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Abstract

The siliciclastic Cutler Group comprises predominantly red bed strata that accumulated across
large regions of the Colorado Plateau. The proximal (to the Uncompahgre Plateau) region of the
Cutler Group is unique as it records subaerial exposure of complex subsurface fluid dynamics
reflected in strata with either intercalated red-green and red-bleached coloration. The change
from red to green or bleached colors corresponds with removal of iron oxides in bleached layers
and retention of some Fe(ll) in phyllosilicates and epidote in green layers, both likely through the
action of one or more reactive fluid events (Hullaster et al., 2023). Permian Cutler strata onlap
fractured and faulted Precambrian basement of the Uncompahgre Front, leading to a poorly
constrained hydrologic system within Precambrian-hosted Unaweep Canyon. To better
understand the origin and significance of color variegations in the proximal Cutler Formation, |
investigated the changes in clay minerals and their associated chemistry and texture as it relates
to the different colored samples. To achieve this, | integrated x-ray diffraction (XRD), scanning
electron microscopy (SEM) with energy dispersive x-ray spectroscopy (EDS), with zircon (U-
Th)/He (ZHe), and apatite fission-track (AFT) low-temperature thermochronology in order to
provide a better separation of event(s) and a temporal framework for the greening and bleaching
evident in the proximal Cutler Formation.

The data are consistent with green and bleaching alteration taking place during the Cenozoic,
perhaps through the action of distinct processes related to the movement of basinal reducing
fluids upwards along faults. Alteration of abundant biotite to secondary clay minerals led to
distinct chemical signatures in the green and bleached layers, and red sample secondary products
that overlap with both green and bleached populations. Green samples contain clays depleted in
Mg, slightly enriched in Al, and with Fe preserved. Phyllosilicate alteration in bleached samples
is characterized by Fe loss followed by Fe+Mg loss and Al enrichment. Interlayer K is replaced
mostly with Ca in green and red samples and Na + Ca in bleached samples. The modern clay
mineral alteration assemblage is consistent with the temperatures experienced by the samples
post-maximum burial. Associated thermal history modelling of the AFT and ZHe data yields (1)
late Jurassic-early Cretaceous maximum burial to ~150 — 200 °C (~6 — 8 km); (2) cooling during
the Eocene — Oligocene (~40 — 30 Ma) with green samples cooling to 40 °C and 70 °C in red);
(3) beginning at ~27 Ma both samples were reheated to 80 °C by 4 Ma; and finally (4) Pliocene
(~4 Ma) rapid cooling to surface temperatures. | associate these two periods of cooling with
regional exhumation associated with the Laramide uplifts and incorporation of the Colorado river
headwaters, respectively. This study contributes to our understanding of the evolution of the
regional fluid dynamics in the post-Permian Cutler system.



Introduction

The geologic history of the Cutler Group (hereafter, Cutler Formation) proximal to the
Uncompahgre Plateau in Colorado, USA, records many signatures of tectonics, sedimentation/
erosion, and syn/post depositional fluid-rock interactions within the Paradox Basin that has
resulted in variegated red, green, bleached, and drab coloration (Figure 1; Soreghan et al., 2007;
Moore et al., 2008; Barton et al. 2018; Hullaster et al., 2023). These colors occur in the
nominally redbed Cutler Formation proximal (within ~10 km) to the modern Uncompahgre
Plateau, uplifted by basement-involved structures during Laramide deformation and more recent
uplift events. The extent to which both events contributed to the modern elevation of ~2 km is
still unknown (Karlstrom et al., 2012; Rgnnevik et al., 2017). Bleaching within the Cutler
Formation provides insight into several types of fluid-rock interactions and insight into the
Paradox Basins expansive fluid-associated economic mineral deposits, hydrocarbon deposits,
and bleached, former redbed sedimentary rocks (Figure 2; Barton et al., 2018).

In this study, | investigate the red/green and red/bleached interlayering in the proximal Cutler
Formation to better understand the paragenesis of the modern mineral assemblages hosted within
this variegated portion of the Cutler and provide additional constraints on the regional geologic
history and subsurface fluid evolution. Information regarding fluid-rock interactions is recorded
in the mineralogy, mineral chemistry, and texture as a function of the temperature experienced
by the sediments. Previous studies of Cutler Formation bulk- and clay mineralogy found
intrastratal variations throughout the Paradox Basin due to differences in depositional
environment, provenance, proximity to tectonic features, and pore fluid dynamics and chemistry
(e.g., Werner, 1974; Dutta and Suttner, 1986; Suttner and Dutta, 1986, Morrison and Parry,
1986; Hullaster et al, 2023).

alternating red and-gfeen

o 4 "'7

Pleistocene

Cutler Fm.

Figure 1 - Proximal Cutler Fm. field photos of outcrops demonstrating the variegated red,
green, and bleached layers. (A) Red/bleached interlayering, cliff face is ~50 m high. (B) Closer
view of red/bleached area; the red top of the Jacob Staff is 50 cm long. (C) Green/red Cutler
underneath Pleistocene (Section V). Geoscientist is ~1.75 m tall for scale. (D) Green and
red/green interlayers appear mostly green from a distance, looking north towards the location
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were most. Locations of these photos can be seen in Fig. 4. Figure modified from Hullaster et al.,
(2023).
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Figure 2 - Regional overview of the features of interest linked to our study area (Yellow stars),
including modern topography with the Paradox and Lisbon Valleys and Unaweep Canyon (left
panel), Cenozoic intrusive units (both), identified hydrocarbon, Cu, and U and V accumulations
(right), estimated boundaries of extensive hematite bleaching (right), and the generalized
subsurface location of the Uncompahgre Plateau bounding reverse fault. The large, shaded
rectangle indicates general region of the schematic shown in Fig. 3.

The proximal Cutler Formation likely developed into a redbed during deposition or burial, with
the green/red and bleached/red interlayering developing post-depositionally through contact with
one or more reducing fluids (Hullaster et al., 2023). The source, and thus geochemistry, of the
reduced fluids needs to be explored in order to understand the chemical influence they will likely
have on authigenic clay minerals. The migration of these fluids are just as pertinent and depends
on the climatic, sedimentary, and tectonic framewaorks present in order to be able to propagate
these fluids through the subsurface (Fig. 3, Barton et al., 2018). Within the proximal Cutler
Formation, there is a correlation between grain size and coloration, decreasing from bleached to
green to red units. Hullaster et al. (2023) characterized samples with similar biotite
concentrations from both green- and red-colored samples and found individual grains to be
~1000 um and ~150 um, respectively. These coarser grained green and bleached intervals are
suggested to provide a preferential pathway for any of the various fluids to propagate, leaving
relatively undisturbed redbed strata.



Potential sources of reducing fluids include (Fig. 3B): (1) Meteoric groundwaters flowing
downgradient from the uplifted Uncompaghre Plateau, concentrated along the contact between
Precambrian basement and Cutler strata (Soreghan et al., 2007, 2009, 2014; Barton et al., 2018).
(2) Hydrothermal fluids mobilized due to igneous activity associated with the emplacement of
the nearby La Sal Laccolith. Emplacement of laccolithic units (La Sal, Henry, and Abajo
Mountains) in the Paradox Basin facilitated subsurface flow of thermally influenced magmatic
fluids in the Oligocene (~30 Ma) associated with bleaching events in the Lisbon Valley
(Reynolds et al., 1985; Murray et al., 2016, 2019). (3) Deep basinal fluids rising upwards along
faults and contacts. Sandstone bleaching events in the Paradox Basin have been linked
geochemically to Cu mineralization and migration of mature petroleum-related fluids along
faults and fractures, from late Cretaceous to Eocene time (Nuccio and Condon, 1996; Kim et al.,
2022; Bailey et al., 2023). Additionally, the Cenozoic topographic and erosional evolution of the
Colorado has been suggested as a possible mechanism for bringing deep brines such as saline
waters from dissolution of the older evaporitic deposits of the Hermosa Formation towards the
surface (Murray et al., 2016; Barton et al., 2018; Murray et al., 2019; Kim et al., 2022; Bailey et
al., 2023).
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Figure 3 - Generalized schematic cross section illustrating the sedimentary and tectonic
framework in the Paradox basin region, along with fluid flows, adapted from Barton et al.
(2018). This study area lies along a basin-bounding uplift, such as the major reverse fault to the
right-hand side. The right-hand panel illustrates three sources of reducing fluids that may have
contributed to alteration of the proximal Cutler.

Iron has been suggested as a major control on the red-green-bleached coloration in sedimentary
rocks based on valence state and coordination/mineralogy (Keller, 1953; VVan Houten, 1973;
McBride, 1974). Compared with the more distal Cutler Formation, which contains iron
predominantly in iron (111) oxides (Reynolds, 1985), biotite and epidote comprise a large fraction
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of the detrital iron proximal to the Uncompahgre Front and provide an important starting point
for investigating clay and Fe-bearing mineral authigenesis and recording fluid-rock interactions.
Biotite weathering proceeds differently under different redox conditions and temperatures (e.g.,
Hoffman and Hower, 1979; Banfield and Eggleton, 1988; Claeys and Mount, 1991; Jiang and
Peacor, 1994; Murakami et al., 2004; Parneix et al., 1995; Sugimori et al., 2008). Secondary clay
minerals, such as chlorite and mixed-layer chlorite-smectites, record the chemistry and
temperature of their formation (e.g., Bettison-Varga et al., 1991; Lanari et al., 2014; Beaufort et
al., 2015; Inoue et al. 2018; Pant et al., 2019) and are often associated with green colors of
sedimentary rocks (Wu et al., 2019) due to the incorporation of reduced ferrous iron
accumulating in the clay structure. Reducing fluids will also facilitate mineralization of other
metals, such as Cu and U (e.g., Wu et al., 2019), which are more mobile under oxidizing
conditions and accumulate in contact with reducing agents in fluids or sediments contained
within the Paradox Basin (Reynolds, 1985; Barton et al., 2018; Kim et al., 2022; Bailey et al.,
2023). As mentioned, clay authigenesis depends on formation conditions (i.e. water and rock
chemistry, oxidation conditions, and temperature); therefore, the temperatures and timing of
heating and cooling of the proximal Cutler Formation will provide the final constraint to
understand the paragenesis of the modern mineral assemblage.

The origin of bleaching and greening in the proximal Cutler region could reflect: 1) burial and
hydrocarbon influence, similar to other regions of the Colorado Plateau, 2) a reducing fluid event
such as hydrothermal alteration from magma emplacement following maximum burial, or 3) an
unknown or combination of mentioned events. Unraveling this will provide insight into the
paragenesis of the green and bleached units as a single system or distinct events as it relates to
the original redbed geology. In this work, | apply clay mineralogy/geochemistry and low-
temperature thermochronology to provide detailed constraints on the greening and bleaching
events as they relate to fluid chemistry and temperatures of alteration. | integrate my results with
published data to constrain possible mechanisms for bleaching and greening. This work provides
insights on subsurface fluid-flow and mineralization within the Paradox Basin, specifically near
the Uncompahgre Plateau.

Geologic Context

The Paradox Basin is a sedimentary basin spanning parts of Colorado, Utah, New Mexico, and
Arizona, U.S.A (Figure 2). Within the Paradox Basin, deposition of the proximal Cutler
Formation occurred as Ancestral Rocky Mountain (ARM) orogenesis initiated in the
Pennsylvanian and continued through the Permian (Sweet and Soreghan, 2010; Soreghan et al.,
2012; Leary et al., 2017). This deformation took place in an intraplate setting encompassing
much of western/midcontinent North America and consisted of northwest-trending, basement-
cored uplifts (Sweet and Soreghan, 2010: Fig. 1) and associated sedimentary basins (Kluth and
Coney, 1981; Sweet and Soreghan, 2010). The Uncompahgre Uplift is one of these block uplifts,
bounded by a buried reverse fault(s) on the southwest (Uncompahgre front), and was the source
for Cutler deposition proximally (Moore et al. 2008). The initial exhumation of the
Uncompahgre Uplift occurred in the Pennsylvanian-Permian in response to deformation
associated with the ARM orogeny (Soreghan et al., 2015). Sedimentation during the Mesozoic
comprised largely marine units (e.g. the Mancos Shale and Morrison Formation) that extend
across the Uncompahgre Plateau and bury the Cutler Formation distally but have been eroded
above the proximal part of the Cutler Formation.
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During the Late Jurassic, subduction of the Farallon plate began along the western North
American passive margin (e.g., DeCelles, 2004). Oceanic plate subduction was associated with
the development of an extensive magmatic arc (Copeland et al., 2017) and fold and thrust belt to
the west of the study region (Decelles, 2004). By the late Cretaceous, the Farallon slab
transitioned to subhorizontal subduction, evidenced by shift in the magmatic front far into the
North American hinterland (DeCelles, 2004; Copeland et al., 2017). Flattening of the Farallon
slab is associated with a change in structural style to thick-skinned, basement-involved
deformation (e.g. Erslev, 1991). These structures occur throughout the Colorado Plateau and are
known as “Laramide uplifts” (e.g. Yonkee and Weil, 2015). Laramide uplifts such as the White
Mountain Uplift in the northwest Colorado Plateau document an early Paleogene (~58 — 53 Ma)
timing of exhumation (Naeser et al., 2002). Flat-slab (subhorizontal) deformation persisted until
~50 Ma, at which the slab began to founder and roll-back (Copeland et al., 2017, Decelles, 2004,
Dickinson and Snyder, 1978). The Farallon slab rollback is associated with a magmatic flare up
in the region from Eocene to Miocene (~49-18 Ma) which overlaps temporally laccolithic
emplacement of the La Sal, Henry, and Abajo mountains. The La Sal laccolith is the most
proximal magmatic unit to the southwest of this study region (~50 km) with a crystallization age
of 29.1 + 0.3 Ma (Rannevik et al., 2017). Following Oligocene emplacement of laccolithic
bodies, periods of limited erosion in the Miocene and subsequent rapid Pliocene exhumation
around 4 Ma leading to shifts in regional groundwater flow (Murray et al., 2016; Rgnnevik et al.,
2017; Murray et al., 2019; Bailey et al., 2023). Uplift and exhumation of the Colorado Plateau in
the more recent Miocene (~6 Ma) time has been suggested as a contributing fctor to groundwater
circulation (Bailey et al., 2023).

Distinct lateral and vertical changes in facies and depositional systems have led to debated
climatic conditions during deposition. Environmental interpretations range among fluvial, eolian,
and marine in the distal regions (Condon, 1997) and lacustrine and fluvial-alluvial proximal to
the Pennsylvanian-Permian Uncompahgre Uplift (Werner, 1974; Dutta and Suttner, 1986,
Soreghan et al., 2007). The proximal Cutler Formation overlies the evaporitic Paradox and
Honaker Trail formations and accumulated during active salt movement, which can be seen in
interbedded salt and lower Cutler beds (White and Jacobson, 1983). White and Jacobson (1983)
propose ~4.2 — 7.9 km of displacement along the Uncompahgre Front and the created
accommodation space generated from the displacement allowed for Cutler sediments to be
deposited before depositionally onlapping the uplift from which is was sourced (Fig. 3; Condon,
1997; Soreghan et al., 2007, 2009). In this study area proximal to the Uncompahgre Front, the
sediments are arkosic and sourced from 1.6 - 1.4 Ga alkali feldspar granite, monzogranite, and
related metamorphic basement exposed in the Uncompahgre Uplift (Case, 1991). Outside the
study region (>15 km from the front), within the Paradox Basin, Cutler sediments include
contributions from Appalachian orogenic sources (e.g., Lawton et al., 2021). The estimated total
thickness of the Mesozoic strata preserved in the Book Cliffs is ~2 — 3 km (Gualtieri, 1988 and
Rennevik et al., 2017) but has been removed in the proximal most portion of the Cutler
formation where this study is focused.

Methods



Sample Collection

The specimens utilized in this study had been previously collected by Soreghan et al. (2007) and
Hullaster et al. (2023). Specific collection methods are described in more detail there, and Fig. 4
illustrates the distribution, nomenclature, and coloration of samples. Thermochronological and
clay mineral analyses in this study utilized sedimentary rock samples to constrain burial and
paleotemperature evolutions. In order to resolve possible temperature variations between green
and red Cutler rocks, proximal green (1218-03) and distal red (63S-XI1-37.5) samples were
selected for apatite fission-track and zircon (U-Th)/He analyses. Apatite, zircon, and epidote
grains were separated from each sample following standard mineral separation procedures.

modern surface trace
of basement-cutler

unconformity contact

>2>>> Section
Sampling

‘ \ Kilometers

Figure 4 — Study region sample locations (stars in Fig. 2) with the color of the polygon at the
sample site demonstrating the colors of the rocks. The rocks pictured in Fig. 1 are also depicted
here spatially with respect to the Uncompahgre Plateau. Geologic units visible include
Precambrian Basement (p€), Permian Cutler Formation (Pc), and Mesozoic (Mez) and
Quaternary (Qa) deposits have been grouped. Samples with a single number correspond to
samples with a “1218” notation in Table 1. Figure modified after Hullaster et al. (2023)

Table 1 — Overview of samples including latitude and longitude (from field measurements),
elevation values from Google Earth according to the lat./long. values, and lithology. More in-
depth description of lithology is given in the text and included here using notation of facies from
Soreghan et al. (2009). Methods include powder random X-ray diffraction (RXRD)
measurements of the extracted <2 um (clay) grain size fraction, optical petrography (Pet) of
whole rock thin sections focusing on biotite alteration, scanning electron microscopy with
energy dispersive spectroscopy (SEM-EDS) of uncovered and coated thin sections for imaging



and chemical analysis, and apatite fission track (AFT) and zircon (U-Th)/He (ZHe) for thermal
modeling for proximal Cutler sediments.

Elevation

Sample Lat Long (m) Lithology Methods
RXRD, Pet,
1218-03 Green 38.774957 | -109.027070 1,566 Sandstone SEM-EDS, AFT,
ZHe
1218-04 Red 38.774957 | -109.027070 | 1,566 Granule RXRD
conglomerate
1218-07 Bleach 38.776065 | -109.036520 1,529 Sandstone RXRD
Granule RXRD, Pet,
1218-15 Red 38.744646 | -109.013740 1,449 conglomerate SEM-EDS
Granule RXRD, Pet,
1218-15 Bleach 38.744646 | -109.013740 1,449 conglomerate SEM-EDS
1218-30 Green 38.714481 | -108.904260 1,621 Sandstone RXRD, Pet
1218-30 Red 38.714481 | -108.904260 | 1,621 Granule RXRD
conglomerate
1218-30 Black 38.714481 | -108.904260 1,621 Sandstone RXRD
53 111 14C Green | 38.708000 | -108.886000 | 1,775 Granule Pet, SEM-EDS
conglomerate
Granule
53S IV 230 Green | 38.715000 | -108.912000 1,567 RXRD
conglomerate
Pebble RXRD, Pet,
53S 1V 2445 Red | 38.715000 | -108.914000 1,576 diamictite SEM-EDS
63S VIII 47 Green | 38.729000 | -108.948000 | 1,629 Granule RXRD
conglomerate
Granule
63S VIII 47 Red 38.729000 | -108.948000 1,629 RXRD
conglomerate
63S XI116.5 Red | 38.674000 | -108.980000 | 1,401 Granule RXRD, Pet
conglomerate
635 XI1 37.5Red | 38.672000 | -108.981000 | 1408 | Sandstone RXRD’ZPHGJ’ AFT,

Clay Fraction Separation
Using the methods described by Moore and Reynolds (1997), clay grain-size fractions were
separated from whole rock samples. Rocks were initially crushed using a percussion mortar and
passed through a 0.4 mm sieve. 1-3 g of material were sieved due to varying quantities of clay
minerals present in the different colored samples. Sodium hexametaphosphate (as a dispersant) is
added to the sieved fraction and combined with 150 mL of distilled water before ultrasonicating.
Ultrasonication is done in 10 second increments followed by 10 seconds of rest for 10 minutes
total. This step is followed by centrifugation at 800 rpm for 4 minutes. The supernatant is




decanted from the settled sediment and filtered using a Millipore filter or dried in the oven at 50
°C until the solution is removed and only the clay fraction (2 micron) remains for analysis.

Scanning Electron Microscopy

Uncovered thin sections were analyzed via SEM to observe chemical variations among the
alteration products of biotite within the different-colored sections. Epidote grains were mounted
and embedded in epoxy, ground and polished to reveal grains, and placed on a grid holder for
analysis in hopes of elucidating any growth or chemical variations correlating to formation
conditions. SEM data was collected on the ThermoFisher Quattro S FE-ESEM at the University
of Oklahoma’s Samuel Robert Noble Microscopy Laboratory. Images were collected at 20 kV
using SE and BSE detectors. Chemical data was collected using a 30 mm? UltraDry EDS system.

The ThermoFisher Pathfinder software was used to automate collection of large-area datasets as
well as chemical mapping within both biotite and epidote. High-resolution EDS maps were
completed to visualize the spatial distribution of chemical variations with respect to textures and
secondary products. From these maps, individual data points were selected from areas of interest
for further quantification and interpretation. The atomic percentages obtained via SEM-EDS
from 27 biotite grains were analyzed and plotted as 77 data points representative of unaltered to
highly altered biotites from rocks of each color (red, green, bleach). These data are plotted as
ternary diagrams of the atomic percentages of octahedral and interlayer cations scaled to their
proportions out of 100% in each grain to analyze biotite alteration trends within the clay
structure.

Powder X-ray Diffraction (XRD)

Clay size fraction extractions were performed on selected whole rock samples and analyzed by
X-ray diffraction to understand their mineralogy and octahedral sheet character. All XRD
analyses were done using a Rigaku SmartLab X-ray diffractometer using Cu-Ka radiation with a
voltage of 45kV, 200 mA of current, a pre-sample multilayer mirror to suppress K
contributions, and a Hypix 3000 direct counting detector. The collected spectra were imported
into Jade Pro linked to the ICDD-PDF4+ database for interpretation. For the clay fraction
random mount XRD analysis performed in this study, data collection occurred over a 20 range
of 5-65 degrees at a scan rate of 10°/min with secondary scans of the (060) area at 1°/min .

Apatite Fission-Track Analysis

The fission-track thermochronometers rely on the spontaneous fission decay of 23U (Hurford
and Green, 1983; Jepson et al., 2021) which causes damage “tracks” in the mineral lattice.
Within apatite, these tracks are annealed instantaneously on geologic timescales at temperatures
above the apatite partial annealing zone (~120 - 60 °C) making it a powerful tool for constraining
upper-crustal cooling (Braun et al., 2006; Green et al., 1986, Gallagher et al., 1998). Apatite
fission-track analyses (AFT) were performed at the Structure, Tectonics, University of
Oklahoma Thermochronology (STOUT) Laboratory. Apatite grains were mounted in epoxy and
polished to expose internal surfaces before spontaneous fission-tracks are revealed through
etching with 5.5M nitric acid for 20 + 0.5 seconds at 20 + 1°C. Apatite fission track density,
lengths, and etch pits were counted and measured using a Zeiss Axiolmager2 microscope and
Fijjiontrack plugin (Lang et al., 2023) within Fiji ImageJ. Confined fission track length
distributions were measured to determine cooling rates from mean track lengths (MTL).
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Distribution of these measured confined track lengths give insight into the residence time within
the apatite partial annealing zone (APAZ) with shorter MTLs indicating extended exposure to
APAZ temperatures (Laslett et al., 1982). The concentration of 23U in the counted areas of
apatite was determined using laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS). Age calculation was carried out using in-house R script following equations as
described in Hasebe et al. (2004) and VVermeesch (2017), using the Durango apatite (McDowell
et al. 2005) to perform a session-zeta calibration (Vermeesch 2017).

Zircon (U-Th)/ He Analysis

The (U-Th)/He thermochronometer relies on the accumulation and thermally activated diffusion
of radiogenic *He (Flowers et al., 2020). The closure temperature for zircon (U-Th)/He (ZHe) is
below ~180°C, thus it is valuable for determining middle- to upper-crustal cooling

(Reiners, 2005) especially when integrated with other low-temperature thermochronological
methods. Zircon analyses were completed at the Arizona Radiogenic Helium Dating Laboratory
at the University of Arizona and followed the protocols described in Reiners (2005). Helium
(*He) was extracted at 900°C-1300°C, under ultra-high vacuum with a diode laser and measured
via isotope dilution on an Element 2 mass spectrometer at the University of Arizona. Following
*He extraction, tubes which contained zircon were retrieved from the laser cell, then spiked with
235y and 2%°Th and dissolved. Blank, Sample, as well as spiked standard solutions were
subsequently analyzed via isotope dilution for 23U and 2%2Th via ICP-MS (Reiners, 2005).
Replicate analyses Fish Canyon Tuff zircon were used as an internal standard (n = 2) yielded a
mean (U-Th)/He age of 28.4 £ 0.8 Ma (10), consistent with the Fish Canyon Tuff (U-Th)/He
reference age of 28.3 + 0.8 Ma (Gleadow et al., 2015).

Thermal History Modeling

Thermal history modeling was performed on both samples (proximal 1218-03 green and distal
XI1 37.5 red) using AFT (MTL and single-grain ages) with Dpar (e.g., Donelick et al., 2005)
used as a kinetic parameter and single grain ZHe data. The QTQt software (version 5.7.1) was
used to determine the thermal history. The QTQt software applies a Bayesian trans-dimensional
approach to Markov Chain Monte Carlo statistics (Gallagher, 2012) to produce a cooling
evolution of the sample that predicts the measured data by applying the AFT annealing model
after Ketcham et al. (2007) and the ZHe radiation damage model after Guenthner et al., (2013).
In our approach we used an initial unconstrained run to explore the statistical space, that was
then followed by adjustments to the search parameters as well as the addition of geological
constraints. A large number of iterations (>>100,000) were run as to generate a range of models
that can constrain a probability distribution. From the obtained probability distribution an
individual thermal history can be selected, such as the maximum likelihood as well as an
“expected” (weighted mean) paths.

Results

Mineral Texture and Chemistry as Evidence for Fluid-Rock Interaction

Petrography
Petrographic analyses of red, green, and bleached samples focused on biotite alteration as
signatures of fluid-rock interaction. The optical characteristics of the altered biotites were



investigated at a macroscopic scale with petrography before a higher resolution investigation into
the grains take place to correlate small-scale mechanisms with macro scale grain texture.

1218-03 Green 1218 15 Red 1218-15 Bleach

Flgure 5 Photomlcrographs of blotltes from green red, and bleached samples in both plane-
polarized light (upper row) and the corresponding region in cross-polarized light (bottom row).
These images show examples of common biotite textures such as relatively pristine grains (C,
red oval), often bent due to compaction (A,B,G,H), oxidation that follows intergranular fractures
or along layers (C-F), patchy oxidation (C,D), chloritization (A-D), edge alteration (A,B,E,F,
blue oval) and volume expansion (A,B,E-H), replacement or transformation to high-
birefringence clay (A,B), and near complete replacement by iron oxides and low birefringence
clays (C,D, yellow circles).

Euhedral, brown-tan pleochroic biotite occurs in all samples regardless of RGB color with
secondary products including opaque Fe-Ti oxides, quartz, chlorite, and other clays
indistinguishable at this scale (Werner, 1974). Example, relatively pristine, biotite can be seen in
Fig. 5C (red oval) as slightly bent and oxidized with little secondary mineralization taking place.
This is the idealized starting point of an inherited biotite undergoing little to no alteration and
used to interpret the textures and chemical variations among the remaining color sections.

Red-sample biotites exhibited the largest variety of alteration textures from unaltered to highly
altered. These grains tend to exhibit pervasive hematization (Fig. 5C-F) compared to the other
samples, although green and bleached samples still retain evidence of oxidative hematization as
grain dustings (Fig. 5G, H). Intergranular fractures and along cleavage planes are extensively
hematized in red grains with some grains exhibiting a patchy oxidation texture with alteration to
lower birefringent clays (Fig. 5C, D, F). Edge alteration, a common biotite alteration texture, is
also evident in these red samples with the secondary products again consisting of low
birefringent clays.

Contrary to the red samples, the biotites in the green and bleached samples contain extensive
secondary chloritization along cleavage planes (Fig. 5A, B) and complete pseudomorphic
replacement in some bleached grains (Fig. 5G, H). Within the green grains exhibiting this edge
alteration, chloritization occurs as opposed to replacement with the low birefringent clays as in
the red samples. This chloritization into the grain is accompanied by a volume increase
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contributing to the alteration texture (Fig. 5A, B, G, H). The pseudomorphic replacement rather
than edge alteration leads to a slightly different texture in which bleached grains experience the
volume increase but from the interior of the grain propagating outwards leading to a whole grain
folding texture (Fig. 5G, H). The oxidation in red samples has been stripped away, outside of
some dusting (e.g. Fig. 5G/H). Opaque minerals preserve transformation of layers propagating
through entire cleavage planes in bleached grains (Fig. 5G, H) and has been noted as an
alteration product for extensive biotite alteration at the micro-/nanoscale (Wu et al., 2019) and
observed macroscopically here.

Electron Microscopy

In order to evaluate the chemical fingerprint of fluid-rock interactions, we present data on
chemical variations among biotite grains and their direct alteration products using SEM-EDS.
Since the biotite grains are primarily reacting to form other phyllosilicates (along with Fe-Ti
oxides), we use ternary plots representing cations commonly found as the major component of
phyllosilicate octahedral sheets (Fig. 6, left) and interlayers (Fig. 6, right) to demonstrate trends
from less-altered biotite cores to surrounding reaction products. Polygons, chosen by inspection,
are used to depict groupings of similar chemistries often correlatable to a single color (red, green,
bleached) and arrows represent evolution from a more unaltered detrital core to an altered
edge/pore within a single grain. 4 data points (Fig. 6, stars) from the red samples come from a
~100 pm thick unaltered biotite and a lithic fragment and are presented as the bottom
threshold/starting point of subsequent clay authigenesis (Figure 6 and 7). Further analysis of
variability in the red, green, and bleached samples will be described with respect to these starting
chemistries. Additionally, compositions of Clay Minerals Society standard /special clays are
included for context (Kogel, 2001 and Mermut, 2001).

In general, all samples show conservation or enrichment of Al and depletion of K relative to
many of the unaltered biotite grains (Fig. 6, left, stars), plotting on the upper half of the
‘octahedral’ ternary. Several (9 out of 77) points plot coincident with the unaltered biotite at
>95% K in the ‘interlayer’ ternary (Fig. 6, right) and cannot be clearly seen, but a majority of the
points demonstrate loss of K and addition of Ca and/or Na. However, beyond these
generalizations, the data separate into distinct chemical signatures of alteration.
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(right) interlayer chemistry ternary. The values
are scaled to their respective proportions out of 100% and can be seen by the values on the
fringe of the plot. Red and green dots represent individual data points sampled from an altered
biotite from the respective colored sample. Yellow and blue dots represent data points taken
from altered biotites from bleached samples. Arrows represent an alteration sequence from a
core of a grain to an adjacent area of authigenic clay mineralization. Arrows are absent in
bleached samples due to the dominance of layer transformation textures rather than progressive
alteration from the core to edge of grains as observed in red and green samples. Black circles
illustrate compositions of Clay Minerals Society standard clays (Kogel, 2001 and Mermut,
2001). Black squares represent the chemistry of clays reported in the literature for Cutler
Formation bleached grains (Morrison and Parry, 1986). Populations (discussed in text) are
numbered and grouped according to color and chemical trend. See text for more details.

Figure 6 — (left) octahedral chemistry ternary

Considering the octahedral cation ternary (Fig. 6, left), there are three populations distinct from
the original unaltered biotite that correlate with the color of the rock they were taken from: one
encompassing all green samples (population 1, green points, Fig. 6, left) and two populations of
bleached biotites (population 2 and 3, blue and yellow points, Fig. 6, left). There is no clear
population of red samples; instead, they overlap with all three of the aforementioned populations
in both chemistry (red points, Fig. 6, left) and texture (Fig. 7).

Biotites from bleached rocks commonly exhibit deformation due to compaction and/or alteration
causing structural deformation (Figure 7K-M). At the petrographic and SEM scales, they
typically exhibit a high degree of layer transformation, with alteration products in layers
interspersed between what appear to be less-altered layers (Fig. 7K-M). SEM-EDS analyses of
these morphologically distinct regions demonstrate two populations of compositions that are
distinct from the original biotite and from each other (Fig. 6, blue and yellow circles, labeled
with a ‘2” and ‘3’ respectively). The distinction among the two bleached populations is degree to
which iron and magnesium have been removed, with mostly Fe>>Mg removal in the population
represented by the blue points (2) and Mg+Fe removal and the highest aluminum enrichment
represented by the yellow points (3). Compared to biotite, the green samples maintain similar
iron concentrations with slight Mg loss and Al enrichment. The observed morphological features
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of the green biotites are dominated by an edge opening alteration propagating inward and
secondary mineralization in adjacent pore spaces rather than neoformation of original biotite
layers (Fig. 7F-J). When observing trends from the core of green biotite grains to secondary clay
products in adjacent areas, both analyzed progressions demonstrated similar shifts towards CMS
clay mineral standard for trioctahedral corrensite (CorWa-1) (Fig. 6).

Considering cations commonly associated only with the phyllosilicate interlayer (Figure 6,
right), chemical analyses are grouped into four dominant populations. Red sample biotites are
generally less altered, with higher potassium content in the interlayer and in some cases a
progression of potassium replacement with calcium (population 1). This is the same population
of red grains that demonstrated the large variability within the octahedral sheet (Fig. 6, left).
Population 2 consists of the majority of green analysis points and demonstrates a similar trend of
calcium replacement of potassium but to a greater degree than population 1. Population 3
consists of 3 spots analyzed from a line starting in a green altered biotite and progressing into the
secondary products at the grain edge/adjacent pore space. The initial analysis point has low
potassium (18%) and very high sodium (64%) concentrations and undergoes further potassium
loss and calcium-for-sodium replacement, ending very close to a CMS clay mineral standard for
montmorillonite (Otay-SCa-3) and/or corrensite (CorWa-1). The final grouping (4) consists of
most of the analysis points from bleached samples and has more sodium incorporated into the
interlayer than populations 1 and 2 (red and most green) but demonstrates a similar potassium
replacement with calcium while maintaining its Na concentration. Population 3, the remainder of
green points not in population 2, has the highest sodium concentration but demonstrates a calcic
replacement of both sodium and potassium.
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Figure 7 — Correlation diagram among the biotite alteration occurring in the various RGB color
sections. Chemistry and micro-/macrotextures are depicted. Layer parallel heavy mineral
inclusions include apatite, titanite, and Fe/Ti- oxides. The ideal biotite chemical formula is
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provided as a reference point for alteration. Note that in the red layers, some iron is present as
Fe*2in ferric oxides such as hematite and Fe-Ti oxides associated with altered layers the biotite.

Populations of analysis points that group together in the octahedral ternary also group together
based on interlayer cation chemistry, apart from an extra population of green samples (4) in the
interlayer ternary (Fig. 6). This extra population coincides with extremely altered biotites and a
pore region (Figure 7G) and plots near the CMS special clay formula for corrensite in the
octahedral ternary and sodium montmorillonite/corrensite in the interlayer ternary. Looking at
the various populations with respect to the initial biotite (Figure 6, stars) apparent reaction
pathways can be interpreted among the samples from the differently colored rock layers with the
goal of delineating them as multiple alteration events of varying conditions or one event that
redistributed system elements among the colors differently. The arrows of Fig. 6 show the
evolution from the core of a biotite to the more altered edges and adjacent pore space (when
applicable), providing a microsystem view of potential reaction pathways. Generally, these
microsystems mirror the overall compositional evolution described for the populations above for
the typical octahedral sheet cations. Interestingly, one red microsystem (Fig. 6, left, lower red
arrow) shows a core composition nearly identical to ideal biotite, with Fe loss and Mg/Al
conservation in the alteration products. This microsystem can be seen correlating to the red
arrow on the left axis on the interlayer ternary demonstrating full replacement of interlayer
potassium with calcium (Fig. 6, right). The two trends among bleached grains and previously
discussed are also highlighted by two red microsystem evolutions (Fig. 6, left). For the interlayer
cations, two of the reported red microsystems showed the reported calcium-for-potassium trend.
However, one red microsystem and one green microsystem showed a majority Na>>Ca
replacement of K (Fig. 6, right). Morrison and Parry (1986) observed clays, near bleaching
events at Lisbon valley, which have been plotted here (Fig. 6, black squares). The green grains
show a separate trend of alteration that is complimented by variations in interlayer chemistry,
highlighted by population 3 (Fig. 6, right).

Clay Fraction Octahedral Sheet Chemistry via X-Ray Diffraction

Phyllosilicate octahedral sheet chemistry is revealed via random mount x-ray diffraction (XRD)
analyses of clay b-dimensions in this study and further confirmed with SEM-EDS

results. However, random orientation XRD of the clay fraction is not easily interpretable without
an understanding of the clays present, which was previously determined for proximal Cutler
samples by Hullaster et al. (2023) by air-dried, glycolated, and heat-treatment XRD analysis of
oriented samples. They identified smectite, illite, chlorite, and chlorite-smectite and illite-
smectite mixed layer clay minerals (Hullaster et al., 2023).

14



4004 Proximal 1218-04 | sme

\ 1218-03 | sme
35.04 2y

:% \'\v Sme, minor chl
o | andill

e

Tri
Di
) ;}1_493,?\
7
J/
AL

30.0

1.554A
Kol
QzK,2
e
i S,
i \\‘

1218-30 | Not reported

) \Fz\s?f chl, I/s, ill

25.0

T,

20.0- vila7 | Sme, chl,ill

15.04 ’ %Qi7 Not reported

X
X1137.5
10.0- 1/S, minor corr
— Ma—,
504 .y = X1116.5
: g i B Chl, 1/, ill, minor
Distal N & ! = corr
S = & S
"1034- e ————————tr “= L
59 595 60 60.5 61 615 62 625 63| Hullaster et al., 2023

Figure 8 — Overlay of random clay fraction XRD spectra from the proximal-most samples to the
Uncompahgre Front (top) to the southwest distal red beds (bottom). The thick solid line at 60.5°
20 separates the trioctahedral and dioctahedral domains of clay minerals with the second solid
line marking the threshold described in Moore and Reynolds (1988) for clay mineral 060
reflections. Peaks of significance are labelled and marked with dashed lines corresponding to
the color of the sample and noted in Table 2. The right column reports data presented in
Hullaster et al. (2023) of oriented clay fraction XRD for use in interpreting the random mount

XRD.

The random mount clay fraction XRD was conducted to elucidate the octahedral sheet chemistry
of clay minerals from red, green, and bleached samples (Fig. 8) of the Hullaster et al. (2023)
identified clays (Fig. 8, right-hand column). Overall, the samples appear to be more of a
dioctahedral character, indicating higher concentrations of trivalent cations, such as AI3* and
Fe3*. Peaks that do not correspond to clay minerals include the ~1.485A hematite peak near
62.5° 20 and ~1.541A quartz peak near 59.7° 26 (Fig. 8, Table 2), corroborated by confirming
their existence in full 20 scans of the clay fraction and thus not focused on here (data not shown).
Any other peaks below 1.49A are disregarded as non-clay minerals as this is the lowest d-
spacing correlating to 060 clay reflections (Moore and Reynolds, 1988).

Considering the dioctahedral region (60.5-63° 20), all red samples demonstrate two distinct
peaks, referred to as a doublet hereafter. The dioctahedral 1.500A peak for the proximal-most
sample shifts to 1.509A in the distal-most sample (Fig. 8, Table 2) while a ~1.487A is
consistently present as the secondary peak in the doublet. In contrast, the three green samples do
not contain a clear dioctahedral doublet signature. The proximal-most green sample exhibits a
single large dioctahedral peak at 1.498A with an asymmetric long tail towards the high-angle
side. The proximal-most bleached sample shows a similar asymmetric ~1.498A peak with lower
intensity. In increasingly distal samples, the center of the large dioctahedral peak shifts from
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1.502A in a red sample (1218-04) with smectite, to 1.511A in a red sample that contained
chlorite, illite, I/S, and corrensite distally (Fig. 8, Table 2).

For all samples, the intensity of peaks in the trioctahedral portion is much lower than the
dioctahedral portion, with most samples having either small broad/diffuse signal or small
identifiable peaks. The most prominent features are a doublet of peaks seen clearly in samples at
~1.541A correlating to the quartz Ka, g, (Table 2, Fig. 8). One proximal green sample (1218-03)
that was determined to contain only smectite, has an anomalous 1.554A peak that aligns with Fe-
chlorites (Srodon et al., 2001) but no trioctahedral smectites as predicted by the oriented XRD
(Hullaster et al., 2023). We see little evidence for biotite within the <2 um clay fraction, as it
should give an 060 peak at ~1.538A.

Table 2 — Random XRD diagnostic 060 clay peak values and corresponding clays identified by
Hullaster et al. (2023). Additional non-clay peaks correspond to quartz (1.54...) and hematite
(1.48...). Clays from Morrison and Parry incorporated and listed at the bottom of the table with
“BI” notation.

Major 060 clay XRD peak locations Major non-clay | Hullaster
reflections et al.
(2023)
Sample Tri- dO(('SBE)) values | b 4060 values (A) d-spacing (A) Idi?at;;:ed
1218-04 red - 1.500 1.5415,1.487 Sme
1218-03 green 1.554 1.498 1.484 Sme
1218-07 Sme>Chl,
bleach - 1.512 (weak)/1.498 1.5415,1.484 It
Not
1218-30 black 1.534 (weak) 1.497 1.541,1.487 reported
Chl, I/S,
IVV-230 green - 1.501 1.5415, 1.483 It
Sme>Chl,
VII1-47 red 1.532(weak) 1.500 1.5415, 1.487 It
Sme (not
VI11-47 green - 1.498 1.5415, 1.483 reported)
Chl, 1S,
X11-16.5 red 1.525 (weak) 1.509(weak)/1.504 | 1.5415, 1.487 lt, Corr
X11-37.5 red - 1.501 1.541, 1.486 IS, Corr
From Morrison and Parry (1986)
BI-15 - 1.506/1.501 CS+1S
BI-1-13 - 1.506/1.502 CS+IS
Bl-1-4 - 1.508/1.505 CS+IS
BI-6 - 1.507 CS

Corrensite, “normally” a trioctahedral coordinated clay mineral consisting of randomly
interlayered chlorite and smectite layers, has been reported in XRD findings demonstrating a
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doublet signal but of a dioctahedral nature (Table 2; Morrison and Parry, 1986). The samples
with reported corrensite occur in the distal section XII samples here and the random XRD
reveals no doublets within these samples that correlate to a dioctahedral smectite and chlorite
peak but rather non-clay minerals and dioctahedral smectite (Fig. 8; Table 2).

Thermal and Temporal Signatures

Epidote Authigenesis

In addition to clays produced via biotite alteration, epidote is a common index mineral found as
an accessory phase in proximal Cutler Formation samples. In hydrothermal systems, epidote
forms in high temperature (>200°C) intermediate to alkaline alteration conditions when
coexisting with chlorite and Na-plagioclase (Inoue, 1995) and often exhibits variable Al*3 for
Fe* substitution during growth that leads to distinct zoning (Bird and Speiler, 2004). The surface
textures of ~100 epidote grains from this proximal 1218-03 green and ~100 from distal XII 37.5
red were analyzed to elucidate evidence of authigenesis chemically and texturally as growth
domains on the grain boundary or interior. No clear evidence for overgrowths, Al/Fe zoning, or
evidence of euhedral crystals that formed in-place was observed. The boundaries of both green
and red epidote grains demonstrate similar aluminum enrichment behavior, seen distinctly in the
elemental map (Fig. 9, left) but not the line scan across the grain interior (Fig. 9, right).
Considering the aluminum enrichment also observed in the secondary products of biotite
alteration (Fig. 6 and 7) and the similar enrichment of Si in the elemental map of the grain (Fig.
9, left) indicates this may be a significant finding; however, the use of 0.3 um alumina polishing
powder during preparation of the grain mounts may be the source of zonation observed here,
especially considering the aluminum zoning is seen in epidotes from both green and red rock
samples.

—CK
-— 0K
— AIK

e

Y

— CakK
- FeK

Figure 9 — XII 37.5 red sample SEM-EDS elemental maps (left) and linescan (right) of epidote
grain with apatite inclusion and aluminous rims. The greyscale (top left) shows the grain texture
for comparison with the following elemental maps. The lower left square represents a composite
of all elements overlain on the greyscale image.

Fig. 10 shows an anomalous texture in which biotite appears to exist in equilibrium with epidote.
The backscattered electron image (Fig. 10, left) shows the biotite layers parallel to a fracture in
the surrounding epidote grain. Additionally, a smaller epidote crystal (near point 4 in the image)
is intergrown between the biotite layers. The chemistry of the larger and smaller epidotes appears
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nearly identical via EDS (Fig 10, right, points 1 and 4, respectively). The main chemical
differences of significance to both mineral structures are magnesium and potassium, solely in
biotite (spectra 2 and 3), and calcium, in the epidote. Our SEM results of altered biotites (Fig. 6)
demonstrated that the main alteration process occurring in biotite interlayers is potassium
replacement with calcium, which is not taking place in the grain from the green sample here (Fig.
10). The iron is not incorporated into either mineral preferentially. No distinct trends can be seen
in the chemistry of epidote adjacent to the biotite. Also seen among the epidote grains are a
multitude of minerals as intergrowths consisting of apatite, quartz, and titanite as well as biotite
(Fig. 9 and 10). The paragenetic association among the epidote and inclusion minerals mentioned
was not a focus of this study.

1218-03 Green Epidote EDS

——Spectrum 1 ———Spec

Si

Ti

1218Green 4 19 70 pm 2 4
BSE MAG: 409 x HV: 20.0 kV WD: 32.3 mm keV

Figure 10 — 1218-03 green sample SEM photomicrograph of epidote surrounding biotite grain
with corresponding points for EDS collection (left). Overlay of spectra from SEM-EDS points in
photomicrograph with the associated element for each peak (right)

Apatite Fission-Track Analysis

The two samples, proximal green (1218-03) and distal red (63S-X11-37.5) yielded Oligocene
AFT ages of 25.5 + 2.5 Ma and 27.2 £ 2.7 Ma, respectively (Figure 9; Table 3). Confined fission
tracks were measured from both samples and yielded mean track lengths (MTL) of 10.38 £ 0.2
um (1218-03 green) and 10.67 + 2.6 um (63S-XI11-37.5 red).
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Figure 11 — Radial Plot and MTL measurements. Radial plot provides a central age based on
single-grain ages and associated uncertainty. MTL histograms show the expected (red) and
predicted (grey) curves for the model fit to the MTL distribution as a validity check.

Table 3 - Summary of laser ablation apatite fission track data. n=number of grains dated,
Ns=number of spontaneous tracks counted, ps=average spontaneous track density (x10°cm™2),
238U=average uranium concentration of the analyzed grains, P(x?)= x? probability after
(Vermeesch, 2009), t=central age (Ma), Dpar=mean track etch pit diameter parallel to the
crystallographic c-axis, P=pooled age, #=number of confined tracks counted, MTL=mean of
measured confined tracks in microns and £1¢is also in microns.

238U t+ 1o Dpar MTL +
Sample P+ 10 (Ma
Ple | n | Ns | ps [ opm) [P | Ma) | (um) cMa)| 4 | 15@um)
ézrig&o‘?’ 21| 181 | 2.1 17.4 0.55 255+25 2 23.2+6.3 90 | 10.38+0.2
63S XII
37 5 Red 25| 416 | 4.1 36.5 0 27.2+2.7 2 24.7+6.0 90 | 10.67 2.6

Zircon (U-Th)/He Analysis

Two samples were selected for ZHe analysis, samples 1218-03 green (4 grains) and 63S-XII-
37.5 red (5 grains) exhibited a large spread in single-grain ages (Table 4). Sample 1218-03
displayed a range of ages from 141.04 + 2.43 Ma to 577.1 £ 7.9 Ma and sample 63S-X11-37.5
yielded ages from 94.57 + 1.32 Ma to 624.73 = 8.46 Ma (Table 4). All ages are older than
deposition except for 2 grains within the red sample, with an age population of 102.2 + 7.6 Ma,
and 1 grain in the green sample with a slightly older age of 141.0 £ 2.4 Ma.
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Table 4 — Single grain zircon-He ages. eU: effective uranium scaled for relative alpha
production rate, FT: fraction total, Corr Age: corrected age with 1 standard deviation of error,
and mass and elemental concentrations of the analyzed grain are provided.

4 U Th eU ET He Mass fgivi Corr Age =
6 -
Sample (ppm) | (pPm) | (PPM) (nce) | x10°9 | 4 “iviay | 20 (Ma)
1218-03 | 4 | 3991 | 241.3 | 4448 | 0.80 | 701.4 | 493 | 2853% | 3587146
Green 3.6
4368 ¢
2| 1512 | 770 | 1693 | 075 | 4144 | 272 | 00F | 5771479
1101+
3| 6506 | 5159 | 7718 | 0.79 | 4626 | 292 | " )0F | 141024
2802+
4| 2539 | 1743 | 2048 | 071 | 4573 | 176 | “2F | 305954
635 XII et
375 1| 5775 | 2620 | 630.1 | 073 | 2718 | 144 | "00F | 1072214
Red '
647+
2| 3272 | 1277 | 3572 | 069 [1252 | 178 | °07¥ | 946x13
4389 %
3| 2209 | 1006 | 2445 | 071 | 6017 | 228 | 0P | 611883
362.4 £
4| 2634 | 852 | 2834 | 078 | 5720 | 367 | S04 | 4642263
5| 2051 | 936 | 2271 | 0.77 | 6181 | 4.95 482"2 * | 6247485

Thermal History Modeling

Thermal history modeling was performed on samples 1218-03 Green and 63S XII 37.5 Red
(Figure 12 and 13). These samples comprise the end points of a lateral transect within Permian
Cutler clastics extending from the mouth of Unaweep Canyon at the Uncompahgre Front to the
distal red beds ~10 km southwest (Fig. 2 and 4). Confined track distributions, individual models,
modeling parameters, and ZHe data are available in Figures 11-13 and Tables 3 and 4. ZHe data
was modelled with AFT to understand the timing and temperature of maximum burial of Cutler
sediments. The more recent Cenozoic history was modelled using only the AFT age and
confined track data to better resolve the lower temperature cooling history.
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Figure 12 — QTQt model of proximal 1218-03 green demonstrating maximum burial occurring
~150 Ma and to temperatures of ~180 °C. MTL histogram and the observed-predicted summary
for the model are also included and suggest poor fit against both the apatite fission-track and
zircon (U-Th)/He data

The thermal history models yielded consistent time-temperature pathways for both samples, with
two Cenozoic periods of cooling separated by a heating event: (1) cooling following maximum
burial/temperature of ~180 °C at ~150 Ma (2) reheating event which began at ~27 Ma and (3)
Pliocene cooling to upper-crustal temperatures. The green sample began cooling at 45 Ma from
~120 £ 20 °C to ~40 °C at 25 Ma. In comparison, the distal red sample experienced a slight lag
in the onset of the first cooling event, from ~115 + 20 °C at 40 Ma to ~70 °C at 27 Ma. (Figure
10). Cooling rates for this first event are 4 °C/Myr and 3.5 °C/Myr for the green and red samples,
respectively. After this phase of rapid cooling, both samples experienced minor reheating. The
degree of reheating in the green sample is from ~40°C at 25 Ma to 80°C at 4 Ma giving a rate of
1.9°C/Myr. The red sample heated from ~70°C at 27 Ma to 80°C at 5 Ma for a rate of
0.45°C/Myr. Finally, both samples show a Pliocene cooling event took both samples from ~80°C
at 5 Ma to surface conditions of 20 £ 20°C at a rate of 12°C/Myr.
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Figure 13 — QTQt time-temperature inversion models of proximal 1218-03 green and distal X1I
37.5 red samples. MTL histograms show measured distribution of confined lengths and the
associated model fit (red and grey curves). Observed vs. predicted age for the apatite fission-
track data showing a close agreement of cooling pathway to input data.

Discussion

Here | integrate clay mineralogical and low-temperature thermochronology to help elucidate
paleofluid alteration and the evolution of these signatures in the proximal Cutler Formation and
how it fits into the larger scale evolution of the Colorado and Uncompahgre plateaus. Dutta and
Suttner (1986) and Suttner and Dutta (1986) employed combined bulk and clay mineralogy of
proximal Cutler Formation samples to propose diagenetic and (Permian) paleoclimatic signatures
without attribution to thermal events. However, my work and that of Hullaster et al. (2023)
provide evidence that the signatures recorded in clay minerals were greatly influenced by burial
and post-burial magmatic or basinal fluids that overprint and thus complicate or even obliterate
any paleoclimatic signal. Complimentary datasets of regional temperature exposure with their
likely alteration fluids with the clay/mineral chemistry evident in red, red/green, and
red/bleached rock layers allow for a better understanding of the proximal Cutler Formation
history.

Mineral Texture and Chemistry

Field- and laboratory-based observations suggest distinct differences in the post depositional
histories of the red, green, and bleached samples. Color differences at the outcrop scale correlate
with distinct trends in mineral texture and chemistry at microscopic scales. The question remains
whether the alteration paths, evidenced by octahedral and interlayer chemistry trends, represent
different processes or the same process progressed to various degrees among the samples with
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different colors. Hullaster et al. (2023) proposed that similar reducing fluid events impacted both
green- and bleached samples differently due to variations in grain size; additionally, there are no
examples in the field where bleached and green layers are gradational or co-located, which
argues that these colors record different geologic processes, with the red-green layers occurring
lower in the section and more proximally than the red-bleached layers.

Petrographic observations confirm that alteration observed in the green and bleached samples
varies from that in the red samples in terms of both texture and alteration products (Fig. 5).
Similar macroscopic textures occur in all samples, such as the frayed grain edges and associated
authigenic mineralization/ transformation. The alteration products of this texture vary from low
birefringent clays with no distinct optical properties (red grains; Fig. 5E, F) to clear chloritization
propagating into biotite grains (green and bleached grains; Fig. 5A, B, G, H) similar to the
chloritization described by Parneix et al. (1985) in hydrothermally altered granites which were
replaced by corrensite and chlorite. My study does not document any growth on 001 biotite
planes. Macroscopic texture variations can be seen in greater chloritization propagating from the
edge along the 00I plane of biotite and/or whole grain neoformation into chloritic minerals (Fig.
5G, H) compared to retention of the biotite optical properties in combination with transformed
chlorite layers (Fig. 5A, B). Depending on the conditions, secondary mineralization related to
biotite alteration consists of titanite and magnetite in diagenetic rocks and calcite, rutile, or
anatase in higher-grade metamorphosed rocks (Jiang and Peacor, 1994) with secondary
intergrowths in the Cutler Formation biotites consisting of Fe and Fe-Ti oxides observed
petrographically and apatite seen in SEM-EDS of a bleached biotite more indicative of a burial
diagenetic history.

Biotite alteration is associated with Mg depletion in green samples, Fe depletion in bleached
samples, and Al enrichment in all samples compared to the original biotite chemistry (Fig. 8).
Stable iron concentrations in green samples rather than an increase from original biotite
chemistry may indicate in-situ transformation of ferric iron to ferrous iron, whereas reduced
ferric iron in bleached samples was flushed from the immediate grain area. This interpretation is
supported by Mdssbauer spectroscopy performed by Hullaster et al. (2023), who showed Fe(l1)
and Fe(l11) in the clay fraction in green but predominately Fe(lll) in bleached rock samples. In
some cases, the layers surrounding the bleached layers in the field seem to be enriched in Fe-
oxides, indicating nearby reoxidation, whereas some mobile iron may have exited the proximal
Cutler system altogether.

The random-mount XRD provides additional information regarding the chemical composition of
the clays and the oxidation state of iron. Trivalent ions such as Al*3 and Fe*® form dominantly
‘dioctahedral’ sheets that have generally smaller d-spacings than ‘trioctahedral’ clays containing
dominantly divalent Mg*2 and Fe*™2. Given the color and corroborating spectral evidence for
Fe(I1) in the green samples, along with relatively common occurrences of chlorite and chlorite-
smectite mixed layers that are commonly trioctahedral, we anticipated a significant distribution
of trioctahedral clays. The XRD results here indicate a dominantly dioctahedral nature of the
clay minerals with nearly all peaks in the trioctahedral 26 range belonging to quartz. One single
proximal green grain does demonstrate a potential Fe-chlorite peak at 1.554A; however, the
oriented XRD demonstrates an abundance of smectite in this sample. The red sample peak shifts
in the dioctahedral portion from 1.500A to 1.509A in distal samples (Fig. 6, Table 2) likely
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indicate that the larger Fe3* is being incorporated into the mostly red samples distally compared
to more aluminous incorporation proximally indicating that this alteration may be concentrated
near the Uncompahgre Front. No doublet of clay minerals occur in the XRD here, similar to
Morrison and Parry (1986), for describing the occurrence of corrensite in the samples; however,
broad peaks with asymmetrical tails in a similar 20 range and similar d-spacings may
demonstrate a similar di-/di- coordination of the chlorite and smectite layers within corrensite.
The heavy alteration sustained by the samples and the larger grain size of detrital biotite explains
the lack of peaks in the random XRD.

The chemical changes observed in the secondary products of biotite alteration corroborate this
finding. Although no increase in Fe occurs within the green alteration products, the concentration
is much higher in green samples relative to bleached samples. The loss of Mg and retention of Fe
observed in the octahedral composition of the green samples moves its composition in the
direction of the CMS corrensite (CorWa-1), although with additional Al enrichment. Previously,
the presence of regularly-interstratified mixed-layer chlorite (such as corrensite) was noted by
Hullaster et al. (2023) in scattered red-, green-, and bleached proximal Cutler samples but
Hullaster et al. (2023) were unable to classify the nature of the clay structure. Morrison and Parry
(1986), near the Lisbon Fault (UT), described a di-/di- nature to their identified corrensite due to
doublet peaks at ~1.508/1.501 (Table 2) and proposed an acidic fluid alteration path due to the
presence of kaolinite. We do not observe kaolinite here likely due to the difference in source
rocks — that is, the presence of biotite-rich basement in our proximal study region compared to
more mineralogically mature lithologies of Cutler Formation in their study region. We do
observe I/S, illite, smectite, and chlorite found within the “clayey zone” described by Inoue
(1995). This assemblage can be indicative of some acidic influence in the system wherein
aluminum was mobilized. Additional evidence is contained in quartz cement and transformed
layers within biotite, indicating quartz could have been a pressure-solution phase during this type
of alteration in the Cutler system.

The bleached samples appear more similar to the Cutler Formation bleached samples analyzed
by Morrison and Parry (1986) near the Lisbon Valley fault (UT) and the La Sal Laccolith (Fig. 2
and 7). These authors described a dioctahedral Al-rich corrensite influenced by hydrothermal
activity, contrary to the depositional trioctahedral corrensite described by Dutta and Suttner
(1986) and similar to the green samples we report here. This dioctahedral signature indicates an
intermediate to weakly acidic pH alteration condition at temperatures <200°C based also on
association with the observed chlorite, C/S, and the general smectite dominance.

Epidote should be concentrated, by authigenesis, at temperatures >200°C (Inoue, 1995).
Hullaster et al., (2023; Fig. 7) found epidote concentrated in green relative to red- and bleached
samples, with textural evidence of growth from a clay mineral. The mounts analyzed in this
present study were done after removing epidote from the rock and thus we do not preserve the
original rock fabric and the association with adjacent minerals. The analyzed grains did not
demonstrate authigenic growth relic of high temperature alteration, similar to Bird and Spieler
(2004), and more resembles deformation due to compaction over authigenic growth (Fig. 16).
The maximum temperature achieved (~180 °C) during maximum burial would be the only event
capable of producing the temperatures required to meet an intermediate alteration series and
associated mineral assemblage. The middle Cenozoic heating event impacted both proximal and
distal samples in this present study but did not achieve as high of temperatures — max ~80 °C
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(Fig. 12 and 13). The more likely mineral assemblage seen in the Cutler Formation samples
indicate a chlorite, smectite, and their mixed layer counterparts within an intermediate alteration
series. Na additions occur almost solely in the bleached samples and evince a separate event of
more sodic concentrations within an alkaline alteration series. Inoue (1995) also noted that the
Na series within an alkaline alteration path may occur with a Ca-Mg alteration series and seen
almost entirely in bleached grain interlayer structure (Fig. 7, right).

Corrensite is formed geologically in saline, terrestrial, and marine deposits and a common
alteration product of biotite and can occur in a wide range of temperatures (as low as 60°C) and
rock types (Chang et al., 1986 and Reynolds, 1988). Sugimoto et al. (2008) found that when
biotite alteration proceeded under anoxic conditions Fe(ll)-rich corrensite (trioctahedral) was
formed. Dioctahedral corrensite, with higher Al:Mg ratio, and doublet XRD peaks in the
dioctahedral portion of XRD, from Lisbon Valley (UT) bleached sandstones was determined to
have a smectite precursor (Morrison and Parry, 1986). Our study demonstrates a similar
dioctahedral coordination in the XRD but with an absence in doublets. SEM-EDS of biotite
alteration confirmed Fe conservation in green samples and Al enrichment in all samples.
Tosudite is much more restricted to hydrothermal type alteration of intermediate to acidic
igneous rocks, compared to the more unrestricted formation conditions of corrensite (Reynolds,
1988). XRD spectra for corrensite and tosudite are extremely similar differing mostly in intensity
(Reynolds, 1988) and in the case of Cutler sediments and results presented in Hullaster et al.
(2023)(Fig. 14) the 1(006) is greater than 1(004) indicating more likely a low-Fe dioctahedral
species.
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Figure 14 — (From Hullaster et al., 2023) XRD overlay for samples containing corrensite
superstructure peaks. The 004/006 reflection intensity relationship is highlight for comparison.

Looking at the chemistry of the bleached clays analyzed by Morrison and Parry (1986) and the
CMS standard clay chemistry near the Lisbon Valley fault (UT) with respect to our bleached
clays they do overlap in octahedral chemistry. | suggest that the bleaching events experienced by
our study region (Al enrichment and Fe depletion) correlate with La Sal bleaching described by
Morrison and Parry (1986) with the green trend seen in this study belonging to a separate event
affiliated with reduced fluid, likely sulfate-rich basinal brines (Hullaster et al., 2023). The input
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of Na shows up in the chemistry of all of the bleached alteration samples (Fig. 7 right), with one
green sample showing strong sodium input. The Ca and Na could be coming from plagioclase
dissolution or reactive fluids/brines. Deep basinal brines are typically rich in Na, including those
associated with dissolution of salts of the Honaker Trail Formation which lies beneath the Cutler
Formation. Deep Paradox Basin brines have high concentrations of Na, Ca, Mg, and K, with Na
generally much higher, but originate via a variety of processes that lead to regional variations
(Kim et al., 2022). Generally, the brines are depleted in Mg and K due to water-rock interactions
during burial diagenesis (Kim et al., 2022). Elsewhere in the Paradox Basin, Kim et al., (2022)
observed hairy illite precipitation associated with bleaching of redbed Navajo Sandstone;
however, our samples demonstrate a lack of illite and a chemical trend of potassium depletion
among the biotite alteration products.

In general, the assemblage of clay minerals in the proximal Cutler Formation and their interlayer
chemistry indicates the influence of intermediate Ca-Mg type hydrothermal alteration rather than
acidic or alkaline fluids (Inoue, 1995). The expected mineral assemblage and their respective
formation temperatures for this series are depicted in Fig 15 (right). Further investigation into the
nature of the aluminum enrichment observed in altered biotites is needed to explain its presence
in an intermediate type alteration rather than acidic. Geyer (2024) found that aluminum was
mobilized from clay minerals in the presence of near saturated brines up to temperatures of
100°C regardless of brine composition and acidity. Solubility of the aluminum could decrease
and precipitate out as new aluminous minerals if the brines mixed with meteoric sources and
became less saline.

Thermal and Temporal Signatures

Central to our understanding of paleoclimate and post-depositional processes in the Culter
Formation is the maximum temperature experienced during burial and post-burial alteration. To
constrain the maximum temperature, | performed low-temperature thermochronology on a distal
red sample (63S XII 37.5) and a proximal green sample (1218-03). The Cutler Formation
accumulated in the middle Pennsylvanian to early Permian and sourced from igneous and
metamorphic suites of Precambrian basement of the Uncompahgre Plateau (Werner, 1974; Cater,
1970; Moore et al., 2008). There is little literature providing undisputed ages when deposition
was occurring; tenuous ages ranging from ~310 — 290 Ma have been reported (Soreghan et al.,
2014) and should be noted that implications of an absolute age date was not the focus of this
study but rather providing context for the ages returned from thermochronological analyses. The
proximal Cutler Formation is at the surface, and extends at depth, but has been proposed to have
been buried by ~3 km of Mesozoic strata (Cater, 1955; White and Jacobson, 1983; Dutta and
Suttner, 1986; Suttner and Dutta, 1986; Rennevik et al., 2017).

Single-grain ZHe ages were highly dispersed and recorded ages both younger and older than the
depositional age of the Cutler Formation for both the green/proximal and red/distal samples
(Table 3). The grains younger than the age of deposition of the Cutler Formation are of
Cretaceous age (100 Ma), suggesting that these rocks were within the zircon partial retention
zone by at least the Cretaceous. These Mesozoic cooling ages are older than ZHe dating
performed on samples of basement from the Uncompahgre Plateau which showed maximum
burial in the latest Cretaceous (65-63 Ma; Ragnnevik et al., 2017). The mixture of pre- and post-
depositional cooling ages preserved in the Cutler Formation suggests that these samples likely
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resided in or just below the zircon partial retention zone (~180°C) for a prolonged period, ~10-15
myr. (Flowers et al., 2020). Thus, | suggest that these samples should have been buried to depths
of ~6 km, assuming an elevated 25 — 30°C geothermal gradient of the Colorado Plateau and the
burial temperatures provided by ZHe analyses.

The proximal green sample yielded an AFT central age of ~25 Ma and ~27 Ma in the distal red
sample. Both samples are reset as their cooling age is younger than their associated depositional
age. However, the green sample passed the chi squared test and showed lower dispersion.
Whereas the red sample yielded high dispersion and a failed chi squared test, which indicates
sources of uncertainty that are not accounted for in this central age population (Galbraith, 2005).
The lower dispersion and passed chi squared suggests that the temperature experienced in the
green grains was higher than that of the red to anneal the older grains and remove the dispersion
(Galbraith, 2005). Rgnnevik et al. (2017) yielded Oligocene AFT ages from Unaweep Canyon
basement rocks and the NE margin of the Uncompahgre Plateau, consistent with the cooling ages
identified in this study. The emplacement of the Oligocene (~30 Ma) La Sal Laccolith has been
suggested as a control on the thermal evolution of the Uncompahgre region (Rennevik et al.,
2017). Bailey et al. (2021) studied the adjacent Paradox Basin, however, and found Eocene
exhumation was occurring prior to La Sal emplacement. The regional AFT (Rennevik et al.,
2017, and this present study) correlates with zircon U-Pb crystallization ages of the La Sal
laccolith emplacement indicating this geologic event propagated heat into the proximal Cutler
Formation and Uncompahgre Plateau.

To estimate paleotemperature evolution of the Cutler Formation I conducted thermal history
modelling on a distal red- and proximal green-sample (Fig. 12). Thermal history modelling
reveals that both the red and green samples underwent similar Mesozoic — Cenozoic heating and
cooling in the Eocene — Oligocene and Pliocene. Following Pennsylvanian — Permian deposition,
the Cutler Formation was heated to ~180 °C by Jurassic time indicating no more than 6 km burial
depths, considering a geothermal gradient of 25 — 30 °C/km, for an extended period of time to
only partially reset the ZHe ages. This value is much greater than previous estimations of burial
on the Cutler Formation of ~2.4-3 km (Suttner and Dutta, 1986). The Mesozoic strata is mostly
missing in the proximal Cutler Formation region but according to sedimentary units such as the
Book Cliffs in the Colorado Plateau and AFT track modelling of the Mesozoic strata on the
Uncompahgre Plateau indicates ~3 km of missing strata (Gualtieri, 1988; Rgnnevik et al., 2017).
These thicknesses are consistent with the ZHe and burial data in this present study.

Following peak burial temperatures, the Cutler Formation experienced a period of rapid cooling
in the Eocene — Oligocene. This period of cooling is younger than timing of initial exhumation
from the Uncompahgre (~70 — 60 Ma), White River (~50 Ma), and Monument (~50 Ma) uplifts
(Naeser et al., 2002; Rgnnevik et al., 2017; Murray et al., 2019). The Paleocene — Eocene
deposits (Wasatch and Green River Formations), estimated according to geologic mapping is
~1km (Gualtieri, 1988; Rgnnevik et al., 2017). Given the location of the Cutler samples, in a
downthrown block of the Uncompahgre reverse fault, the younger exhumation suggests delayed
denudation due to regional, fault-associated uplift.

There is a heating delay from emplacement of the Laccoliths (~29 Ma) and onset of the middle
Cenozoic heating event in the proximal Cutler Formation (~25 Ma) making their correlation
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ambiguous. The result of this heating event can be seen to a higher degree in the proximal green
sample relative to the red sample of which | suggest indicates heated fluids had to travel through
subsurface fault networks before interacting with more proximal samples and/or the geothermal
gradient of the Plateau increased during the regional magmatic flare-up. Murray et al. (2019)
found that in sedimentary samples collected from Jurassic sandstones ~10 km away from Henry
Mountain laccolithic activity in southeastern Utah and Colorado Plateau, AFT ages were not
reset following middle Cenozoic heating, but the Permian rocks ~1 km deeper did experience
age resetting at this time. The Permian rocks studied here, over 30 km from the La Sal Laccolith
experienced extensive interaction with this middle Cenozoic heating event, either through heated
fluid interactions or a regional increase in geothermal gradient which would have remained until
the second stage regional exhumation attributed to the incorporation of the Colorado River
headwaters and evidenced by increased incision rates of uplifted areas in the Pliocene (Rgnnevik
etal., 2017, Murray et al., 2019, Bailey et al., 2021).

Synthesis and Conclusion:

Clay- and heavy (apatite, zircon, epidote) minerals within sedimentary deposits of the Proximal
Cutler Formation near the Uncompahgre Plateau (paleo uplift) hold the chemical signatures of
the history of diagenetic- and thermal events here. These signatures are complex and require the
synthesis of several datasets due to variations in clay chemistry. Correlation of the burial,
reheating, and exhumation conditions with the biotite alteration textures and secondary products
enables formation conditions to be estimated according to the rock colors and potentially distinct
geologic events.
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Figure 15— Comparison of timing of events within the Paradox basin and its relation to proximal
Cutler sediments (left: modified from Barton et al., 2018). Timing and magnitude of
sedimentation/erosion of the Paradox Basin seen by the orange/blue polygons, respectively, and
the adjacent orange rectangle represents Cutler Fm. deposition according to Soreghan et al.
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(2014). Timing and type of element being redistributed is shown. Vertical polygons for
halokinesis, regional magmatism, hydrocarbon maturation, bleaching, and relief
forming/orogenic events demonstrate the timing of each event. Timing of values returned from
AFT and ZHe results from our samples are included (left). Right: Temperature ranges of
mineralogic comparisons made in this study, the closure temperature ranges of AFT and ZHe.
The yellow box highlights the range of maximum temperatures experienced by the red, green,
and bleached sediments during burial and post-burial alteration.

Considering the thermal history models, partial resetting of single grain ZHe ages, and a lack of
epidote authigenesis suggest that maximum temperatures of ~180 °C occurred during maximum
burial at ~150 Ma. Assuming a geothermal gradient of 25 — 30 °C, an estimated ~6 km of burial
is suggested for the proximal Cutler Formation. The temperatures and depth measured for
samples in this study is significant enough to expect all dioctahedral smectite to be converted to
illite-smecite then illite — a transition that is typically complete by ~4 — 5 km depth (Meunier,
2005) if an adequate supply of potassium is provided, perhaps through K-feldspar dissolution.
These burial estimates far exceed previous estimates from the region and indicate that any
climate signatures housed in the clay minerals have likely been reset. Furthermore, the burial
temperatures reported here suggest the frequent occurrence of mixed layer illite-smectite and
chlorite-smectite throughout the study area in red, green, and bleached samples likely formed
during burial diagenesis (Fig. 15). On the other hand, the high concentration of dioctahedral
smectite and chlorite, and random and ordered mixed layer C/S in proximal Cutler sediments
both proximal and distal to the Uncompahgre front. This indicates the strong presence of fluid
interaction post maximum burial (Fig. 15) due to burial not accounting for the mineral
assemblage. Chlorite-smectite mixed layer minerals form through hydrothermal activity from
temperatures as low as 80 °C and >200 °C (Fig. 15, Reynolds, 1988; Jiang and Peacor, 1994),
suggesting the presence of regular ordered C/S could be explained by heating during burial.

Modern proximal Cutler Formation rocks are smectite-rich and consistent with temperatures of
either basinal or meteoric waters due to temperature sensitivity of smectite (Bettison-Varga et al.,
1991; Meunier, 2005; Beaufort et al., 2015) and the timing of cooling into the smectite stability
zone following maximum burial (Fig. 15). The increased temperature following Eocene —
Oligocene uplift undergone by the proximal green sample relative to the distal red sample
indicates the presence of heat-related fluids rather than increased geothermal gradient due to
distinctions among the proximal and distal regions here. The closer proximity of the green
sample to the Uncompaghre-bounding faults suggests that these hydrothermal fluids are being
transmitted through fault conduits in the subsurface and interacting with proximal Cutler
Formation sediments moreso than the distal samples.

This work added new constraints to understand the timing and mechanism of green and bleached
color development in the proximal Cutler Formation in the context of the climate, sedimentary,
and tectonic frameworks for this region. The color of the biotite alteration mirrors the overall
color of the rock and relates to chemical variations among the differently colored samples. These
data support the interpretation that the red/green and red/bleached layers were caused by fluid-
rock interactions and facilitated by fault-associated transport of basinal fluids along the
Uncompahgre front and subsequent interaction with the sedimentary rocks of the Cutler
Formation. This work also demonstrates that the timing of the greening and bleaching followed

29



maximum burial in the Jurassic (Fig. 12), relating to tectonic, sedimentary, and climatic events in
the Cenozoic.

Geochemical measurements from this study, while not conclusive, suggest that distinct processes
contributed to forming the green and bleached layers through the action of reducing fluids.
Evidence for the action of reducing fluids in the Cenozoic has been noted in other parts of the
Paradox Basin, although none of the patterns of alteration mineralogy, chemistry, and texture
clearly match those seen in the proximal Cutler Formation. Kim et al. (2022) noted that the
recent laccolithic intrusions (30-20 Ma) and exhumation (post-5 Ma) of the Colorado Plateau
could have contributed to the dynamic change in regional fluid flow dynamics and mixing of
deeper circulating sulfide-rich brines with shallower deposits resulting in bleaching, while others
showed evidence for hydrocarbon-derived bleaching (e.g., Bailey et al., 2022 and references
therein). No organic material was observed here providing no evidence for petroleum associated
fluids to have migrated through the proximal Cutler Formation or the signature was removed by
later events. Furthermore, the proximal Cutler sediments do not show clear evidence for
oxidation of sulfides left from reaction with sulfide-bearing brines, obscuring the nature of the
reducing agent. In this study, the bleached altered biotite samples demonstrated both K - Na
and K - Ca interlayer replacement, whereas most red and green samples only showed evidence
for K-> Ca replacement, outside of an outlier green grain pore which demonstrated K - Na then
K = Ca. Whether or not this exhumation and fluid mixing imparting the Na signature caused the
bleaching is unclear; however, it points to a signature of basinal brines flowing upward into the
green and bleached layers along faults and lithologic contacts.

Future Work

Overall, the combination of the tectonic and sedimentological framework, source rock
mineralogy, and climate drivers in the proximal Cutler Formation have resulted in overprinting
signatures. Further unravelling of these signatures will provide insights into the various fluid-
rock interactions that have created the geologically and economically critical locality within the
Paradox Basin. To expand on the research demonstrated here, more work is needed with STEM-
EDXA on oriented biotite samples to better understand biotite alteration and the dynamics of
corrensite formation at the atomic scale. This will also provide better isolation of quantitative
octahedral chemistry of the authigenic clays formed. Further insight into biotite alteration in the
presence of brines will also provide insight into the chemical variations observed in this study
Measurements of clay isotopes are needed to corroborate the existence of separate events leading
to distinct authigenic clays among the different colored rocks; however, the lack of illite in
Cutler samples may limit the sample population. Exploring the clay signatures on the other side
of the Uncompahgre Plateau in both sedimentary and basement rocks may also provide evidence
(for or against) for potential fluid pathways and chemistry influences from the Unaweep
paleovalley or fluids propagating though subsurface faults and how that signature varies from
our study. Additional thermochronology analyses need to be completed on bleached samples in
order to understand red/green and red/bleached sample pair evolutions.
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