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ABSTRACT

Erosion may modify the architecture of subsurface flow systems by remov-
ing confining units and changing topography to influence patterns of fluid 
circulation or by inducing gas exsolution from subsurface fluids, influencing 
compositional and buoyancy patterns in flow systems. Here, we examine the 
geologic record of subsurface flow in the sedimentary rocks of the Paradox 
Basin in the Colorado Plateau (southwestern USA), including the distribu-
tion and ages of Fe- and Mn-oxide deposits and bleached, former red-bed 
sandstones. We compare our results to those of previous geo- and thermo-
chronology studies that documented as much as 2 km of erosional exhumation 
at ca. 3–4 Ma and Fe-and Mn-oxide precipitation at 3.6 Ma along fault zones 
in the region.

We used (U-Th)/He and K-Ar dating to document two new records of sub-
surface flow of reduced fluids between 3 and 4 Ma. The first is precipitation 
of Mn-oxides along the Moab fault (Utah, USA) at 3.9 ± 0.2 Ma. The second is 
clay mineralization associated with laterally extensive bleaching in the Curtis 
Formation, which we dated using K-Ar illite age analysis to 3.60 ± 0.03 Ma. 
The coincidence of the timing of bleaching, Fe- and Mn-oxide formation in 
multiple locations, and erosional exhumation at 3–4 Ma raises the question 
of how surface erosion may have induced a phase of fluid flow in the subsur-
face. We suggest that recent erosion of the Colorado Plateau created steep 
topographic gradients that enhanced regional groundwater flow, whereby 
meteoric water circulation flushed reduced fluids toward discharge zones. 
Dissolved gases, transported from hydrocarbon reservoirs, also may have 
been exsolved by rapid depressurization.

■ INTRODUCTION

The configuration, chemistry, and fluxes of basinal flow systems are
determined by topography (Tóth, 1963; Haitjema and Mitchell-Bruker, 2005), 
stratigraphy (or subsurface architecture) (Freeze and Witherspoon, 1967; Tóth, 
1970), climate (Salvucci and Entekhabi, 1995; Maxwell and Kollet, 2008) as well 
as tectonic regimes (Vrolijk, 1987; Garven, 1995; Koons et al., 1998; McLellan et 
al., 2004; Cui et al., 2012), subsidence (Bethke, 1985; Bjørlykke and Høeg, 1997; 
Bjørlykke, 1999), and fluid density contrasts (Ranganathan and Hanor, 1988; 
Fan et al., 1997; Adams and Bachu, 2002; Ferguson et al., 2018). Topography is 
one of the major driving forces for groundwater flow, and therefore, the ero-
sional evolution of sedimentary basins can transiently influence patterns and 
extents of fluid transport in regional-scale flow systems (Adams et al., 2004). 
Greater topographic relief is associated with a deeper extent of meteoric water 
circulation (McIntosh and Ferguson, 2021), increased recharge, and increased 
export of groundwater to surface water bodies (Salvucci and Entekhabi, 1995; 
Marklund and Wörman, 2007). Erosion and subsequent exhumation can also 
cause a decrease in subsurface pressure and temperature, which decreases 
the solubility, and causes exsolution, of dissolved gases (Cramer et al., 2002). 
Heterogeneity in the porosity and permeability distribution of the geologic 
framework can modify the configuration of subsurface flow systems, intensity 
of vertical and horizontal flow components, and relative extents of recharge and 
discharge areas (Tóth, 1970). The chemical composition of subsurface fluids is 
also controlled by geology. Fluids dissolve soluble minerals in the rock matrix, 
and with continued interaction, the chemical composition of the fluids evolve 
from bicarbonate-dominated through to sulfate- or chloride-dominated water, 
for example (Freeze and Cherry, 1979; Tóth, 1999).

The Colorado Plateau of the southwestern United States (Fig. 1) hosts a 
diverse variety of subsurface fluids such as widespread hydrocarbon, CO2, and 
He accumulations, fresh and brackish groundwater, and hydrothermal, mag-
matic, and mantle-derived fluids. The Colorado Plateau also has a dynamic 
history of deposition and denudation that has altered the permeability distri-
bution and topographic gradients, likely changing the subsurface fluid flow 
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Figure 1. (A) Colored topographic relief map (white—high elevation; green—low elevation) of the Colorado Plateau region, location of the Paradox Basin (outlined in yellow), and 
location of the study area. Major river networks are in blue, and Oligocene-aged laccolith intrusions are outlined in red. CO—Colorado; NM—New Mexico; AZ—Arizona; UT—Utah; 
NV—Nevada. (B) Stratigraphic column for the Paradox Basin with the stratigraphic locations of oil and gas reservoirs. S—source rock; SL—seal rock; green circle—gas reservoir; black 
circle—oil reservoir; black and green circle—oil and gas reservoir; CO2—CO2 reservoir; Fm.—Formation; Gp—Group; Mb.—Member; Sst.—Sandstone; Sh.—Shale; Ls.—Limestone.
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systems through time. For example, Tyne et al. (2022) showed that the pres-
ence of low-permeability evaporite units in the Paradox Basin, located on 
the Colorado Plateau, allowed for the accumulation of He and radiogenic 
noble gases in underlying confined aquifers. Recent denudation of the Colo-
rado Plateau has also activated deeper meteoric water circulation and partial 
flushing of basinal brines, as demonstrated by Kim et al. (2022b) through 81Kr 
dating of groundwaters. However, there has been little consideration of how 
erosional episodes in the geologic past may have influenced subsurface fluid 
flow and fluid-rock interactions. By characterizing and dating the rock record 
of these subsurface flow systems, we can better understand their coevolution 
and feedbacks with surface processes that are in turn forced by tectonics or 
climate change. Understanding how the dynamic interplay between climate, 
surface processes, and subsurface fluid flow systems evolves through time 
can also provide insights for storage of anthropogenic energy sources and 
wastes (Birkholzer and Zhou, 2009; Iverson and Person, 2012; von Berlepsch 
and Haverkamp, 2016; Krevor et al., 2023), mineral and groundwater resource 
exploration (e.g., Noble et al., 2011), and subsurface microbial life (McIntosh 
et al., 2023).

High erosion rates in parts of the Colorado Plateau beginning ca. 4 Ma 
(Murray et al., 2016, 2019) may have deepened the regional topographically 
driven groundwater flow system or rearranged shallow groundwater circula-
tion patterns if accompanied by the formation of steeper topography. Indeed, 
Garcia et al. (2018) suggested that precipitation of Fe- and Mn-oxides near 
faults at 3.6 Ma in the Paradox Basin may reflect these hydrologic changes. The 
coincidence of rapid erosional exhumation and formation of Fe- and Mn-oxides 
near the surface at 3–4 Ma motivated us to look for further evidence in the geo-
logic record of reductive fluid flow at this time. Until this study, it has not been 
clear if widespread bleaching observed across the Colorado Plateau occurred 
contemporaneously with deep burial, hydrocarbon generation, and upward 
migration of saline reduced fluids (Kim et al., 2022a), or if reduced fluid flow 
also occurred at later stages, and if so, what factors may have driven this flow 
and fluid-rock reaction. It is important to characterize the geochemical charac-
teristics of bleaching to further resolve potential fluid sources and pathways.

In this study, we provide further evidence of synchroneity of red-bed 
bleaching as well as clay and Mn-oxide mineralization with a distinct Neo-
gene episode of rapid erosional exhumation, and combine the findings with 
previously published thermochronology and Mn-oxide dating to explore how 
denudation at the surface may have induced enhanced flow of reduced fluid 
in the subsurface. We discuss possible mechanistic links between these phe-
nomena. In particular, we consider two scenarios: (1) the formation of steep 
topography associated with spatially heterogeneous erosional exhumation 
significantly modified and/or invigorated a regional groundwater flow system 
that transported fluids, which were reduced from interactions with upgradient 
hydrocarbon reservoirs, toward shallow discharge zones (Fig. 2) and (2) the 
drop in pressure and temperature due to erosional exhumation resulted in 
sudden gas exsolution that created buoyancy and allowed reduced fluids to 
bleach porous and permeable sandstones (Fig. 2B).

	■ BACKGROUND

Geological Background

The Paradox Basin is an ~100,000 km2 region on the Colorado Plateau that 
is defined by the maximum extent of primarily subsurface Late Pennsylvanian 
evaporite deposits (Fig. 1) near the base of a flexural basin developed in the 
foreland of the Uncompahgre uplift during the Ancestral Rocky Mountain orog-
eny (Baars and Stevenson, 1982; Barbeau, 2003). Rapid subsidence adjacent to 
the Uncompahgre uplift resulted in the deposition of the 2–2.5-km-thick Para-
dox Formation comprising repeated cycles of organic rich shales, limestones, 
and evaporites in the Pennsylvanian (Hite et al., 1984; Nuccio and Condon, 
1996; Rasmussen and Rasmussen, 2009). Subsequently, coarse-grained detritus 
of the Permian Cutler Formation shed from the Uncompahgre uplift initiated 
passive salt-wall growth of the underlying evaporites, which continued through 
the mid-Mesozoic (Trudgill, 2011). The salt deformation created a series of 
northwest-southeast-striking fault zones and salt anticlines that separated the 
basin into hydrologically distinct sub-basins (Trudgill, 2011).

Triassic to Jurassic clastic sedimentary sequences, ranging from 20 to 400 m  
thick, comprising fluvio-lacustrine, eolian, and sabkha deposits (Moenkopi 
and Chinle Formations, Wingate Sandstone, Kayenta Formation, Navajo and 
Entrada Sandstones, and Curtis Formation) with intermittent volcanic ash input, 
blanket the Paradox Basin with thinner deposits on the flanks of salt anticlines 
(Nuccio and Condon, 1996). Renewed sedimentation in the Cretaceous led 
to rapid regional burial and deposition of as much as 2 km of sandstones, 
coals, and shales such as the Mancos Shale. This phase of relatively rapid 
burial has been associated with a major phase of hydrocarbon generation in 
the organic-rich shales of the Paradox Formation (Nuccio and Condon, 1996).

From the Late Cretaceous to early Paleogene, the Laramide orogeny gave 
rise to the basement-cored, monoclinal uplifts that bound the Paradox Basin, 
such as the Monument uplift, San Rafael Swell, and Circle Cliffs (Bump and 
Davis, 2003). Salt movement associated with the Laramide orogeny reactivated 
faults such as the Moab fault in the latest Cretaceous or Paleocene (Solum et 
al., 2005; Bailey et al., 2022b). Emplacement of laccolith intrusions occurred  
ca. 28 Ma, forming the topographically high La Sal, Abajo, and Henry Moun-
tains, which are modern major recharge centers for fresh water (Fig. 1; Hunt, 
1956; Nelson et al., 1992; Murray et al., 2016; Barton et al., 2018b). Other import-
ant recharge centers include basement-cored uplifts, such as the Uncompahgre 
uplift, and erosional escarpments, such as the Book Cliffs.

Sandstone Bleaching and Paleofluid Flow

The Paradox Basin hosts extensive regions of chemically altered (“bleached”) 
sandstones within the terrestrial Permian to Cretaceous red-bed deposits that 
were reddened during early diagenesis (e.g., Walker, 1967). The yellow to 
white bleached sandstones reflect regionally extensive interaction between 
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Figure 2. Schematic cross section of the study area prior to 
widespread erosion (A), at ca. 3.6 Ma (B), and at modern day 
(C), if erosional exhumation resulted in high-relief topogra-
phy. Cross sections do not account for regional tilting. Oil 
and gas reservoirs are present in Cretaceous to Jurassic res-
ervoir rocks. There was ~1.5 km of erosion between A and B, 
resulting in higher hydraulic gradient. Fluids were recharged 
at higher elevations, interacted with oil and gas reservoirs, 
and transported toward discharge zopnes such as the Colo-
rado River. Gases were exsolved from reducing groundwater 
along the flow path. C shows modern-day topography and 
potentiometric surface of the Entrada aquifer. m.a.s.l.—
meters above sea level; Sst—sandstone; Fm—formation.
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the previously red sandstones and fluids containing reducing agents such as 
hydrocarbons, CH4, CO2, and H2S (Chan et al., 2000; Garden et al., 2001; Beitler 
et al., 2003; Parry et al., 2004; Kettler et al., 2011; Wigley et al., 2012; Gorenc 
and Chan, 2015; Bailey et al., 2022a; MacIntyre et al., 2023). The reduced fluids 
dissolved the Fe-oxide grain coatings that give the sandstones a red pigment. 
Bitumen is documented only in few study areas (Chan et al., 2000; Eichhubl 
et al., 2009; Gorenc and Chan, 2015; Bailey et al., 2022a), and otherwise, there 
is no direct evidence favoring petroleum versus fluids containing dissolved 
or gaseous CH4, CO2, or H2S as bleaching agents. Loope et al. (2010) used the 
presence of modern-day CO2 and CH4 fields and lack of bitumen to suggest 
bleaching of the Navajo Sandstone in the Escalante anticline was the result of 
CO2- and CH4-charged groundwaters. Similarly, Wigley et al. (2012) attributed 
bleaching of the Jurassic Entrada Sandstone near Green River to CO2-charged 
brines containing minor CH4 based on fluid-inclusion petrography, isotopic 
data, and geochemical modeling. Geochemical analysis of modern fluids in 
the Paradox Basin shows that brines sourced from the Pennsylvanian Honaker 
Trail and Paradox Formations were likely a major source of the reduced fluids 
responsible for sandstone bleaching (Kim et al., 2022a). Migration of buoyant 
reducing fluids can explain the bleaching of the Curtis Formation at the crest 
of the Moab anticline (Garden et al., 2001).

Widespread, laterally extensive bleached sandstones are commonly 
interpreted as evidence that reduced fluids have caused large-scale ferric 
Fe dissolution and possible removal, transport, and/or redistribution of iron. 
Bailey et al. (2022a) suggested that other metals and trace elements such as 
Mn, Mg, Zn, Pb, and Ti are also remobilized during the flow of reduced flu-
ids. Reduced fluids that transported Fe (and Mn) mobilized during bleaching 
were a likely source for Fe found in abundant Fe-oxide concretions and larger 
Fe- and Mn-oxide deposits such as those found at Flat Iron Mesa (Chan et al., 
2001, 2007; Beitler et al., 2005; Kettler et al., 2011; Garcia et al., 2018). In some 
locations, the iron is redistributed and reprecipitated locally over scales of 
1–100 cm (Loope et al., 2012; Barton et al., 2018a; Yoshida et al., 2018; Bailey 
et al., 2022a). In other cases, extensive accumulations of Fe- and Mn-oxide 
that may have migrated over larger distances appear to be precipitated near 
redox reaction fronts (e.g., Garcia et al., 2018).

According to Nuccio and Condon (1996), two phases of hydrocarbon gen-
eration and expulsion occurred during the Early to Late Cretaceous. Garden et 
al. (2001) implied, based on unpublished paleomagnetic results, that bleach-
ing took place in the Moab anticline at 49–63 Ma. Migration of petroleum and 
bleaching of a section of the Entrada Sandstone occurred ca. 41 Ma, based 
on age determinations on authigenic clay, which coincides with authigenic 
clay and copper sulfide formation along fault zones (41–48 Ma; Bailey et al., 
2022b). It is not clear if all the widespread bleaching observed across the Col-
orado Plateau occurred contemporaneously with rapid burial, hydrocarbon 
generation, and migration, or if there have also been more recent phases of 
reductive fluid flow and bleaching. 40Ar/39Ar and (U-Th)/He dating of Fe- and 
Mn-oxide fracture fill material along fault zones in the Navajo Sandstone indi-
cate formation at 3.6 Ma (Garcia et al., 2018), suggesting flow of reduced fluids 

at this time. However, until this study, this 3.6 Ma age had not yet been linked 
to a phase of red-bed bleaching.

Recent Erosion of the Paradox Basin

Dating constraints on young fluvial deposits suggest integration of separate 
river drainage networks across the Basin and Range transition zone occurred 
by 5.6 Ma, and the Colorado River reached the Gulf of California by ca. 4.8 Ma 
(Lucchitta, 1972; Robert et al., 2010; Crow et al., 2021). This integration of the 
drainage system and effective regional drop in base level has been proposed 
to be responsible for kilometer-scale erosion and incision of the Colorado 
River headwaters, whereby all segments of the river were widened and deep-
ened during transient river incision over the last ~4 m.y. (Hoffman et al., 2010; 
Karlstrom et al., 2014; Murray et al., 2019). Hoffman et al. (2010) attributed this 
recent erosion to intensification of the southwest monsoon climate associated 
with opening of the Gulf of California. River integration and evolving regional 
groundwater paths on the Colorado Plateau facilitated groundwater sapping, 
increased groundwater input to younger sedimentary basins downstream of 
the Paradox Basin, and helped focus erosion (Crossey et al., 2015).

Murray et al. (2016, 2019) used apatite (U-Th)/He thermochronology on 
rocks in the thermal aureole of the Oligocene laccolith intrusions to resolve the 
timing and rate of Neogene exhumation in this part of the Colorado Plateau. 
Thermal modeling of apatite (U-Th)/He dates near the Henry, Abajo, and La 
Sal Mountains suggest relatively little erosion in the Miocene but as much as 
~2 km of erosional exhumation in the past 4 m.y. (Hoffman et al., 2010; Murray 
et al., 2016, 2019). Murray et al. (2019) suggested that throughout this region, 
time-averaged erosion rates (averaged to present day) due to regional base-
level lowering were at least 700 m/m.y. (Murray et al., 2016). However, the 
rate and spatial distribution of erosional exhumation and formation of relief 
in this region were likely not uniform. Focusing on the Flat Iron Mesa region 
near Moab, Utah, USA, Garcia et al. (2018) used 4He/3He and (U-Th)/He ther-
mochronology as well as 40Ar/39Ar geochronology on Mn- and Fe-oxides from 
fault zones near the Canyonlands area to show that the oxides precipitated 
near the surface ca. 3.6 Ma and have experienced very little erosional exhu-
mation (likely much less than 0.5 km) since then. This variability is consistent 
with variable incision rates across different regions of the Colorado Plateau 
since the Late Pleistocene, ranging from <92 m/m.y. near the western Grand 
Canyon (Arizona, USA; Pederson et al., 2002a) to 350–540 m/m.y. near the 
Henry Mountains (Cook et al., 2009) to ~900 m/m.y. at Dewey Bridge (Utah) 
located in the NE part of the Colorado Plateau (Jochems and Pederson, 2015). 
Thermal modeling combined with the reconstructed post-Laramide topography 
of the Colorado Plateau shows the greatest amount of Neogene erosion in the 
Canyonlands region in the north-central plateau near our study area (Pederson 
et al., 2002b; Hoffman et al., 2010; Lazear et al., 2013). The continued erosion 
and rock uplift have resulted in a present-day high-relief landscape that might 
be modulated by knickpoint migration and variable rock strength (Cook et al., 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02634.1/6296275/ges02634.pdf
by guest
on 11 March 2024

http://geosphere.gsapubs.org


6Bailey et al.  |  Pliocene subsurface fluid flow driven by erosionGEOSPHERE  |  Volume 20  |  Number X

Research Paper

2009; Darling et al., 2012; Bursztyn et al., 2015) as well as feedbacks between 
erosion, isostatic rebound, and upper mantle dynamics (Karlstrom et al., 2012; 
Lazear et al., 2013; Pederson et al., 2013).

Topographically Driven Regional Groundwater Flow Systems

In short, parts of the Colorado Plateau, particularly the Canyonlands area 
and north-central part of the Paradox Basin, experienced as much as 2 km of 
rapid erosional exhumation between ca. 4 Ma and 3 Ma. This likely resulted in 
removal of as much as 1000 m of relatively impermeable Cretaceous shale units 
in at least some places (Figs. 1 and 2B). Resulting changes in hydrostratigraphic 
architecture (i.e., permeability distribution) may have altered the depth and 
pattern of meteoric water circulation, especially if erosional exhumation was 
accompanied by the formation of high-relief topography (Bethke and Marshak, 
1990; Ferguson et al., 2018; Kim et al., 2022b). Sufficient potentiometric drive for 
deep groundwater circulation can be produced by the generation of high-relief 
topography by denudation or tectonic uplift. For example, basinal brines can be 
brought close to the surface by denudation (Yager et al., 2017), or the rapid denu-
dation and formation of high relief can enable the deep circulation of meteoric 
water and flushing of basinal brines (McIntosh and Ferguson, 2021; Kim et al., 
2022b). McIntosh and Ferguson (2021) showed that the extent of meteoric water 
circulation in the crust is strongly controlled by topography and variations in 
fluid density at depth. Kim et al. (2022b) demonstrated, using 81Kr groundwater 
age distributions, that there has been deep circulation of meteoric water to as 
deep as 3 km in the Paradox Basin since at least 1.1 Ma, inferred to have been 
activated by recent denudation of the Colorado Plateau. This relatively recent 
deep circulation has dissolved evaporites and partially flushed residual reduced 
brines from the deep aquifers (Kim et al., 2022a, 2022b). Similarly, significant 
flushing of deep basinal brines by meteoric water to depths of 6 km has occurred 
in the northern Uinta Basin, where water recharges along recently (<10 Ma) 
uplifted basin margins (Zhang et al., 2009).

Removal of shale units and rapid unloading during exhumation may also 
have resulted in the redistribution of petroleum within the basin, due to either 
(1) changes in structural configuration or brittle failure of cap rocks or (2) gas  
expansion or exsolution from oil and formation water (Doré and Jensen, 
1996; Doré et al., 2002; English et al., 2016a, 2016b). Topographically driven 
groundwater flow systems can also mobilize, transport, and even deposit 
hydrocarbons over long distances (Tóth, 1980; Bethke et al., 1991; Gvirtzman 
and Stanislavsky, 2000). Immiscible oil slugs have a slower rate of migration 
but can still be driven laterally across a basin along the tops of regional aqui-
fers (Garven, 1989). Meteoric water recharge has tilted oil-water contacts and 
flushed and altered oil in reservoirs such as in the San Andres and Grayburg 
Formations in the Permian Basin, Texas, USA (Hubbert, 1953; Stueber et al., 
1998; Saller and Stueber, 2018). In these formations, high elevations created 
by recent Neogene tectonics increased the hydraulic head to enable meteoric 
waters to displace dense brines and hydrocarbons (Ramondetta, 1982; Saller 

and Stueber, 2018). In the Western Canada Basin, post-Laramide rock uplift trig-
gered a topography-driven hydrodynamic system that allowed long-distance 
transport and accumulation of the oil preserved in the Mannville Group tar 
sands (Garven, 1989). Loope et al. (2010) suggested that the Navajo Sand-
stone to the west of the Paradox Basin, near the Circle Cliffs, was bleached by 
groundwater that became reduced after topographically driven flow through 
a CH4-charged reservoir.

Therefore, we might expect to find evidence in the rock record for rapid 
reconfiguration and changes to the subsurface flow system that resulted from 
erosional exhumation beginning ca. 4 Ma. In this paper, we present the results 
of characterization and dating of Mn-oxide deposits exposed along the Moab 
fault as well as of a nearby section of bleached Moab Member of the Curtis 
Formation to determine how subsurface fluids responded to rapid exhuma-
tion. We show that Mn-oxide deposits from this study formed at 3.9 ± 0.2 Ma, 
and clay mineralization associated with laterally extensive red-bed bleaching 
occurred at 3.60 ± 0.03 Ma. Both of these results, as well as the precipitation 
of Fe- and Mn-oxides at Flat Iron Mesa at 3.6 Ma (Garcia et al., 2018), are coin-
cident with documented rapid erosional exhumation ca. 3–4 Ma (Murray et al., 
2016, 2019; Garcia et al., 2018).

	■ METHODS

Sampling and Whole-Rock Geochemistry

To study the effects of exhumation on the redistribution of reduced fluids 
in the subsurface, we examined a 50 m section of red (unbleached) and white 
(bleached) sandstones belonging to the Moab Member of the Curtis Formation 
(referred to here as the Moab Member sandstone), immediately below shales of 
the Summerville Formation, near Klondike Bluffs (Fig. 3). We chose this location 
because of the well-exposed complete section of bleached to red sandstone 
and the focused bleaching at the top of the sandstone below low-permeability 
shales (Fig. 4). We collected 13 variably colored sandstone samples of ~1 kg 
each (7 unbleached, 6 bleached) from above, below, and across the transition 
from white- to red-colored sandstones (see Supplemental Material1). The sample 
spacing distance ranged from 14 m to 50 cm in the red-colored and bleached 
sandstones to 10 cm in the transition zone. We used X-ray fluorescence (XRF) 
and inductively coupled plasma mass spectrometry (ICP-MS) to measure the 
major, minor, and trace element compositions of the samples following the 
procedures and precision reported in Johnson et al. (1999).

To characterize the manifestation of flow of inferred reductive fluids and 
presence of redox fronts at the discharge end of a flow system, we also sam-
pled a Mn-oxide deposit exposed along the main segment of the Moab fault 

1 Supplemental Material. Includes all calculations and parameters used in this study (mass balance 
calculations, groundwater transit times, methane required for bleaching, amount of methane 
exsolved), as well as sample locations. Please visit https://doi.org/10.1130/GEOS.S.25122791 
to access the supplemental material, and contact editing@geosociety.org with any questions.
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(sample 19LBPB12), ~800 m from Courthouse Rock, and a Mn-oxide deposit 
exposed along the axis of the Courthouse syncline (sample 19LBPB09) (Fig. 
3). All sandstone and Mn-oxide samples were imaged using standard optical 
microscopy and scanning element microscopy (SEM).

Illite Age Analysis

We applied K-Ar dating and illite age analysis to sample 18PRPB52, col-
lected from the studied bleached section of Moab Member sandstone. We 
chose this sample due to its proximity (within 30 cm) to the bleached-red 
boundary and high clay concentrations. We applied the same sample prepa-
ration, X-ray diffraction (XRD), K, and Ar analysis procedures as outlined in 
the supplemental material of Bailey et al. (2022b).

We implemented York-type weighted linear regression using the maximum 
likelihood method (Thirumalai et al., 2011) to correlate the apparent K-Ar ages 

on each size fraction to the percent detrital (2M1) illite (Bailey et al., 2022b) in 
order to extrapolate the age of the authigenic (1Md) end-member component. 
Error on the 1Md authigenic end-member age includes uncertainties from  
Ar measurements, K measurements, and XRD illite polytype quantification. The 
code used to perform the linear regression of K-AR ages and illite polytype 
data is available at https://github.com/lrbgeol/K-Ar-illite.

(U-Th)/He and K-Ar Geochronology of Mn-Oxides

Mn-oxide samples (19LBPB12 and 19LBPB09; Fig. 3) were crushed using a 
mortar and pestle then cleaned by ultrasonically shaking the samples in eth-
anol to remove clay and other fine particles from crystal surfaces. We passed 
the samples through a Frantz isodynamic magnetic separator after drying to 
separate the oxide cement from matrix minerals such as quartz, feldspar, and 
calcite. For (U-Th)/He analysis, we identified pure Mn-oxide aliquots using a 

Clay-rich zone

Calcite-rich zone

Clay-rich zone

Calcite-rich zone

A B

C D

~6m

Figure 4. Outcrop photographs of the studied 
section of the Moab Member, Curtis Formation.  
(A) View of entire section. (B) Yellow clay-rich tran-
sition zone immediately above the red-bleached 
boundary. (C and D) Irregular red-bleached 
boundary cross-cutting stratigraphic features.
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Leica MZ16 microscope, packed them into 1 mm Nb foil tubes, and loaded 
them into a Cu planchet. The planchet was placed in an ultra-high-vacuum gas 
extraction line, and each aliquot was heated to temperatures of ~850–1000 °C 
(low to medium glow) for eight minutes using a Nd:YAG laser to extract helium. 
Aliquots were reheated for ten minutes at a slightly higher lasing intensity to 
ensure full extraction of 4He. The foil packets were then retrieved and trans-
ferred to Teflon vials for Parr-bomb dissolution and U-Th-Sm measurements 
by isotope dilution on a high-resolution Element2 ICP-MS (Reiners, 2005). For  
Ar isotope analysis, we separated and cleaned the sample as above then sieved 
to 110–250 μm. We followed the same K and Ar measurement procedures for 
the Mn-oxides as for the illite.

	■ OBSERVATIONS AND RESULTS

Bleached Moab Member Sandstone at Klondike Bluffs

Mineralogy and Textures

In our study area near Klondike Bluffs, the upper 6 m of the Moab Member 
sandstone, immediately below the Summerville Formation, is white to yellow 
with a sharp boundary between white sandstone and underlying red sandstone 

(Figs. 4 and 5). The sharp boundary cross-cuts primary bedding features (Figs. 
4C and 4D), and there is no field or petrographic evidence to suggest a differ-
ence in primary sedimentary characteristics across it. In general, the Moab 
Member sandstone is moderately sorted with fine, sub-angular grains.

We used whole-rock major element data to calculate mineral proportions 
for the sandstone samples by using a least squares method (MINSQ; Herrmann 
and Berry, 2002). The red sandstone in the lower part of the section has an 
average normative mineralogy of 75% ± 1.3% quartz, 8.3% ± 1.8% K-feldspar, 
6.2% ± 1.3% calcite, 5.9% ± 1.3% illite-smectite, 5.4% ± 1.9% kaolinite, and 0.60% 
± 0.10% hematite (Figs. 5 and 6A–6C). The red pigment is formed by thin grain 
coatings of hematite with illite that surround nearly all detrital grains (Fig. 6C). 
The calcite cement we observe in the red sandstone is mostly sparite and is 
irregularly dispersed (Fig. 6a,b). We observe kaolinite mostly as aggregates 
of kaolinite “booklets” present mostly in the largest pore spaces (Fig. 6B).

Immediately below the sharp transition from yellow to red, the red sand-
stone contains slightly higher proportions of clay and calcite, consisting of 
70% quartz, 7.2% K-feldspar, 10.8% calcite, 7.5% illite, 4.7% kaolinite, and 0.51% 
hematite (Figs. 5 and 6D–6F). In contrast to the bulk red sandstone 50 m from 
the red-yellow boundary, calcite fills most pore spaces, and the porosity of this 
sandstone is very low (Figs. 6D–6F). Similarly, the yellow sandstone located 
<30 cm above the boundary also has very low porosity and a high proportion 
of clay (Figs. 5 and 6I). The yellow sandstone consists of 67.4% quartz, 4.6% 
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Figure 5. Modal mineralogy of the top white, 
transition yellow, transition red, and bottom 
red sandstones calculated from whole-rock geo-
chemistry. Stratigraphic column is adapted from 
Doelling (2002). Fm.—Formation; Mb.—Member.
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K-feldspar, 5.5% calcite, 17% illite, 5.1% kaolinite, and 0.27% Fe-oxide. The illite 
particles are wispy in texture, fill most pore spaces, and are closely associated 
with small cubes of Fe-oxide (Fig. 6G). We observe remnant pyrite in the cen-
ter of some of these Fe-oxide cubes (Fig. 6G). The Fe-oxide cubes are mostly 
concentrated in “stringers” between detrital grains (Fig. 6H).

The color of the Moab Member sandstone progressively changes from yel-
low to white toward the top of the section (Figs. 4 and 5). The white sandstone 
consists of 95% quartz, 1.7% K-feldspar, 0.5% calcite, 1.3% illite, 1.4% kaolinite, 
and 0.1% Fe-oxide and has the highest porosity in the section (Fig. 6L). We 
observe euhedral quartz overgrowths (Fig. 6K) and small zones containing 
pore-filling kaolinite and illite (Fig. 6J).

Whole-Rock Geochemistry

We observe systematic differences in major, minor, and trace elements 
between the white-tan bleached sandstone and the unbleached red sandstone, 
as well as large compositional gradients within 1 m of the white-red interface 
(transition zone) (Figs. 7 and 8).

The red sandstone, on average, has lower SiO2 concentrations of 88.4% ± 
1.56% than the uppermost white sandstone (96.0% ± 1.69%). In contrast, aver-
age concentrations of Al2O3, CaO, and K2O are higher in the red sandstone 
(4.93% ± 0.54%, 3.68% ± 1.5%, and 1.92% ± 0.10%, respectively) compared 
to the white sandstone (2.41% ± 1.00%, 0.17% ± 0.11%, and 1.06% ± 0.48%, 
respectively). Similarly, the red sandstone has higher Fe2O3, MnO, and MgO 
(0.75% ± 0.13%, 0.03% ± 0.01%, and 0.21% ± 0.03%, respectively) as well as 
trace metals such as Cr, V, Cu, and Zn (14.2, 13.5, 6.1, and 6.9 ppm, respec-
tively) than in the white sandstone (Fe2O3 0.24% ± 0.10%, no MnO, MgO 0.08% 
± 0.04%, Cr 9.2 ppm, V 7.96 ppm, Cu 7.81 ppm, and Zn 3.47 ppm). In fact, all 
major and minor metals and rare earth elements (REEs) except for Ni and Cu 
have higher concentrations in the red sandstone compared to the uppermost 
white sandstone (Fig. 8). The magnitude of the Eu [Eu/Eu* where Eu* = (Sm 
× Gd)1/2] anomaly is lower (0.91 versus 0.84) and the magnitude of the Ce [Ce/
Ce* where Ce* = (La × Pr)1/2] anomaly (using C1 chondrite–normalized con-
centrations) is indistinguishable (0.91 versus 0.90) in the bleached sandstone 
relative to the red sandstone. However, the Eu anomaly is most negative and 
the Ce anomaly least negative just above the interface.

In contrast, the yellow-colored samples taken within 30 cm of the inter-
face between the red and white sandstones have the highest concentrations 
of most elements, including REEs, compared to both the red- and white-
colored sandstones. Notably, Al2O3 and K2O concentrations are 6.31% and 
2.29%, respectively, and the sum of REEs is 48 ppm in the yellow sandstone 
immediately above the bleached-red interface (Figs. 7E–7H and 8E–8H), higher 
than observed in the red sandstone. Although both the Eu and Ce anomalies 
vary little across the sampled transect, Eu/Eu* is lowest at 0.81 and Ce/Ce* 
is highest at 0.93 within 30 cm above and below the interface. In contrast to 
the other elements that have their highest concentrations within 30 cm of the 

interface, SiO2 (87.4%) concentrations are lowest at the interface compared to 
the rest of the sampled column. Additionally, the two red sandstone samples 
immediately below the bleached-red transition have the highest concentrations 
of CaO (5.44%) and MnO (0.04%) (Figs. 7F–7H).

Overall, the bleached sandstones are depleted in all elements except for 
SiO2, Ni, and Cu when compared to the red sandstones. The most notable 
variations in concentration with respect to position in the sequence occur 
within 30 cm of the bleached-red interface. At this interface, we observe the 
highest Al2O3, K2O, Fe2O3, MgO, and TiO2 concentrations as well as trace and 
REE contents but the lowest SiO2 and U concentrations. The highest concen-
trations of CaO and MnO, in contrast, occur ~20 cm below the interface, in 
the red sandstone.

Clay Mineralogy and K-Ar Dates

We separated clay from the bleached sandstone we collected immediately 
above the bleached-red interface. This sample had the highest clay content, cor-
responding also to the highest Al2O3 and K2O concentrations. All the separated 
clay size fractions consisted of 1Md illite, 2M1 illite, kaolinite, and smectite in 
varying proportions (Table 1). Other phases identified in the clay samples include 
quartz, calcite, K-feldspar, plagioclase, and hematite. The finest size fraction 
contained no quartz, K-feldspar, or plagioclase but contained the most calcite.

Relative proportions of the illite polytypes are displayed in Table 2. The 
relative proportion of the 2M1 (detrital) illite polytype decreases from 43.4% 
in the 1–2 μm fraction to 0% in the finest (<0.05 μm) fraction (Fig. 9; Table 2). 
Conversely, the 1Md (authigenic) illite proportion increases from the coarsest 
size fraction and makes up 100% of illite in the finest size fraction. This coin-
cides with an increase in K concentrations, from 1.3 wt% in the 1–2 μm fraction 
to 10.4% in the <0.05 μm fraction, and a decrease in the K-Ar date. The K-Ar 
dates are 159, 117, 88.0, and 3.61 Ma for the 1–2, 0.2–1, 0.05–0.2, and <0.05 μm  
fractions, respectively. Due to the finest size fraction containing no detrital 
illite, we can use the total gas age for this fraction as our 1Md end-member 
age (3.61 ± 0.03 Ma). In addition, the 1Md end-member date using weighted 
linear regression on all the separates yields an indistinguishable age from the 
total gas age of the finest size fraction date of 3.60 ± 0.03 Ma (r2 = 1.0) (Fig. 9).

Mn-Oxides

Mineralogy, Textures, and Paragenetic Sequences

Sample 19LBPB12, collected from the Moab fault (Fig. 3), is a brecciated 
mass of Mn-oxide and calcite with a botryoidal texture. The Mn-oxide deposit 
is situated within the fault gouge or damage zone of the Moab fault, with the 
Navajo Sandstone exposed in the footwall and the Brushy Basin Member of 
the Morrison Formation exposed in the hanging wall. The fault zone consists 
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of clay-rich and weakly consolidated material that has been more susceptible 
to erosion than the wall rocks.

Colloform bands in the Mn-oxides alternate between calcite, amorphous 
and/or cryptocrystalline Mn-oxide, and microscale fibrous or more granular 
Mn-oxide (Figs. 10A and 10B). Calcite is present in the center of many of the 
colloform bands (Fig. 10B). The fibrous Mn-oxide contains as much as 1% 
Ba, whereas the amorphous Mn-oxide contains no measurable Ba. Nearly 
all the observed Mn-oxide contains K (as high as ~3%). Mn-oxide occurs as 
granular crystals within the matrix or as band-perpendicular fibrous crystals 
on the outermost bands and has the lowest K concentration (~1%) (Fig. 10A). 

The main Mn-oxide mineral present is likely cryptomelane with minor impure 
hollandite. The maximum size of observable continuous Mn-oxide domains 
at this microscopic scale (which may be a proxy for maximum crystal size) 
is ~20 μm. Relatively large Fe-oxide cubes (20–30 μm) are present within the 
matrix, and fine-grained masses of small, Fe-oxide cubes (<5 μm) occur on the 
outside edge of some of the Mn-oxide bands (Fig. 10D). In the center of the 
largest cubes, pyrite can be observed, consistent with Fe-oxide replacement 
of pyrite (Fig. 10D). Barite is present as large, euhedral plate-like crystals or 
as late-stage colloform banding (Fig. 10C). Calcite veins, forming the brec-
ciated texture, cross-cut the Mn-oxide colloform textures, Fe-oxide, barite, 
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and quartz matrix (Fig. 10C). The concentration of Fe in the Mn-oxides is <1%. 
Overall, there are three main types of Mn-oxide textures in sample 19LBPB12: 
(1) amorphous and/or cryptocrystalline K-rich (likely cryptomelane) Mn-oxide 
bands, (2) fibrous to microscale needle-like bands of Ba-containing Mn-oxide 
(impure hollandite), and (3) granular to in some cases rhombic masses of 
K-rich Mn-oxide. The first and second type of texture occur as alternating 
colloform bands, whereas the third texture appears to represent a later stage 
of crystallization within the matrix. Due to our sampling technique, the fine 
grain size, and syngenetic nature of the Mn-oxides, all three types of Mn-oxides 

observed in sample 19LBPB12 were likely present in the individual aliquots 
used for K-Ar and (U-Th)/He dating.

The sample location of sample 19LBPB09 is ~3 km from that of sample 
19LBPB12 and is in the Brushy Basin Member of the Morrison Formation in the 
hanging wall of the Moab fault. The outcrop is situated near the fold axis of the 
Courthouse syncline. In outcrop, Mn-oxide occurs as dense, pore-filling cement 
in round concretions within conglomerate and sandstone lenses. The Mn-oxide 
cement is compositionally homogeneous and contains no K and is most likely 
almost pure hollandite. Crystal sizes range from ~5 μm to as large as 40 μm.
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yellow section compared to the red, tan, and white sections. masl—meters above sea level; Sst—sandstone.
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K-Ar and (U-Th)/He Dates

The Mn-oxide samples taken from the Moab fault (19LBPB12) and adja-
cent to the fault in the Courthouse syncline (19LBPB09) have (U-Th)/He ages 
ranging from 0.12 ± 0.03 to 3.10 ± 0.09 Ma and 0.17 ± 0.05 to 2.63 ± 0.08 Ma, 
respectively (Fig. 11). We omitted samples from further consideration if they 
had >15% (1σ) analytical uncertainty, primarily due to very low He contents. 
Only sample 19LBPB12 contained sufficient K (1.45%) for K-Ar dating, and it 
yielded an average age of 3.9 ± 0.2 Ma (calculated from three aliquots), which 
is older than the (U-Th)/He ages for both samples.

	■ DISCUSSION

Bleaching of the Moab Member Sandstone

We interpret the color and geochemical variations in the studied section 
of the Moab Member sandstone to be the result of reaction with reducing flu-
ids. The sharp boundary between the unbleached and bleached sandstone is 
undulating and cross-cuts primary sedimentary features such as lamination 
and stratigraphic bedding (Figs. 4C and 4D). We also observe no significant 
difference in the average grain size or sorting across this boundary that might 
represent a change in depositional environment. Based on comparing the lowest 

TABLE 2. PROPORTION OF ILLITE POLYTYPES, POTASSIUM CONCENTRATION, K-Ar AGE, AND  
END-MEMBER AGES OF CLAY SEPARATED FROM BLEACHED MOAB MEMBER SANDSTONE

Size fraction
(μm)

1Md illite
(%)

2M1 illite
(%)

K
(%)

Total gas age
(Ma)

Uncertainty
(1σ)

100% 1Md age
(Ma)

Uncertainty
(1σ)

100% 2M1 age
(Ma)

Uncertainty
(1σ)

1.0–2.0 56.6 43.4 1.3 159.2 2.0

3.6 0.03 344.5 17.5
0.2–1.0 69.4 30.6 2.5 116.6 1.0

0.05–0.2 78.6 21.4 3.3 88.0 0.9

<0.05 100.0 0.0 10.4 3.6 0.0

Notes: 1Md illite—authigenic; 2M1 illite—detrital.

TABLE 1. MINERAL COMPOSITION OF SEPARATED CLAY SIZE FRACTIONS FROM BLEACHED MOAB MEMBER SANDSTONE, DETERMINED BY X-RAY DIFFRACTION

Size fraction
(μm)

1Md illite
(%)

2M1 illite
(%)

Kaolinite
(%)

Smectite
(%)

Quartz
(%)

K-feldspar
(%)

Plagioclase
(%)

Calcite
(%)

Mg-calcite
(%)

Chlorite
(%)

Hematite
(%)

Rutile
(%)

1.0–2.0 4.9 3.8 68.6 11.1 3.9 0.0 0.0 7.7 0.0 0.0 0.0 0.0

0.2–1.0 4.4 1.9 64.2 21.5 1.5 1.7 0.4 4.1 0.0 0.0 0.3 0.0

0.05–0.2 28.9 7.9 19.7 29.2 0.1 1.0 5.9 2.8 0.0 4.2 0.4 0.0

<0.05 4.1 0.0 8.8 27.3 0.0 0.0 5.5 43.1 7.8 0.0 0.0 3.4

Notes: 1Md illite—authigenic; 2M1 illite—detrital.

r2 = 0.999
100% authigenic illite age = 3.60 ± 0.03 Ma
100% detrital illite age = 345 ± 17.5 Ma 

Figure 9. Illite age analysis plot showing the age (Ma) and detrital illite (%) of clay 
size separates from the bleached sandstone. Detrital illite is linearly related to the 
decay constant of potassium, λλ (= 5.543 × 10–10), so is plotted against eλλt–1 (t = age 
in years). Note that the youngest and finest size fraction is 100% authigenic illite, 
producing an end-member authigenic illite age of 3.60 ± 0.03 Ma. Error bars are 1σσ.
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Figure 10. Secondary electron microscope images showing textures and composition of sample 19LBPB12. (A) Colloform and botryoidal textures of alternating Mn-
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red sandstone with the uppermost white sandstone (Figs. 6C and 6L), the color 
difference is likely a result of the presence or absence of Fe-oxide grain coatings. 
Geochemical analysis of the unbleached and bleached sandstones reveals not 
only a decrease in Fe2O3 concentrations in the bleached sandstones but lower 
concentrations in all elements except for SiO2. This suggests significant mobi-
lization of all elements, including high-field-strength elements that are typically 
considered relatively insoluble and immobile. Similar compositional differences 
were also observed in other studies of bleached Entrada, (Wigley et al., 2012; 
Bailey et al., 2022a), Wingate (Thorson and MacIntyre, 2005; MacIntyre et al., 
2023), Navajo (Beitler et al., 2003, 2005), and White Rim Sandstones (Gorenc 
and Chan, 2015). Under reducing conditions, Ce is released into the fluid from 

Fe-oxide grain coatings, and therefore, the altered sediments would show a 
more pronounced negative anomaly compared to Fe-oxide-rich oxygenated 
sediment, which have less-negative to sometimes positive Ce anomalies (Wilde 
et al., 1996). Reduction of Eu occurs only in highly reducing conditions and most 
commonly in high-temperature environments. Less-negative or sometimes 
positive Eu anomalies can occur if authigenic minerals such as illite in the 
altered sandstone precipitated from fluids that dissolved Eu-rich phases such 
as plagioclase (Uysal and Golding, 2003; Ziegler et al., 2007).

The yellow, clay-rich sandstone immediately above the bleached-red inter-
face, in contrast to the uppermost bleached white sandstone, has the highest 
concentrations of all elements except for Si, and Ca and Mn, which are concen-
trated immediately below the red-bleached boundary. One potential explanation 
for the higher concentrations of many elements in the clay-rich transition zone 
is that they were mobilized from the overlying highly bleached white sandstone 
and transported to the low-permeability transition zone above the unaltered red 
sandstone beneath. To address this hypothesis, we conducted a simple mass 
balance calculation. We organized the data according to four main zones in the 
sampled section: (1) red sandstone, interpreted as the “protolith;” (2) red cal-
cite-rich sandstone immediately below the red-bleached transition; (3) yellow, 
clay-rich sandstone immediately above the red-bleached transition; and (4) the 
uppermost white sandstone at the top of the bleached section below the Sum-
merville Formation. Assuming the thickness of each zone we measured at the 
study site is laterally continuous, we then calculated the relative proportion of 
major, minor, and trace elements in each zone. We assumed that the bleached 
sandstone had the same geochemical composition as the red sandstone prior to 
flow of reducing fluids. We found that only ~30% of the Fe2O3, TiO2, and Zr and 
~15% of MnO and CaO observed in the red sandstone are accounted for in the 
clay-rich transition zone. About 45%–57% of Al2O3, K2O, and MgO are accounted 
for in the clay-rich zone, most of which is likely hosted in the high concentra-
tions of authigenic illite. Similarly, the clay-rich zone accommodates between 
30% and 55% of nearly all trace metals and REEs that have been removed from 
the white sandstone. The most notable exceptions are Ni and Cu, which have 
much higher overall concentrations in the white and clay-rich sandstone than 
in the protolith red sandstone, suggesting an external source of these metals.

These calculations show that if the bleached white sandstone had an initial 
composition of the lower red sandstone and reducing fluids dissolved and 
mobilized most elements within it, then only about half of most elements 
were redeposited locally in the clay-rich layer above the sharp boundary. This 
means that significant concentrations of all elements except Si may have been 
transported longer distances, presumably laterally, away from the studied area, 
given that there is missing mass.

Copper and Ni, interestingly, have much higher concentrations in the clay-rich 
zone than can be accounted for just by remobilization from the red sandstone. 
Both Cu and Ni are mobilized in oxygenated conditions (Rinklebe and Shaheen, 
2017). We suggest that these metals were possibly enriched in the clay-rich zone 
by a later stage of oxidized fluid flow, where Cu and Ni were geochemically 
trapped by the presence of sulfides (pyrite) associated with the clays, consistent 
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with interpretations in other Cu accumulations in the Paradox Basin such as at 
Lisbon Valley (Hahn and Thorson, 2005), in the Wingate Sandstone (Thorson, 
2004, 2018; Thorson and MacIntyre, 2005; Barton et al., 2018a; MacIntyre et al., 
2023), and in the paleo-oil reservoir in the Slick Rock Member of the Entrada 
Sandstone (“Rainbow Rocks;” Bailey et al., 2022a). Lack of organic material such 
as bitumen in this section may have prevented other metals such as U and V 
from being similarly enriched by late-stage oxidized fluids, as in Rainbow Rocks 
(Cumberland et al., 2016; Barton et al., 2018b; Thorson, 2018).

Timing of Mn-Oxide Formation and Sandstone Bleaching

Mn-oxide (U-Th)/He ages from this study range from 0.12 to 3.1 Ma, all 
younger than the Mn-oxide K-Ar age of 3.9 ± 0.2 Ma (Fig. 11). This age distri-
bution for He and Ar chronometers is very similar to that of the Mn-oxides 
reported by Garcia et al. (2018) in that the oldest (U-Th)/He Mn-oxide ages 
approach the K-Ar (or 40Ar/39Ar) age. Garcia et al. (2018) used helium fractional 
retention models, 4He/3He step-heating diffusion experiments, and 40Ar/39Ar 
plateau ages to show that the Fe- and Mn-oxide deposits at Flat Iron Mesa 
formed at 3.6 Ma close to modern surface temperatures, consistent with very 
little erosional exhumation at that locality since 3.6 Ma. The observed vari-
ability in the (U-Th)/He ages, which are generally younger than the 40Ar/39Ar 
ages of the same samples, was interpreted to be a result of diffusive He loss 
(Reiners et al., 2014; Garcia et al., 2018). Calculated He closure temperatures 
for Mn-oxides were only ~17 °C (Garcia et al., 2018), so it is likely that samples 
from our study also experienced variable radiogenic He loss, yielding a similar 
distribution of ages that approach a maximum represented by the K-Ar age. 
In contrast, radiogenic Ar is released from cryptomelane only at temperatures 
>~300 °C (Vasconcelos et al., 1995), and therefore, we interpret our K-Ar age of 
3.9 Ma of the Moab fault sample to represent the Mn-oxide formation age and 
the younger (U-Th)/He ages to represent variable radiogenic He loss.

We show that the interstitial clay in the bleached Moab Member sandstone 
is primarily detrital illite, authigenic illite, kaolinite, and smectite occurring 
as pore linings and fillings. The authigenic clay minerals are intergrown and 
closely associated with (now oxidized) pyrite cubes, suggesting they formed 
during the flow of reduced fluids containing sulfur (Fig. 6G). The 1Md end-
member age from illite age analysis and the date of the finest size fraction 
suggests that the authigenic clay formed at 3.60 ± 0.03 Ma.

Erosional History

Thermal modeling of apatite low-temperature thermochronology results 
near the Henry Mountains show that ~80% of good-fit time-temperature (t-T) 
paths cooled below 40 °C only after 4 Ma (Murray et al., 2016). Apatite age-
effective uranium (eU) and t-T histories from the La Sal and Abajo laccolith 
centers, the Colorado River–Green River confluence, and Lees Ferry (Arizona) 

in the Paradox Basin are very similar to those of the Henry Mountains and 
require a rapid pulse of cooling sometime after 6 Ma (Murray et al., 2019).

Murray et al. (2016) suggested time-averaged exhumation rates from 5 Ma 
to present day of ~0.2–0.7 km/m.y. If we assume that 1.5 km of erosion in the 
study area occurred only between 4 and 3.6 Ma—based only on the amount 
of cooling observed in apatite thermal histories of Murray et al. (2016, 2019) 
and Mn-oxide helium fractional retention models of Garcia et al. (2018)—then 
time-averaged exhumation rates may have been as high as 3750 m/m.y. Flem-
ing (1994) used the stratigraphic distribution of reworked Cretaceous pollen to 
suggest the headwaters of the Colorado River reached and began to erode the 
Mancos Shale in southeastern Utah ca. 3.9 Ma. Using predicted pre-erosional 
thicknesses of the Mancos Shale in the study area (1144–1250 m; Doelling, 
2002) and erosion rates of 3750 m/m.y., the Mancos Shale would have been 
fully eroded and breached by 3.60–3.57 Ma.

Local erosion rates this high could have been accommodated by high rates 
of lateral escarpment retreat (e.g., the Book Cliffs; McCarroll, 2019) or knick-
point propagation. Localized high erosion rates in the Paradox Basin can also 
be attributed to salt dissolution (Guerrero et al., 2015; Mauch, 2018). Although 
erosion rates integrated over broad areas would be lower than this, local rates 
can be rapid over short durations, especially in a high-relief landscape con-
sisting of rocks of different erodibilities like in the Paradox Basin. For example, 
cosmogenic 10Be concentrations from samples in Grand Staircase–Escalante 
National Monument show large variability in erosion rates ranging from 20 to 
>3500 m/m.y., which have been attributed to lithologically controlled escarpment 
retreat and a landscape adjusting to base-level fall (Riley et al., 2019). However, 
the authors of the study noted that rates calculated from 10Be values within a 
transient landscape may not be accurate (Riley et al., 2019). Therefore, given 
that our calculated erosion rates are based on the limited available thermo-
chronologic data and do not account for spatial variation, these rates may just 
represent maximum values but nevertheless signify a period of rapid erosion.

The coincidence of the red-bed bleaching, Mn-oxide precipitation, and timing 
of rapid erosional exhumation is intriguing, and in the following discussion we 
address how denudation at the surface is a mechanism that could have induced 
a phase of reduced fluid flow in the subsurface. We discuss two hypotheses (not 
mutually exclusive) by which such a connection might have operated: (1) The 
formation of steep topography associated with erosional exhumation activated 
a regional groundwater flow system, whereby deep meteoric water circulation 
flushed reduced fluids to shallow discharge zones; and (2) the drop in pressure 
and temperature due to erosional exhumation or upward fluid flow along faults 
resulted in sudden gas exsolution from reducing fluids.

Activation of a Regional Groundwater Flow System

One possible mechanism to explain the flow of reduced fluids during rapid 
erosional exhumation is the formation of steep topography that changed the 
patterns and fluxes in a regional groundwater flow system, whereby deep 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02634.1/6296275/ges02634.pdf
by guest
on 11 March 2024

http://geosphere.gsapubs.org


18Bailey et al.  |  Pliocene subsurface fluid flow driven by erosionGEOSPHERE  |  Volume 20  |  Number X

Research Paper

meteoric water circulation flushed reduced fluids to shallow discharge zones. 
The development of high-relief topography in the Paradox Basin could have 
initiated meteoric groundwater circulation by 3–4 Ma which flushed natural gas 
and reducing brines through the Moab Member sandstone, bleaching red-bed 
sandstones along the flow paths, and possibly precipitated Mn-oxides along 
discharge zones (Fig. 3). To evaluate the role of topography in driving flow of 
reduced fluids specifically at 3.6 Ma, we need to evaluate: (1) the topographic 
and hydraulic gradients pre- and post-exhumation, (2) meteoric recharge loca-
tions and flow paths, and (3) how quickly reduced fluids flowed to the Moab 
Member sandstone in the study area.

Hydraulic Gradients and Sites of Meteoric Recharge

The presence of low-permeability confining units such as the Mancos Shale 
can impede meteoric water infiltration and reduce flow rates, whereas the 
removal of such layers can increase circulation rates (Neuzil, 1986; Tóth, 1999). 
An increase in topographic relief and hydraulic gradient may have coincided 
with removal of the Mancos Shale as erosion progressed if erosion was spatially 
heterogeneous (Pederson et al., 2002b). The modern-day horizontal hydraulic 
gradient in the northern part of the Paradox Basin ranges from ~0.009 to 0.032 
(Freethey and Cordy, 1991; Lowe et al., 2007), which is significantly higher than 
estimated hydraulic gradients of <0.001 prior to erosion (McIntosh et al., 2023). 
Modern-day average vertical hydraulic gradients in the Paradox Basin range 
from ~0.45 east of Green River to ~1 in the southern parts of the basin, which 
are typical across low-permeability aquitards (Freethey and Cordy, 1991).

The closest and most likely recharge area for our study sites is the Book 
Cliffs (Fig. 3; Freethey and Cordy, 1991; Eisinger and Lowe, 1999; Lowe et al., 
2007). Recharge of groundwater into the Navajo, Entrada, Morrison, and Dakota 
aquifers occurs at the base of the Book Cliffs today, and groundwater flows 
toward the Colorado River (Figs. 2 and 3; Freethey and Cordy, 1991). Possible 
barriers to fluid flow from the Book Cliffs might include the Salt Valley anticline; 
however, the fluids were likely transported parallel to the Salt Valley anticline 
along the Courthouse syncline, where one of the studied Mn-oxide deposit is 
located. The Colorado River provides a major discharge zone for groundwater. 
The Moab fault system and the faults on the flanks of the Salt Valley salt wall 
could have provided more localized discharge areas (Fig. 3).

Groundwater Transit Times

The distance from the Book Cliffs to the studied bleached section is ~45 km. 
We can calculate the fluid velocity (V) using Darcy’s law, where K is hydraulic 
conductivity, Φ is porosity, and dh/dx is the hydraulic gradient:

	 V = K × /Φdh
dx .	 (1)

Using a range of hydraulic conductivities measured from outcrop samples 
and specific-capacity and drill-stem tests for the Entrada Sandstone (1.7 × 
10−5 to 3.5 × 10−7 m/s; Fassett et al., 1977; Stone, 1983; Kernodle, 1996; Eisinger 
and Lowe, 1999) and a porosity of 20%, it would take ~1600–81,000 yr for 
meteoric water recharged at the Book Cliffs to flow 45 km at a modern-day 
hydraulic gradient (0.01) (Fig. 12). Given that the Book Cliffs is an erosional 
escarpment and has been retreating over time, the distance from the Book 
Cliffs to our study site would have been shorter at ca. 3–4 Ma. Nevertheless, 
these velocities are consistent with groundwater residence times in the Glen 
Canyon Group (Gardner, 2004; Noyes et al., 2021). Fluid transit times could 
be as long as 16,000 yr using a lower hydraulic gradient of 0.001. While these 
fluid transport times are a reasonable first-order approximation, we recognize 
that this assessment ignores anisotropic permeability, heterogeneous lithol-
ogies, and nonlinear flow paths. This calculation also only considers travel of 
water and conservative solutes. Nonetheless, unless hydraulic conductivities 
were extremely low and the transport distances were longer than 45 km, there 
should have been sufficient time for reducing fluids to be transported into the 
Moab Member within the duration of exhumation.

Another possibility is that meteoric waters recharged through the Moab 
Member sandstone locally. The Moab Member aquifer of the Curtis Formation 
is the dominant source of flow in the present-day Courthouse-Sevenmile spring 
and seep system, just 12 km south of the studied bleached Moab Member 
sandstone (Hurlow and Bishop, 2003). The spring-water chemistry, tempera-
ture, pH, and dissolved-oxygen content suggest recharge to the Moab Member 
aquifer occurs locally via infiltration through nearby outcrops of the Moab 
Member sandstone (Fig. 3), and travel times between the recharge areas and 
the springs are only ~50 yr (Hurlow and Bishop, 2003). If erosion had exposed 
the Moab Member in some locations by 3.6 Ma, then recharge may have been 
more localized with much shorter travel distances and mobilized any localized 
sources of hydrocarbons.

Sources of Reduced Fluids

For meteoric recharge and groundwater flow to have caused bleaching of 
the Moab Member sandstone in the study area, the groundwater must have 
entrained reducing fluids along the flow path. Reducing fluids could have 
been sourced from the Honaker Trail and Paradox Formations or oil and gas 
reservoirs hosted in Triassic, Jurassic, and Cretaceous units (Figs. 1 and 2). 
Kim et al. (2022a) suggested that brines from the Honaker Trail and Paradox 
Formations were likely major sources of reduced, saline, and acidic fluids 
that ascended along faults and bleached red-bed sandstones. However, the 
main stage of hydrocarbon generation and expulsion from source rocks likely 
occurred during maximum burial in the Late Cretaceous to Eocene (Nuccio 
and Condon, 1996), and at least one phase of bleaching by hydrocarbons 
in the Entrada Sandstone occurred ca. 41 Ma (Bailey et al., 2022a). Oil and 
gas resources have been produced from a range of stratigraphic units in the 
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Paradox Basin, from the Pennsylvanian Honaker Trail and Paradox Formations 
themselves to Triassic, Jurassic (Navajo and Entrada Sandstones and Morri-
son Formation), and even Cretaceous units (Burro Canyon Formation, Dakota 
Formation, and Mancos Shale) (Fig. 1; Whidden et al., 2014).

Kim et al. (2022b) showed that deep (as deep as 3 km) groundwater flow 
was activated by ca. 1.1 Ma, but residual brines remain partially flushed or are 
still retained in evaporite confining units. Therefore, at 3.6 Ma it is unlikely that 
regional groundwater flow was responsible for transporting reduced fluids 
from as deep as the Honaker Trail Formation to the Moab Member sandstone. 
However, as erosion of the Colorado Plateau progressed, the depth of meteoric 
water circulation would have increased as Colorado River incision created lower 
discharge points over time. So, although meteoric water circulation may not have 
reached the Honaker Trail Formation by 3.6 Ma, it is plausible that groundwater 
was circulating in shallower formations such as the Jurassic Navajo or Entrada 
Sandstones and Cretaceous Dakota Formation by this time. Groundwater could 
have become reduced by interaction with pre-existing oil and gas reservoirs 
hosted in these formations and flushed reducing fluids toward discharge zones 
such as the Colorado River (Fig. 3; Loope et al., 2010). Unfortunately, we cannot 
constrain the source of the reducing fluids further without more investigation.

Amount and Composition of Reductant Required to Bleach  
the Curtis Formation

The bleached part of the Moab Member sandstone in our study area has 
an exposed area of ~554,000 m2 and a thickness of ~6 m. The Fe2O3 concen-
tration decreases from 0.75% in the red sandstone to 0.24% in the bleached 
sandstone, requiring a reduced fluid to have removed ~0.51% of Fe2O3. This 

amounts to a minimum estimate of 3.4 × 107 kg of Fe2O3 that needs to have 
been dissolved by reducing fluids. Assuming the Moab Member sandstone 
has a porosity of 20% (Antonellini, 1992) and a density of 2.5 g/cm3 (Joesting 
et al., 1966), 8.5 × 105 kg of CH4 would have been required to bleach the Moab 
Member sandstone based on simple stoichiometry (CH4 + 4Fe2O3 + 16H+ = 
10H2O + CO2 + 8Fe2+) (Chan et al., 2000). Alternatively, reaction of a CO2-and-
CH4-bearing fluid with hematite was modeled using PHREEQC by Wigley et al. 
(2012), and by using their calculated stoichiometric equation (20Fe2O3 + 5CH4 
+ 64CO2 + 19H2O + 11H+ = 30Fe2+ + 10FeHCO3

+ + 59HCO3
–), the same volume of 

CH4 as above would have been required given that the molar ratio Fe2O3 to 
CH4 is equivalent. This would translate to ~0.8–0.5 pore volumes at tempera-
tures <100 °C and pressures <30 MPa. Given the groundwater transit times 
calculated above, a minimum of 4.9 pore volumes of CH4-saturated fluid could 
have passed through the Moab Member sandstone between 4 and 3.6 Ma.

Methane is not the only possible reductant for the upper Moab Member. 
The presence of oxidized pyrite cubes at the base of the bleached section 
suggests that sulfur was also available in fluids responsible for bleaching. 
Bacterial and thermochemical sulfate reduction of hydrocarbons has resulted 
in relatively high H2S concentrations (as high as 8.5 mmol/L) in both deep and 
shallow brines in the Paradox Basin (Kim et al., 2022a). Experimental studies 
suggest H2S is a major bleaching agent for red-bed sandstones (Moulton, 
1926; Purser et al., 2014; Rushton et al., 2020). Rushton et al. (2020) suggested 
that H2S was the main reducing agent for bleaching of the Entrada Sandstone 
in the Salt Wash graben area near Green River (2H2S + Fe2O3 + 2H+ = FeS2 + 
3H2O + Fe2+). Using the same rock volume, porosity, and Fe2O3 concentration 
as above, we calculate that 1.5 × 107 kg of H2S would have been required to 
bleach the sandstone. However, the solubility of H2S in water is much higher 
than that of CH4, and fewer pore volumes may have been required overall 
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ent (dh/dx) of 0.01. Note that even for the longest distance, 
there is sufficient time for reducing fluids to have reached 
our study site within the duration of exhumation.
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(Carroll and Mather, 1989; Cheng et al., 2021). It is likely that both CH4 and H2S 
were present in the reducing fluids responsible for bleaching.

Gas Exsolution Induced by Decreasing Pressure and Temperature

Organic-rich shales of the Paradox Formation are thought to be the main 
source rocks for large quantities of both oil and gas, now produced from fields 
hosted in a range of reservoir units from younger and stratigraphically higher 
Cretaceous to Permian formations as well as deeper Mississippian formations 
(Nuccio and Condon, 1996; Rasmussen and Rasmussen, 2009; Whidden et 
al., 2014). Gas fields contain, on average, 66 mol% methane and as much as 
1 mol% hydrogen sulfide (Chidsey, 2009; Kim, 2022). Many of the gas fields 
contain water (Kim, 2022; Kim et al., 2022a), and some portion of the gases 
are dissolved in the water phase. The solubility of methane decreases with 
decreasing pressure, decreasing temperature, and increasing salinity (Doré and 
Jensen, 1996; Cramer et al., 2002). At a constant pressure, methane solubility 
reaches a minimum at ~60 °C (Cramer et al., 2002; Duan and Mao, 2006). In 
the study area, meteoric water that recharged at higher elevations could have 
intersected oil and gas reservoirs hosted in Cretaceous and Jurassic units and 
become reduced prior to discharge along fault zones or the Colorado River. The 
decrease in pressure experienced by the reducing groundwater as it flowed 
up-dip toward the discharge zones could have caused exsolution of the dis-
solved gases (Fig. 2B). Additionally, the consequent decrease in pressure and 
temperature resulting from rapid erosional exhumation of this region should 
have liberated methane as a free gas phase. A similar process has been pro-
posed as a mechanism of gas accumulation in West Siberia (Cramer et al., 1999, 
2002) and Norway (Doré and Jensen, 1996). In fact, it has been hypothesized 
that major basin-centered gas fields in exhumed basins such as the nearby 
San Juan and Denver Basins were also derived from gas exsolution (Doré et 
al., 2002). The gas deposits of the Uinta and Piceance Basins, neighboring 
the Paradox Basin, are also considered to have formed from the exsolution of 
gas from pore water due to decompression during exhumation (Price, 2002).

If gas exsolution from reservoir brines during rapid exhumation of the 
Colorado Plateau was an important source of reduced fluids responsible for 
red-bed bleaching at 3.6 Ma, this raises the question of how much methane 
may have been exsolved during exhumation and whether it was sufficient to 
bleach the Curtis Formation.

Methane Released from Exsolution during Exhumation

The CH4-and-H2S-containing fluids responsible for bleaching were likely 
sourced from Cretaceous or Jurassic reservoir rocks. For the purposes of 
calculating methane released from exsolution during exhumation, we use 
the Navajo Sandstone as the source of the reducing fluids. The Navajo Sand-
stone has been proposed to have been one of the world’s largest hydrocarbon 

reservoirs before being breached by Neogene erosion (Beitler et al., 2003). 
In the Escalante anticline, west of the Paradox Basin, the Navajo Sandstone 
currently hosts as much as 110 km3 of CO2 and CH4 gas (Loope et al., 2010). 
We assume that prior to exhumation, the Navajo Sandstone was at a depth of 
3050 m in the study area and a temperature of 100 °C and that fluids within it 
were at a hydrostatic pressure of 30 MPa based on burial and thermal curves 
constructed by Nuccio and Condon (1996). Assuming the fluids were fully 
saturated with respect to CH4, erosional exhumation of as much as 2000 m 
would have exsolved ~1.0–1.5 g CH4/L (Cramer et al., 2002).

To exsolve enough CH4 sufficient for bleaching, ~8.5 × 108 L of CH4-saturated 
fluid hosted in the Navajo Sandstone would have been required. Assuming 
the Navajo Sandstone has a porosity of 20% (Parry et al., 2007), then a min-
imum of 0.004 km3 of rock would have been required to host that amount of 
fluid. Less fluid would have been required if it contained H2S in addition to 
being close to saturation with CH4; however, full saturation would have been 
unlikely. It is estimated that the Escalante anticline holds at least 42 km3 of 
gas, with only 0.4%–0.7% being CH4 (Loope et al., 2010). If the exsolved gas 
had a similar composition (0.4% CH4), then ~1.1 km3 of rock would have been 
required to host the CH4-containing fluid.

The exsolution of methane provides a mechanism for gas to migrate upwards 
by buoyancy forces driven by lower gas densities with respect to other fluids such 
as groundwater, which could explain the observation of bleaching at the top of 
the Moab Member sandstone (Falta et al., 2013; Zuo et al., 2017). Fluid velocities 
due to buoyancy forces can be greater than topographically driven flow if the 
potentiometric slopes are low enough (Yang et al., 2010), which could be the 
case if erosional exhumation is sufficiently spatially uniform so that topographic 
gradients are relatively low. This would have prevented accumulating gas from 
being flushed from the Moab Member before sandstone bleaching could occur. 
The presence of a near-surface low-permeability layer, such as the Mancos Shale, 
can also reduce the effect of surface topography and allow buoyancy-driven fluid 
velocities to remain relatively high. However, regional aquitards present in the Par-
adox Basin today do not seem to limit flow rates of underlying aquifers (Freethey 
and Cordy, 1991), and the relative permeability of exsolved gas and coexisting 
water phases is drastically reduced in the presence of exsolved gas (Parnell, 2002; 
Zuo et al., 2013, 2017; Falta et al., 2013). This is because during exsolution, the gas 
phase appears as disconnected bubbles, and pore throat diameters of the porous 
rock would need to be larger than the gas bubble to allow gas migration (Khilyuk 
et al., 2000). Nevertheless, in high-permeability systems at shallow depths such as 
the Moab Member sandstone during exhumation, the density contrast between 
the brine and gas phases would be large enough to allow exsolved gas to exhibit 
some mobility through the sandstones (Falta et al., 2013).

Pathways of Gas Migration from Deeper Formations

Volumetric expansion of the gaseous petroleum phases in the source rocks 
during exhumation can also drive late-stage primary migration, resulting in 
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the discharge of additional petroleum into reservoir formations (“exhumation 
charge;” English et al., 2016a). Gas exsolution from deep brines or “exhumation 
charge” of gas from source rocks could provide a mechanism for CH4 migra-
tion upwards into the Moab Member sandstone. Increased pore volume and 
poroelastic expansion in the aquifer due to decreased pressure would be minor, 
with more significant expansion occurring in the shale source rocks at greater 
depths due to the low compressibility of sandstone (Corbet and Bethke, 1992). 
In our study area, multiple faults and other steep high-permeability gradients 
associated with lithologic contacts and salt deformation form likely migration 
pathways for exsolved gases and reducing fluids.

Similarly, fluid flow along fault zones would be triggered by a drop in pres-
sure in upper aquifers when outlets opened during progressive erosion. Faults 
and fractures form high-permeability channels that can allow large volumes 
of gas and brines to migrate (Khilyuk et al., 2000). During upward flow along 
fault zones, the drop in fluid pressure could trigger more localized exsolution 
of methane, which could explain the localized nature of the observed Fe- and 
Mn-oxides and bleaching of the Curtis Formation.

	■ CONCLUSIONS

(U-Th)/He and K-Ar dates of Mn-oxides and clays precipitated by reducing 
fluids in the Moab fault and in bleached sandstones in the Moab area indicate 
formation between 3.6 and 3.9 Ma, similar to the previously documented 
ages of Fe- and Mn-oxides near other faults in the area (Garcia et al., 2018). 
We interpret these ages to represent a distinct phase of subsurface flow of 
reduced fluids and reorganization of subsurface flow systems in the Pliocene. 
This timing coincides with rapid erosional exhumation of ~1.5–2 km that started  
ca. 4 Ma (Murray et al., 2016, 2019) and, at least locally, decreased significantly 
by 3.6 Ma (Garcia et al., 2018). The coincidence of the timing of red-bed bleach-
ing, formation of Mn-oxides, and timing of rapid erosional exhumation raises 
the question of how denudation at the surface can induce a phase of reduced 
fluid flow in the subsurface.

Prior to erosion, the topographic surface in the Paradox Basin was relatively 
flat and the hydraulic gradients low (Fig. 2A). Steep topography and higher 
hydraulic gradients would have formed in response to spatially heterogeneous, 
rapid erosional exhumation which in turn could have reorganized regional 
groundwater flow (Fig. 2B). The Moab Member sandstone may have been 
exhumed to the surface by incision by the Colorado River ca. 3.6 Ma, which 
opened groundwater discharge outlets and triggered a pressure drop in the 
sandstone aquifers (Fig. 2B). Regional groundwater flow systems can mobilize 
and transport reduced, hydrocarbon-bearing fluids over long distances. We 
suggest that meteoric water recharged at the base of the Book Cliffs interacted 
with shallow oil and gas reservoirs present in the Cretaceous Dakota and 
Cedar Mesa Formations and the Jurassic Morrison and Entrada Formations 
and bleached the Moab Member sandstone (Figs. 2 and 3). Groundwater flow 
rates would have increased following erosion and breaching of the Mancos 

Shale. We estimated that it took less than 100,000 years for meteoric water 
recharged at the Book Cliffs to reach the studied bleached section, which is 
consistent with groundwater residence times in the Glen Canyon Group (Gard-
ner, 2004; Noyes et al., 2021). The groundwater velocities were fast enough 
to allow several pore volumes of reducing fluids to interact with and bleach 
the Moab Member sandstone over the duration of exhumation. Gases were 
likely exsolved from the reducing groundwater as the pressure decreased 
along the flow path. Metals such as Fe and Mn are mobilized during flow 
of reduced fluids and sandstone bleaching. These metals were precipitated  
ca. 3.6 Ma as Fe- and Mn-oxides near redox fronts in contact with near-surface 
oxygenated fluids along discharge zones such as the Moab fault. The Fe- and 
Mn-oxides from this study likely reflect just the most recent phase of fluid 
migration along the Moab fault.

The decrease in pressure and temperature during and following erosional 
exhumation of the Colorado Plateau or during upward flow along fault zones 
may also have liberated gases such as methane as a free gas phase (Doré 
and Jensen, 1996; Cramer et al., 1999, 2002). The exsolution of gas provides a 
mechanism for gas-rich fluids to migrate upwards by buoyancy forces, which 
could explain the observation of bleaching at the top of the Moab Member 
sandstone below low-permeability shale of the Summerville Formation. Faults 
and fractures form high-permeability channels that can allow large volumes 
of gas and brines to migrate (Khilyuk et al., 2000).

Erosion rates slowed at least locally in the Canyonlands region by 3.6 Ma, 
and Fe- and Mn-oxide deposits have experienced <0.5 km of erosion since 
then, as suggested by Garcia et al. (2018). This rate of erosion matches the 
lower end of modern incision rates on the Colorado Plateau, which range from 
~0.14 km/m.y. to 0.45 km/m.y. according to cosmogenic nuclide dating of fill 
terraces along the Colorado River (Pederson et al., 2006, 2013).

We suggest that both of the above mechanisms (regional groundwater flow 
and gas exsolution) were responsible for the flow of reduced fluids during 
rapid erosional exhumation of the Colorado Plateau. It is likely that gas exso-
lution and expansion due to decreasing pressure and temperature was the 
dominant process in the early stages of erosion when hydraulic gradients were 
still relatively low. As the Mancos Shale and aquifer units were breached by 
erosion and hydraulic gradients increased, topographically driven flow became 
the dominant mechanism. Meteoric water recharged at high-elevation areas 
such as the Book Cliffs and flushed pre-existing reducing fluids toward dis-
charge zones. Erosion-driven flow of reduced fluids and gas exsolution may 
be responsible for sandstone bleaching in other areas of the Colorado Plateau.
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