have been significant.

Inconsistent overprinting relations between plastic quartz deformation
(e.g., dynamic recrystallization and formation of ribbons) and brittle fractur-
ing is apparent in top-NE shear fabrics from the study area, which suggests
spatio-temporal variability between shear zones and the brittle-plastic transi-
tion during top-NE shear. All brittle-plastic shear zones in the study area are
in Proterozoic rocks in the hanging wall(s) of either the Crestone thrust or the
younger (presumably Laramide) Sand Creek thrust fault. Greenschist-facies
metamorphic assemblages (chlorite, white mica, and epidote + calcite) and
evidence of quartz dislocation creep and basal <a> slip preserved in top-NE
fabrics suggest deformation temperatures >~300 °C. However, deformation
temperatures likely did not greatly exceed this value, given the mixed plastic
and brittle deformation of quartz (e.g., Figs. 7D and 8D). Taken together, these
observations indicate deformation near the lower limit of quartz plasticity
during top-NE shear. Assuming the 30 °C/km Laramide geothermal gradi-
ent used by Lindsey et al. (1986b), a depth of ~10 km is likely for basement
rocks exposed along the western flank of the range during top-NE reverse-
sense shear.

Given evidence of a brittle precursor to plastic quartz deformation associ-
ated with top-NE shear, the IMSZ and related smaller shear zones may have
initiated as cataclastic fault zones to accommodate early Laramide shortening
at depths above the brittle-plastic transition. They may then have been buried
under since-eroded thrust sheets to depths at or below the brittle-plastic tran-
sition. Greenschist-facies assemblages and shear-involved veinlets (typically
calcite, quartz, and Fe-oxide) suggest concurrent burial-associated heating
and contact with fluid, and hydrolytic weakening may have helped to facilitate
dislocation creep at relatively low temperatures (Fig. 14A). Mylonitic fabrics
characterized by plastic deformation of quartz could then have formed concur-
rently with continued top-NE shear, with advanced lower greenschist-facies
alteration facilitated within shear zones by local fracturing and fluid channel-
ization. Finally, plastic quartz fabrics could have been locally overprinted by
top-NE brittle deformation due to subsequent unroofing, increases in strain
rate, or some combination thereof.

7.1.2 Normal-Sense Shear

Macro- and micro-structural evidence indicates widespread top-SW exten-
sional reactivation of the IMSZ and related brittle-plastic shear zones along
the western flank of the Sangre de Cristo Range. Outcrop-scale kinematic
indicators at the northern end of the Deadman Creek thrust and recent work
by Lindsey and Caine (2024) indicate that this shear zone also records exten-
sional reactivation. By contrast, no clear macro- or micro-structural indicators
of extensional reactivation of the Crestone thrust system were identified in
the map area. An undeformed Oligocene (?) rhyolitic dike intruded along the
Crestone thrust near the north end of the study area (Fig. 2, File S1) and a

Sitar et al. | Structural analysis of brittle-plastic shear zones in the Sangre de Cristo Range



http://geosphere.gsapubs.org

A) Laramide orogeny (Late Cretaceous to Eocene)

GEOSPHERE

Mesozoic strata

Proterozoic gneiss

brittle-plastic
transition

~12 km-

brittle-plastic
transition

hydrothermal
alteration &
hydrolytic
weakening

B) Late Oligocene to Early Miocene

magmatic heating

C) Middle Miocene

Sangre de Cristo
fault

Figure 14. Schematic cross sections showing the interpreted structural evolution of the Independence Mine shear zone (IMSZ) and related shear zones during the

Late Cretaceous to Middle Miocene.

similar relation mapped by Lindsey et al. (1985) farther to the north also provide
strong evidence of a lack of post-Laramide displacement. These rhyolitic dikes
resemble a ca. 27 Ma dike dated by Holm-Denoma et al. (2019) in the Deadman
Creek area. Small-displacement fault planes with quartz slickenfibers in the
Minturn Formation in the footwall of the Crestone thrust record slip consistent
with an overall top-NE thrust-sense regime (Sitar, 2023).

Zircon U-Pb dating of the sheared gabbro intrusion provides a robust lat-
est Oligocene to earliest Miocene (25.7 + 1.0 Ma) maximum age constraint for
the latest top-SW shearing in one brittle-plastic shear zone in the study area
(Figs. 6 and 12). This age is approximately synchronous with the timing of
early Rio Grande rift extension in the vicinity of the Sangre de Cristo Range, as

interpreted by previous studies (e.g., Wallace, 2004; Ricketts et al., 2016). Age
constraints from U-Th-Pb dating of synkinematic to late kinematic monazite
(24.4 £ 3.1 Ma from 20 to 9-SC31 and 23.0 = 4.1 Ma from 20 to 9-SC35) provide
additional evidence of late Oligocene to Early Miocene normal-sense displace-
ment (Fig. 14B). These analyses have high MSWD values (Fig. 13), but the
weighted mean #*?Th-26Pb date from 20 to 9-SC35 (22.1 + 0.7 Ma) appears to
be robust. Regardless, extensional displacement along the reactivated brittle-
plastic shear zones was ongoing during synkinematic monazite development
in the late Oligocene to earliest Miocene, prior to the apparent acceleration
of exhumation rates adjacent to the San Luis Valley as a whole (ca. 19-14 Ma;
Lindsey et al., 1986b; Miggins et al., 2002; Singleton et al., 2024). The increase
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in exhumation rates following the end of top-SW displacement along brittle-
plastic shear zones may indicate that extension began to be accommodated
along higher-angle brittle normal faults associated with the Sangre de Cristo
fault system at this time. The 12.6 + 0.6 Ma U-Pb age for apparently postkine-
matic hydrothermal monazite in sample 22-5-SC578 from the Deadman Creek
shear zone suggests that fluid flow associated with the Sangre de Cristo fault
system was locally active at least ~1 km from the range front.

Whether late Oligocene to Early Miocene Rio Grande rift extension was
accommodated by similar but now obscured reactivated brittle-plastic shear
zones in other parts of the range is unclear. Miocene low-angle normal faults
have been documented in central New Mexico, where they locally reactivate
mylonitic Proterozoic shear zones (Ricketts et al., 2015). Rift extension along
an apparent chlorite-rich, low-angle normal fault ~80 km to the south of the
range (at the San Luis gold mine; Benson and Jones, 1996; Benson, 1997), and
chlorite-rich breccia intervals in exploratory boreholes in the San Luis Valley
along a structure interpreted by Hoey et al. (2006) as a low-angle, Miocene
extensional fault, provide limited evidence of more widespread extension
along structures similar to the brittle-plastic shear zones found in the study
area. However, evidence of low-angle extension from Hoey et al. (2006) and
Watkins (1996) is broadly inconsistent with the interpreted subsurface geom-
etry of the Sangre de Cristo fault system established in other studies (Kluth
and Schaftenaar, 1994; Grauch et al., 2013; Drenth et al., 2013; Lindsey and
Caine, 2024). An apparent increase in the spatial density of brittle-plastic shear
zones approaching the strand of the Sangre de Cristo fault along the range
front and the subparallel strike of the Sangre de Cristo fault system relative
to these shear zones (Fig. 2, File S1) suggests the possibility of structural
inheritance. Range-bounding normal faults in most parts of the Rio Grande
rift are consistently moderate to high angle, but extension accommodated by
low-angle normal faults, some of which reactivated older structures, cannot
be ruled out during the earlier stages of rifting.

1.2 Extensional Shear Zone Rheology and Controls on Reactivation

A comparison between kinematics interpreted from oriented mylonite
samples and the corresponding local shear zone margin dips suggests that
top-SW normal-sense shear occurred in both optimally oriented zones (~60°)
for an Andersonian normal fault regime and low-angle zones (<40°) misori-
ented in this regime (Fig. 10D). Reactivation appears to be more pervasive
in the former class of shear zones, but there are several examples of exten-
sional shear in zones dipping ~25°-40° (Fig. 10D). All shear zones that record
exclusively top-NE shear dip <38°. Given the evidence of mineralizing fluid
flow along range-bounding faults coeval with the early stages of Rio Grande
rifting (e.g., Benson and Jones, 1996) and that the IMSZ and other mylonitic
shear zones in the field area are rich in phyllosilicates, both high fluid pres-
sure (p;) and low coefficients of friction (u) are viable candidates for enabling
the reactivation of the misoriented shear zones. Besides p;, other processes

related to fluid migration (e.g., hydrolytic and reaction weakening) should be
considered as well.

Secondary phyllosilicates (chlorite, white mica, or both) are common con-
stituents of brittle-plastic shear zone samples. The relative proportions of
these two different phyllosilicates relate to host rock mineralogy. Shear zones
cutting quartzofeldspathic gneiss commonly contain more white mica, and
shear zones bounded on one or both sides by amphibole-rich host rock (e.g.,
amphibolite-rich gneiss in the case of the entire IMSZ, and gabbro in the case
of the shear zone shown in Fig. 6) tend to be richer in chlorite. The reaction-
weakening process by which white mica is generated in a shear zone is locally
well preserved in several samples dominated by top-NE kinematic indicators.
Fractured feldspar was likely altered to white mica by hydrothermal fluids
channelized along brittle fractures (e.g., Fig. 7C), and mica in turn promoted
further shear and fluid flow along shear bands. Chlorite likely replaced host
rock-derived hornblende through a similar process, although that process
appears to have progressed more rapidly, as incipient alteration of hornblende
to chlorite is very rare in mylonitic samples.

Alteration of feldspar to white mica and hornblende to chlorite is locally per-
vasive in samples that record dominantly or exclusively top-NE reverse-sense
shear, which indicates that fluid-driven reaction softening associated with the
development of secondary phyllosilicates was an important process during
the earlier (presumably Laramide) contractional deformation. The chlorite-rich
mylonitic fabric derived from the late Oligocene gabbro stock indicates that, at
least locally, reaction softening was important during the extensional phase of
deformation as well. These top-SW fabrics may have developed in the presence
of hydrothermal fluid sourced from the gabbroic stock itself; from proximal,
cogenetic magmatic bodies; and/or from ambient pore fluid (Fig. 14B). Small
intrusive dikes and stocks are common in the study area (Fig. 2), and hydro-
thermal mineralization along rift-related structures is evidenced by syn-late
kinematic calcite and Fe-oxide veins within our shear zone samples and by
a broad zone of mostly subeconomic mineral deposits along the Sangre de
Cristo fault system (Johnson et al., 1984). Localized late Oligocene heating
from hydrothermal fluids and/or magmatically elevated geothermal gradients
may explain how top-SW extensional shear likely occurred at temperatures
of >300 °C and at least locally at temperatures of ~440 + 50 °C, based on the
c-axis opening angle of sample 20-9-SC34 (Fig. 11D), whereas crystalline rocks
farther north locally cooled below ~250 °C prior to mid-Cenozoic extension,
based on thermochronologic data (Lindsey et al., 1986b; Ghamedi et al., 2023).

Petrographic analysis indicates that top-SW fabrics formed in zones
dominantly composed of phyllosilicate or along phyllosilicate-lined struc-
tures surrounded by stronger minerals, sometimes with brittle fracturing of
plastically deformed quartz. Compiled estimates of microscale kinematics
and modal phyllosilicate (chlorite and white mica) proportions suggest that
samples preserving exclusively top-NE kinematic indicators are dispropor
tionately phyllosilicate-poor, whereas samples with pervasive overprinting by
top-SW kinematic indicators are generally richer in phyllosilicates (Fig. 10C).
In petrographic sections containing mixtures of top-NE and top-SW kinematic
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indicators, top-SW fabrics are more commonly localized and concentrated
in intervals where phyllosilicates form the interconnected weak phase. The
preservation of top-NE quartz crystallographic fabrics in IMSZ samples that
pervasively (19-7-14) or locally (5-21-SC34c) record top-SW kinematic indica-
tors (Figs. 11A and 11B) suggests that top-SW quartz dislocation creep was
relatively limited compared to mylonitization during top-NE shear. Extensional
deformation was consequently likely accommodated in phyllosilicate domains
through dislocation glide and frictional sliding on basal planes, with the pres-
ence of interconnected phyllosilicates partially controlling whether shear zones
were reactivated or not.

Most (~86%) of the shear zones identified in the study area preserve some
evidence of top-SW reactivation (Figs. 10A and 10B). Reactivation appears to
have been pervasive in some shear zones (e.g., with top-SW fabrics observed
in almost every outcrop of the IMSZ), but in others may have been localized in
thinner, mostly phyllosilicate-rich intervals. In addition to phyllosilicate content,
reactivation was also likely influenced by geometry, with moderate- to higher-
angle shear zones more likely to have been reactivated in extension (Fig. 10D).
The Crestone thrust, which dips ~30°SW at its southern end in the study area
and is apparently not reactivated, lacks mylonitic fabrics, but Pennsylvanian
strata in the footwall are locally rich in fine-grained micas and dip moderate
to steeply SW. The lack of normal-sense shear of these heterogeneous sed-
imentary units may indicate that they generally were not weak enough or
continuous enough to accommodate reactivation.

H 8. CONCLUSIONS

Along the western flank of the Sangre de Cristo Range near Crestone,
Colorado, SW-dipping brittle-plastic shear zones show extensive microstruc-
tural and macrostructural evidence for extensional (top-SW) overprinting of
originally reverse-sense (top-NE), brittle-plastic deformational fabrics. Based
on geometries and kinematics, these shear zones are likely of Laramide ori-
gin, whereas normal-sense overprinting is associated with the early stages
of extension in the Rio Grande rift. Microstructural observations suggest that
these shear zones may have originated as cataclastic fault zones during early
Laramide deformation. Evolution from cataclastic zones to mylonitic fabrics
characterized by quartz dislocation creep and dynamic recrystallization may
relate to progressive heating from thrust burial, hydrolytic weakening, and/or
a shift to lower strain rates during contractional deformation. During reverse-
sense shear, reaction weakening through alteration of comminuted host-rock
feldspar and hornblende produced domains rich in phyllosilicates (white mica
and chlorite). Brittle fracturing of plastic fabrics, consistent with top-NE Lar-
amide kinematics, suggests that some of the shear zones ceased to deform
plastically while still accommodating Laramide shortening.

Extensional, top-SW reactivation is constrained to the latest Oligocene—
earliest Miocene by a 25.6 + 0.7 Ma zircon U-Pb date for a gabbro stock cut by
one of the top-SW shear zones. A zircon fission-track date of 26.7 + 3.6/-3.2 Ma

from the gabbroic stock indicates that shearing was locally short lived and may
have occurred during magmatic cooling. U-Th-Pb dates from late synkinematic
monazite constrain the end of extensional displacement along the reactivated
shear zones to the late Oligocene to Early Miocene (>21 Ma). Extensional fabrics
are characterized by S-C-C’ fabrics in phyllosilicate-rich domains, with C’ shear
bands locally fracturing quartz that was previously plastically deformed during
contractional shearing. Top-SW deformation was accommodated primarily
through dislocation glide and frictional sliding along basal planes in phyllo-
silicate, locally in addition to quartz dislocation creep and brittle fracturing.
Extensional overprinting is concentrated in more steeply dipping shear zone
domains and where phyllosilicates form an interconnected weak phase, with
contractional fabrics better preserved in more shallowly dipping domains and
where quartz or feldspar forms the dominant interconnected phase. Reacti-
vation was thus governed by geometry and shear zone rheology significantly
affected by fluid-related reaction weakening during the contractional phase
of deformation.

The apparent end of extensional displacement along the reactivated shear
zones predated or roughly coincided with an increase in local extension rates.
Extensional strain likely shifted to the subparallel, range-bounding Sangre de
Cristo fault system at this time. Reactivation of weak, nonoptimally oriented
Laramide structures may have been a widespread process by which midcrustal
extension was accommodated during the earliest stages of Rio Grande rifting.
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