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ABSTRACT

Secondary Fe- and Mn-oxides are locally
common near faults and fractures within
sandstones of the Colorado Plateau in the
form of cements, concretions, and fracture-
fill material. However, little is known about
how and why these oxides formed, and less
is understood about when they formed. In
this study, we integrated field observations,
detailed scanning electron microscope and
petrographic observations, and (U-Th)/He
and “Ar/*Ar dating to better understand the
formation of Fe- and Mn-oxides from three
fault zones in Flat Iron Mesa, Utah. Most Fe-
and Mn-oxide (U-Th)/He ages range from
0.50 to 3.4 Ma, which are much younger than
“Ar/¥Ar ages of 25-20 Ma from a previous
study. Current “Ar/*Ar ages on a Mn-oxide
sample from this study yielded a plateau age
of 3.6 + 0.08 Ma. “‘He/*He diffusion data from
Fe- and Mn-oxides are consistent with the
presence of multiple diffusion domains with
varying He retentivity. Predicted fractional
radiogenic He retention over 3.6 m.y. at near-
surface temperatures for the bulk samples,
with domain proportions of the diffusion ex-
periments, is ~90% for Fe-oxide and ~45%
for Mn-oxide. The multidomain behavior
exhibited by the oxides and the variability
observed in (U-Th)/He ages among aliquots
are consistent with variable amounts of dif-
fusive loss of He within dated aliquots. Us-
ing “‘He/*He data and He bulk ages, step-age
plots indicate a high fractional release pla-
teau at ca. 3.6 Ma, concordant with “Ar/*Ar
dating and most of the oldest (U-Th)/He
ages observed. Taken together, these results
are most consistent with formation of Flat
Iron Mesa Fe- and Mn-oxides near the sur-
face (<0.5 km) at 3.6 Ma, due to hydrologic
changes, fault activity, or both. Our data and
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interpretations suggest that erosional exhu-
mation rates over ~1-4 m.y. time scales may
be variable in the central Colorado Plateau,
possibly driven by local effects, and they are
not spatially uniform over large regions.

INTRODUCTION

Secondary Fe- and Mn-oxides are commonly
found in faults, fractures, and as cement within
sandstones of the Colorado Plateau (Chan et al.,
2001; Beitler et al., 2003; Busigny and Dauphas,
2007; Reiners et al., 2014). Similar oxides have
also been observed in many other geologic set-
tings across the world, generally in sandstones,
and as well as on Mars in the form of spherical
hematite concretions (Ostwald, 1981; Laznicka,
1992; Chan et al., 2004; Squyres and Knoll,
2005; Chan et al., 2012; Leal et al., 2008; White
et al., 2009; Wilson et al., 2012; Lanza et al.,
2014). These secondary minerals form as the
result of reactions associated with fluid flow
after the associated host rock has formed. One
hypothesis proposes that oxides like those in our
study formed near redox reaction fronts at the
interfaces between deep reduced fluids carrying
dissolved Fe and Mn and near-surface oxygen-
ated fluids (Beitler et al., 2003, 2005; Chan et al.,
2005, 2007, 2006). Another proposes that they
were initially precipitated as reduced minerals
(i.e., siderite, thodochrosite) and later oxidized
at shallower depths (Loope et al., 2010; Kettler
et al., 2011; Weber et al., 2012; Loope and Ket-
tler, 2015). Regardless of their origins, these
minerals preserve information pertaining to past
fluid flow, which has the potential to constrain
paleohydrology and its tectonic, geomorphic, and
climatic influences over time. Our current under-
standing of secondary oxides is relatively primi-
tive, at least partly because there is little agree-
ment about when these features formed. The
ability to date secondary oxides and to associate
these dates with their chemical compositions and
spatial patterns in the subsurface could provide

information about the timing of fluid flow, min-
eral precipitation, effects on modern aquifers,
hydrocarbon reservoirs, and fault activity.

Geochemical Context of Low-Temperature
Secondary Fe- and Mn-Oxides

The local accumulation of Fe- and Mn-oxides
is broadly mediated by changes in Eh and pH of
subsurface Fe- and Mn-bearing fluids. At a given
pH, Fe and Mn are more soluble at lower Eh,
where they are primarily reduced species Fe?*
and Mn?*, whereas their oxidized forms, Fe*,
Mn?**, and Mn*, are highly insoluble, precipi-
tating as oxides, hydroxides, and oxyhydroxides
(which we collectively refer to here as oxides;
Garrels and Christ, 1965). At intermediate Eh,
basic solutions favor oxidized and therefore less
soluble Fe and Mn. However, at very low pH,
even oxidized Fe and Mn are soluble (e.g., acid
mine drainage). The shapes of redox-pH phase
equilibria boundaries for Fe and Mn in equi-
librium with other major dissolved species are
similar in form but do not exactly overlap. At
a given pH, Mn remains reduced and soluble
to higher oxidation potential than Fe. This can
result in spatial fractionation of Fe and Mn pre-
cipitation along Eh gradients. Basta and Saleeb
(1971) interpreted paleo-Eh gradients in brec-
ciated zones along faults near the Egypt and
Sudan border, where Fe minerals are located
deeper in fault zones and Mn-oxides are closer
to the surface. Similar patterns are also seen in
the Pampean Ranges in Argentina, where Fe
and Mn mineralization in veins precipitated at
deeper and shallower levels, respectively (Leal
et al., 2008; Leal, 2010).

Geochronology and Thermochronology
of Oxides

Most (U-Th)/He dating applied to secondary
oxide minerals has focused on He retentivity of
Fe-oxides and has shown that they can quantita-
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tively retain He and yield reproducible forma-
tion ages that are consistent with other geologi-
cal records (Wernicke and Lippolt, 1993, 1994a,
1994b; Lippolt et al., 1995; Evenson et al.,
2014). Other studies, involving He diffusion ex-
periments and (U-Th)/He dating of oxides, have
shown that at least some types of goethite lose
~10% of radiogenic He at low temperatures over
multimillion-year time scales (Shuster et al.,
2005; Heim et al., 2006). Studies of hydrother-
mal hematite were able to deduce formation
ages and thermal histories from polydomain be-
havior using (U-Th)/Ne and (U-Th)/He (Farley
and Flowers, 2012). More recently, (U-Th)/Ne
and (U-Th)/He thermochronology was com-
bined to characterize the age, origin, and ther-
mal histories of high-grade iron ore (hematite;
Farley and McKeon, 2015).

(U-Th)/He dating methods, along with
“OAr/Ar dating techniques in some cases, have
also been used in pedogenic weathering studies
for both Fe- and Mn-oxides, though Mn-oxides
have received much less attention in (U-Th)/He
thermochronology (Shuster et al., 2005; Walten-
berg, 2012; Riffel et al., 2016; Heim et al., 2006;
Lippolt and Hautmann, 1995; Vasconcelos
et al., 1992, 1994; Vasconcelos, 1999; Walten-
berg et al., 2010; Li et al., 2002). Lippolt et al.
(1995) were the first to publish He diffusion
data on cryptomelane-hollandite. The Arrhenius
trend from this Mn-oxide study implies an ac-
tivation energy (E, of 134 kJ/mol with a T,
(closure temperature) of 245 °C. Reiners et al.
(2014) performed “He diffusion experiments on
Ba-rich Mn-oxide phases, and their results sug-
gested that these phases may be able to retain
large fractions of radiogenic He. One caveat is
that the experiments conducted by Reiners et al.
(2014) (as well as by Lippolt et al., 1995) were
not done on proton-bombardment—generated
SHe. Outgassing of spallation-induced *He in
minerals is used as a proxy of radiogenic “He
diffusion, which allows He diffusivity mea-
surements to be done on samples in which the
natural concentration distribution is not uniform
(Shuster and Farley, 2005).

Oxides of the Colorado Plateau

Mesozoic sandstones of the Colorado Plateau
contain Fe- and Mn-oxide cement, concretions,
and fracture-fill material that have precipitated
as a result of previous fluid flow events. Mor-
phologies of the oxide precipitates include
spheroidal concretions (e.g., Moqui Marbles),
sheets, cones, cylindrical pipes, and fracture-
fill material (Chan et al., 2000; Chan et al.,
2001, 2004; Beitler et al., 2003; Busigny and
Dauphas, 2007; Potter and Chan, 2011; Loope
et al., 2010; Reiners et al., 2014). This diversity
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of occurrences has been interpreted to repre-
sent a wide variety of Fe and Mn mobilization
processes involving migration of hydrocarbons
(Beitler et al., 2003; Levandowski et al., 1973;
Segal et al., 1986; Chan et al., 2000) and/or re-
duced and potentially CO,-rich fluids (Loope
et al., 2010; Wigley et al., 2012). Deducing the
origins of these diverse oxides may be com-
plicated by the possibility of multiple forma-
tion mechanisms, as well as the possibility of
open-system behavior, in which oxides and
groundwater may have continued to interact and
chemically exchange constituents for millions
of years (Reiners et al., 2014). Secondary oxide
cements, concretions, and fracture-fill material
may have experienced compositional changes
after initial formation through time (i.e., U-Th
addition, recrystallization, trace element and
isotopic changes, and/or multiple episodes of
precipitation).

We focus here on the Fe- and Mn-oxide ce-
ment and fracture-fill material along fault zones
of the Navajo Sandstone south of Moab, Utah,
in a region known as Flat Iron Mesa. Besides
a recent study of hydrothermal hematite lime-
stone in the Grand Canyon (Farley and Flowers,
2012), some of the only radioisotopic ages on
secondary oxides in the Colorado Plateau come
from this area. Chan et al. (2001) presented
“OAr/*Ar age spectra of colloform cryptomelane
cements between sand grains. These authors
interpreted formation ages of 25-20 Ma, based
on a relatively large fraction of gas with ages
in this range in an otherwise complex “Ar/*Ar
age step-heating spectrum. More recently,
(U-Th)/He dating of Fe- and Mn-oxides in veins
in the same region yielded ages of 3.0-2.3 Ma
and 2.3-1.5 Ma, respectively (Reiners et al.,
2014). Attempting to reconcile these data with
the previous “’Ar/*Ar ages, Reiners et al. (2014)
proposed that these ages could be younger
than the “*Ar/*Ar ages because of postforma-
tion U addition by later fluid flow. This could
be consistent with interpretations of the studies
by Potter et al. (2011) and Loope et al. (2010,
2011), which inferred multiple episodes of pre-
cipitation based on concentric zonation of Fe-
oxides, concretion formation prior to develop-
ment of crosscutting regional fractures, or a later
phase of oxide formation after a reduced Fe or
Mn precursor mineral.

In this study, we used scanning electron micro-
scope (SEM) and petrographic observations to
determine a precipitation sequence, and we used
both (U-Th)/He thermochronology and “Ar/**Ar
geochronology to date secondary oxides from
three nearby fault zones in the Navajo Sandstone
at Flat Iron Mesa to constrain past fluid flow in
the region. We also used “He/*He diffusion ex-
periments from both Fe- and Mn-oxides to esti-

mate He diffusion kinetics, and we used these to
interpret the fractional retention of radiogenic
“He and formation ages of the secondary oxides
in this region. In fracture-fill material, Fe-oxide
He ages yield relatively precise ages that more
closely approximate the age of formation,
whereas Mn-oxide He ages show more complex
age variations that likely reflect more variable
He retention since formation.

GEOLOGIC SETTING

Southeastern Utah contains widely distrib-
uted small deposits of Fe- and Mn-oxides in
host rocks ranging from the Upper Triassic to
Upper Jurassic, although some are also found
in much younger units (Baker et al., 1952). The
deposits that we focus on in this study occur as
nodules, thin centimeter-scale veins, fracture-
fill material, or as cementing material between
sand grains and include pyrolusite, manganite,
psilomelane, hollandite group minerals, hema-
tite, and goethite (Baker et al., 1952; Chan et al.,
2000; Chan et al., 2001; Reiners et al., 2014).
They are exposed in shallow trenches in fault
zones that were sporadically targeted for mining
in the early 1900s (Baker et al., 1952). Most, if
not all, of the larger deposits have been mined,
and all that remain are small deposits composed
of fracture-fill material and cement.

In this study, we focused on three small
oxide deposits in fault zones associated with
the Moab-Lisbon system of faults and grabens
in an area known as Flat Iron Mesa (Fig. 1).
Flat Iron Mesa is 30 km south of Moab, Utah,
and is bounded by Kane Springs Canyon to the
north, Hatch Watch Canyon to the west, West
Coyote Canyon to the south, and Highway
191 to the east. Flat Iron Mesa lies within the
Paradox Basin, which has undergone a structur-
ally complex history of deformation and fluid
flow, as summarized in many studies (Peter-
son, 1989; Foxford et al., 1996, 1998; Barbeau,
2003; Solum et al., 2005; Trudgill, 2011). Dur-
ing the Pennsylvanian, this region accumulated
sequences of carbonate, organic-rich shale, and
evaporite (i.e., anhydrite, halite) formations in
the ancestral Paradox Basin. Passive deforma-
tion induced by later episodes of sedimentation,
unloading, and dissolution has resulted in salt-
related deformation since the Early Triassic up
to present day (Doelling et al., 1988; Trudgill,
2011; Jochems and Pederson, 2015). Faulting
has been active in the region since the Triassic
due to the Laramide orogeny, extension that fol-
lowed, and salt-related deformation (Foxford
et al,, 1996; Barbeau, 2003; Berg and Skar,
2005; Solum et al., 2010; Frery et al., 2015).
Salt-related deformation includes salt walls, dia-
pirs, development of large roll-overs, and NW-
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Figure 1. Digital elevation model (DEM) showing extent of the Paradox Basin and the locations of the Moab and Lisbon faults. The black
rectangle in the DEM shows the location of Flat Iron Mesa (study area) where we collected samples within exposures of the Jurassic Navajo
Sandstone off of Highway 191 south of Moab, Utah. Samples were collected from three faults known in this study as the north (38°21.425N,
109°26.931W), south (38°21.414N, 109°26.939W), and east faults (38°21.308N, 109°26.234W) shown as stars. Solid and dotted white lines

depict fault traces.

SE-trending folds, faults, and grabens. Locally,
the major fault systems are the Moab (45 km
long) and Lisbon (34 km long) faults (NW-SE—
trending normal faults). The Moab fault’s latest
period of fault motion has been interpreted at
ca. 60 Ma by K-Ar dating and “Ar/*Ar dating
of illite-smectite, though these faults may still
be active today (Foxford et al., 1996; Pevear
et al., 1997; Solum et al., 2005).

The Jurassic Navajo Sandstone that hosts
these secondary oxide minerals is a well-sorted,
fine-grained, quartz-dominated sandstone with
high porosity and permeability, and it is weakly
cemented with varying amounts of quartz over-
growths, clays, carbonates, and secondary oxide
cement (Chan et al., 2000; Chan et al., 2001;
Beitler et al., 2003; Loope et al., 2010; Potter and
Chan, 2011; Trudgill, 2011). In this location, Fe-
and Mn-oxide mineralization occurred within
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the Jurassic Navajo Sandstone and is observed as
cement and as fracture-fill material across many
faults (Chan et al., 2001; Reiners et al., 2014).

Sample Locations

Fe- and Mn-oxide deposits occur on the
surface of canyon walls and in faults that cut
through canyons in Flat Iron Mesa. Samples
were collected near Muleshoe Wash, west of
Highway 191, where three small faults (herein
referred to as the north, south, and east faults;
Fig. 1) parallel both the Moab and Lisbon faults.
Samples collected from the north and south
faults were located several hundred meters
away from the canyons in the rolling terrain.
Samples from the east fault were collected from
an outcrop (near an old mine shaft) a few meters
away from the canyon walls of Muleshoe Wash

near Highway 191. Samples comprise two dis-
tinct observable groups at hand specimen scale:
(1) Fe- and Mn-oxide cements surrounding
quartz, feldspar, and other detrital sand grains,
and (2) mostly pure Mn-oxide (13PRCP8U,
14VGCP10U) or pure Fe-oxide (13PRCPSL,
14VGCP10L) material precipitated as veinlets
in fractures and faults. The term “oxide” is used
loosely in this study to include true Fe- and Mn-
oxides like hematite, pyrolusite, cryptomelane,
and hollandite, as well as oxyhydroxides, such
as goethite and manganite.

We collected Fe- and Mn-oxide samples from
a trench at the north fault. Fe- and Mn-oxide de-
posits are present between fragments of sand-
stone and as cement between sand grains. Frac-
ture-fill material is present as centimeter-scale
veinlets throughout the trench walls (Fig. 2A).
Here, Fe-oxides form botryoidal black crystals;
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in contrast, Mn-oxides form prismatic metallic
crystals with dendritic black Mn-oxide in be-
tween prismatic crystals (Fig. 2B). Samples of
fracture-fill material from the north fault were
the only ones with compositions near end-mem-
ber Fe- or Mn-oxide, although SEM-energy
dispersive spectroscopy (EDS) examination of
samples revealed noticeable differences in Ba
content within Mn-oxides in the same veins.
Another mineralized fault zone, ~50 m south
of the north fault, consists of two smaller faults
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in which both Fe- and Mn-oxide mineraliza-
tion had precipitated as dark-red Fe-oxide and
metallic to black Mn-oxide cements within the
Navajo Sandstone (Fig. 2C). In general, Fe-
oxide cement is farthest away from the faults,
whereas Mn-oxide is closer, although in some
locations, Fe-oxides are found near or at faults,
suggesting multiple episodes of precipitation.
All (U-Th)/He data from the south fault come
from Fe- and Mn-oxide cement samples. These
cements occur as microscale veins to colloform

Figure 2. Images of representa-
tive secondary oxide samples,
grains, and probe sections in
this study. (A) Fracture-fill
material containing Fe- and
Mn-oxide; 0.5 cm thick. (B) Fe-
oxide (left, black) and Mn-oxide
(right, silver) aliquots used for
(U-Th)/He dating. (C) Image of
south fault from which Fe- and
Mn-oxides were collected; sam-
ples locations are represented
by white tape on outcrop. Fe-
oxide is farthest away from
the fractures and dominates in
section 1 on image. Section 2
consists of Fe-oxide, Ba-rich
Mn-oxide, and relatively pure
Mn-oxide. Section 3 consists of
same material of section 2 and
a colloform structure (near blue
hammer). (D) Colloform sam-
ple showing banding. (E) Probe
section of colloform structure
showing Ba-rich Mn-oxide
(black) and Mn-oxide (silver).
(F) Probe section of colloform
structure; Fe-oxide—red, Ba-
rich Mn-oxide—black, Mn-
oxide—silver. (G) Image from
the east fault from which sam-
ples were collected. Surface of
outcrop is covered with botry-
oidal Fe-oxide. (H) Magnified
image of botryoidal Fe-oxide.

cement banding that suggest fluids emanated
from the faults. This is observed in the meter-
scale colloform structures observed in Fig-
ure 2C. We collected a sample from the collo-
form structure similar to a sample of Chan et al.
(2001). This sample showed irregular curved
bands of centimeter-scale digitate structures
with concentric zonation in the abundance and
compositions of cement as shown in Figures 2D
and 2E. Parts of the cores of these structures are
weakly cemented, with a transition toward the
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rims to Ba-rich Mn-oxide (likely hollandite),
near-end-member Mn-oxide (likely pyrolu-
site), and Fe-oxide cement (likely goethite).
Figure 2F shows the edge of a colloform struc-
ture (mushroom shaped), where the Fe- and
Mn-oxide contact is clearly seen. SEM imag-
ing confirmed that the silver-colored material is
near-end-member Mn-oxide, whereas the duller
black cement is Ba-rich Mn-oxide.

The east fault is ~1 km southeast of both the
north and south faults, cutting Muleshoe Wash
and continuing across the highway. Samples
collected from this location contain both Fe-ox-
ide cement and botryoidal crystals from fracture
surfaces. Mn-oxide fracture-fill material was
not found in this area, but some does occur as
cement material. Dated samples are mainly of
millimeter- to centimeter-scale botryoidal Fe-
oxides, with a few samples of Fe-oxide cement
(Figs. 2G and 2H).

SAMPLES AND METHODS
Sample Selection

Our sample preparation methods were de-
signed to minimize the fraction of material
other than Fe-oxide and Mn-oxide in our ana-
lyzed aliquots. Fe-oxide aliquots consisted of
mostly micro- to millimeter-scale botryoidal
material found in cements and as fracture-fill
material. Fe-oxide cement comprises three dif-
ferent textures: mostly microscale botryoids,
plate-shaped Fe-oxides that appear to be radi-
ating from botryoids, and rectangular (resem-
bling the shape of French fries) crystals seen in
two samples. It is likely that analyzed aliquots
from cement samples contained varying pro-
portions of all these textures and compositions.
Mn-oxide aliquots also comprise three main
textures: dense near-end-member Mn-oxide
material consisting of many plate-like aggre-
gates (observed in both cement and fracture-fill
material), needle-like crystals of Ba-rich Mn-
oxide, and fibrous Ba-rich Mn-oxide. The latter
two textures are only observed in cement mate-
rial. Oxide textures are further described in the
section on “Petrographic and SEM Observa-
tions.” Cement samples that were collected and
picked for (U-Th)/He dating were rich in either
Fe or Mn and, in a few cases, contained similar
amounts of each element. Fracture-fill samples
that were collected and picked for (U-Th)/He
dating were either Fe- or Mn-oxide near end
members, but not both.

Fe- and Mn-oxide cements were purified by
crushing using a mortar and pestle to separate
the cement matrix from quartz and feldspar
grains. After crushing, the material was cleaned
with ethanol to remove any clay material

on grain surfaces. After drying, samples were
passed through a Frantz isodynamic magnetic
separator to further remove unwanted detrital
or nonoxide cement material. We used a high-
power optical Leica MZ16 microscope to iden-
tify relatively pure cement aliquots for analysis
and to take photomicrographs to measure di-
mensions of selected material. Selected mate-
rials were then placed in ethanol and packed
into 1 mm Nb tubes. Most aliquots consisted of
1 to 5 mm fragments of oxides (consisting of
many microscale crystals), in an effort to pro-
vide an adequate amount of material for analy-
sis, though this also increased the likelihood of
including phases other than Fe- and Mn-oxide.

Analyzed fracture-fill material consisted of
dense, botryoidal Fe-oxides and both dense
Ba-rich Mn-oxide and near-end-member Mn-
oxide phases. SEM observations helped to dis-
tinguish the two Mn-oxide phases. Once they
were recognized, we were able to tell them apart
by color; black for Ba-rich Mn-oxide phase
and silver/metallic for near-end-member Mn-
oxide phase, although most aliquots consisted
of both phases due to the difficulty in separat-
ing fine-grained materials. Fe- and Mn-oxides
were removed from their respective veins using
rotary tools and were then crushed to get smaller
samples into Nb tubes. Fracture-fill material
was also cleaned using ethanol and allowed to
dry but did not require magnetic separation. Se-
lected aliquots of fracture-fill material were then
packed into Nb tubes using the same method as
for cement aliquots.

Parent nuclide and minor- and trace-element
concentrations in undegassed aliquots of Fe- and
Mn-oxide samples were also analyzed to under-
stand effects of laser heating on compositions
of aliquots during exposure to high-temperature
He extraction. Undegassed aliquots were se-
lected from the same pool of aliquot material as
dated aliquots. These aliquots were packed into
Nb tubes the same way as dated material, but
they were not subjected to He extraction (de-
scribed below) prior to dissolution.

Petrographic and SEM Observations

We examined polished thick sections of
samples using a high-power (160x) optical
Leica MZ16 stereozoom microscope and a
Hitachi 3400N SEM equipped with an Oxford
EDS/electron backscatter diffraction (EBSD)
system. We acquired backscattered electron
(BSE) and secondary electron (SE) images of
thick sections and sample fragments, along with
energy-dispersive (EDS) maps, to aid in our
aliquot selections. We used a Thermo Nikolet
Almega micro-Raman spectrometer to identify
Fe- and Mn-oxides from veins in the north fault.

Raman spectrometry identified botryoidal Fe-
oxides as goethite. Identification of Mn-oxide
minerals was difficult due to their fine grain
size, but we did identify needle-like material
as hollandite. The more metallic and relatively
pure Mn-oxide in the veins is pyrolusite.

Samples 13PRCPS8 and 14VGCP10 from the
north fault consist of an ~5-mm-thick subverti-
cal vein with botryoidal Fe-oxide at the rims, a
transitional Ba-rich Mn-oxide, and a central por-
tion of relatively pure Mn-oxide. A similar se-
quence of adjacent phases is observed in cement
as well. Ba-rich Mn-oxide emanates from the
surface and fractures in larger botryoids toward
the center and is also observed in smaller botry-
oids near the top of the vein (Fig. 3A). Upon
examination, Fe-oxide fracture-fill material
showed little or no mineralogic heterogeneity,
whereas Ba-rich Mn-oxides showed a slight K
enrichment (likely cryptomelane) compared to
other Fe- and Mn-oxides. This was observed in
all Ba-rich Mn-oxide samples collected in this
study, including cement samples.

Fe-oxide cement (dark red) dominates and
transitions into Mn-oxide cement (black/silver
mixture) with distance from fracture-fill ma-
terial. Detrital grains in cement samples are
mainly quartz, with lesser amounts of feldspar
and other minerals. Oxide cement shows a pat-
tern of Fe-oxide rimming sand grains, which is
overlain by Ba-rich Mn-oxide, which is in turn
overlain by relatively pure Mn-oxide cement
farthest from grains. Textures of north fault ce-
ment samples consist of micrometer- and milli-
meter-scale botryoidal Fe-oxides as cement
and fracture-fill material, Ba-rich Mn-oxide in
microscale needles/fibers, which in some areas
are so dense the needles are no longer visible,
and very dense relatively pure Mn-oxides con-
taining microscale sheets/blades (Fig. 3E).

All samples from the south fault are Fe- and
Mn-oxide cement. Samples collected farthest
away from the fault consist of Fe-oxide cement,
whereas samples closest to the fault consist
of Ba-rich Mn-oxide and relatively pure Mn-
oxide. Textures are similar to those observed
in the north fault but are much finer grained
(Fig. 3). Very smooth, relatively pure Mn-oxide
is found throughout many of the samples and is
typically adjacent to Ba-rich Mn-oxides, which
also show needle-like/fibrous textures similar
to those in the north fault. Individual needles/
fibers of these Mn-oxide crystals are no more
than 1 pum thick. Fe-oxides from the south fault
are mostly microscale botryoids; French fry tex-
tures are observed in some samples, and very
fine blade-shaped aggregate crystals radiate
from some botryoids (Fig. 3). Fe-oxide samples
picked for (U-Th)/He dating from the south
fault are mostly botryoidal cement, but due to
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the fine-grained nature of the different textures,
various textures and compositions may be pres-
ent in individual aliquots. The same is true for
Mn-oxides, in which both Ba-rich Mn-oxide
and relatively pure Mn-oxide are likely present
in aliquots.

Samples from the east fault are primarily Fe-
oxide cement and botryoids, though some rare
Mn-oxide cement is also present (Fig. 3). SEM
imaging shows no difference in chemical signa-
ture between the orange-to-red color variations.
These color differences appear to be due to the
quantity of Fe-oxide in a given location (e.g.,
dark-red Fe-oxide cement is due to large dense
concentrations of Fe, whereas orange cement
has less Fe-oxide in it; Fig. 3). The Mn-oxide in
east fault samples is Ba-rich Mn-oxide and has
the same needle-like/fibrous textures observed
in samples from other faults in the study.

(U-Th)/He Analyses

The “He measurement process used here is the
same as Fe- and Mn-oxides dated by Evenson
et al. (2014) and Reiners et al. (2014). Aliquots
of samples were loaded into Nb tubes, loaded in
an ~42 well Cu planchet, and then loaded into
a UHV (ultra high vacuum) gas extraction line
and heated to temperatures of ~850-1000 °C
(low to medium glow in visible range) for 15
min for both Fe- and Mn-oxides using a Nd-
YAG or diode laser. Low temperatures were
necessary to prevent the loss of samples at
higher temperatures and to avoid volatilization
of elements later quantified by inductively cou-
pled plasma—mass spectrometry (ICP-MS). Ex-
periments at varying lasing intensity, as well as
on undegassed aliquots, were also performed to
account for possible volatilization of elements.
Each aliquot was then reheated a second time
for a period and lasing intensity slightly higher
in duration and in temperature than the first to
confirm “He had been quantitatively extracted.
The majority of Fe-oxides and Mn-oxides re-
quired just one reheating period to extract all
“He, but a few required multiple degassing ex-
tractions. One sample requiring multiple extrac-
tions yielded a much older age, likely due to
the presence of a detrital phase (such as apatite)
with high U, Th, and He. Some aliquots did not
receive a second heating as part of an experi-
ment to (1) see whether ages would be affected
by the amount of extracts performed and (2) test
for volatilization of elements at higher tempera-
tures and durations during multiple extractions.

Following He measurement, aliquots were
transferred to polytetrafluoroethylene (PTFE)
vials for Parr-bomb dissolution and U-Th mea-
surements by isotope dilution using an Ele-
ment2 high-resolution ICP-MS, as described by
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Reiners (2005). The same process was used for
undegassed samples, but with a Nb tube added
prior to dissolution. Following the approach of
Reiners et al. (2014), we did not make correc-
tions for alpha ejection on Fe- and Mn-oxide
fracture-fill samples because the samples have
dimensions that far exceed the length scale of
alpha stopping distances. In the case of cement-
dominated samples, an alpha ejection correction
was not made due to variations in cement length
scales and the relatively small corrections that
would be required.

The same solutions used for U-Th isotope-
dilution measurements were also used to mea-
sure bulk element compositions in samples by
ICP-MS. Solutions contained dissolved sample
aliquots of Fe- or Mn-oxide, along with their Nb
tubes, as well as the **U-**Th spike used to mea-
sure U and Th isotopes, plus any other phases
present as inclusions or interstitial material.

Analyses are reported in Tables 1, 2, and 3 as
total masses or moles rather than concentrations
because aliquots were not weighed before analy-
sis. However, to estimate concentrations of ele-
ments, as in previous studies, we assumed that
the majority of the matrix was either Fe- and/or
Mn-oxide, so the approximate molar concentra-
tions of an element could be estimated from its
ratio to the normalized sum of Fe and Mn (Even-
son et al., 2014; Reiners et al., 2014). To avoid
referring an Fe- or Mn-oxide to a particular min-
eral formula, we used these “molar ratios, mole
percent (mol%), or micromole fractions (ppm).”
Our molar ratios of each element are only rep-
resentative of the actual specimen if elements,
including Fe and/or Mn, were not lost by volatil-
ization or other processes during “He extraction.
Previous studies have observed volatilization
of U during “He extraction, which results in in-
creased Th/U ratios and older He ages in goethite

when samples are heated to temperatures above
1000 °C (Vasconcelos et al.,, 2013; Danisik
et al., 2013; Evenson et al., 2014; Reiners et al.,
2014). We used the concentrations of relatively
volatile elements in undegassed aliquots as one
way to assess the possible effects of open-sys-
tem behavior during laser heating and analysis.
Aliquots used for heating-intensity experiments
were heated for 8 min at varying glows and
were not subjected to a second extraction. Ex-
periments performed in this study suggest that
at certain temperatures, Fe, Mn, and U were
volatilized in some cases. Results presented here
from experiments other than those just described
all used lower extraction temperatures (~850 °C)
to avoid sample decomposition/melting and loss.

(U-Th)/He Step-Heating Experiments

To interpret our (U-Th)/He ages and to quan-
tify the kinetics of He diffusion in representa-
tive, polycrystalline samples, we performed
step-heating He release experiments on one Fe-
oxide and one Mn-oxide aliquot from sample
13PRCPS, the ~1-cm-thick vein from the north
fault. This followed procedures described in
Shuster and Farley (2004), Shuster et al. (2005),
and Evenson et al. (2014). To ensure a spa-
tially uniform distribution of the diffusant (*He)
throughout the samples, they were irradiated
with a beam of ~220 MeV protons for 5 h and a
total fluence of ~1 x 10'%/cm? at the Francis H.
Burr Proton Therapy Center at Massachusetts
General Hospital, Boston, Massachusetts. After
irradiation, ~0.15 mg polycrystalline aliquots of
each sample were placed in direct contact with
a type K thermocouple under ultrahigh vacuum
and degassed under controlled thermal condi-
tions using a feedback-controlled laser diode;
the “He/*He ratio and molar abundance of *He

»

>

Figure 3 (on following page). Petrographic and scanning electron microscope (SEM) images
of representative samples from all faults in this study. (A) Petrographic image of 14VGCP10
thick section showing a 0.5-cm-thick vein containing Fe- and Mn-oxides. Botryoidal black
masses at top (thin) and bottom (thick) of vein are Fe-oxides; black dendritic material that
appears to be emanating from the bottom botryoidal layer is Ba-rich Mn-oxide transition-
ing into a thin layer of Mn-oxide with less Ba; gray prismatic material in center of vein is
near-end-member Mn-oxide. (B) SEM image of thick section shown in A. (C) SEM image
of section in B with grayscale colors corresponding to oxide type: black—Fe-oxide, white—
Ba-rich Mn-oxide, gray—near-end-member Mn-oxide. (D) Botryoidal Fe-oxide cement
surrounding quartz grains. (E) Needle-like Ba-rich Mn-oxide and dense near-end-member
Mn-oxide in fracture-fill material. (F) Needle-like Ba-rich Mn-oxide and dense near-end-
member Mn-oxide in cement material. (G) Fibrous Ba-rich Mn-oxide made up of many
finer-grained needles. (H) Microscale botryoidal Fe-oxide. (I) French fry Fe-oxide texture
present as cement between quartz grains. (J) Thin blades of Fe-oxide emanating from larger
botryoidal Fe-oxide cement. (K) Thick section of Fe-oxide (left to right) and Mn-oxide (right)
cement; 500 pm scale. (L) SEM image of section in K showing higher concentration of Fe-
oxide from right to left. Needle-like material to the right is Ba-rich Mn-oxide.
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Record of paleo—fluid flow

Thermochronology of secondary Fe- and Mn-oxides
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Garcia et al.

in the evolved gas at each step were measured
using sector field mass spectrometry. Full ana-

lytical procedures for gas processing and mass

spectrometry can be found in Tremblay et al.

We performed a step-heating “Ar/*Ar ex-
periment on Mn-oxide from sample 13PRCPS,

the central Mn-oxide from the north fault. Us-

ing rotary tools, Mn-oxide was removed from a
vein that contained Fe-oxide as well. Handpick-
ing, using a microscope, ensured all unwanted
material was removed from the sample. The re-
maining mineral separate was a mixture of pure-

phase Mn-oxide end member (pyrolusite) and a
Ba-rich Mn-oxide (hollandite), which contained

microscale crystals of cryptomelane.

The separate was packaged in Cu foil, sealed
into an evacuated quartz tube, and irradiated
in the central thimble of the U.S. Geological

Survey TRIGA reactor in Denver, Colorado,
for 3 h. Cadmium shielding was employed to
reduce nuclear interferences on “Ar from “K.

Packets of GA1550 biotite (98.79 + 0.54 Ma;

Renne et al., 1998) were interspersed between
samples in the quartz tube to monitor the neu-

tron flux during irradiation.

During a previous attempt to analyze a
larger aliquot of 13PRCPS, we discovered that

this sample contained large quantities of ac-

tive gases that evolved during the early heating
steps, overloading the gas purification systems

and producing significant pressure scattering in
the mass spectrometer. For the second attempt,
we preheated the sample packet under vacuum

12 steps using a double-vacuum resistance fur-
nace connected to a fully automated extraction

at 200 °C for 48 h to help remove the loosely
line. The gas evolved from each step was puri-

bound gas fraction, and then we degassed it in

20 °C, and a liquid-nitrogen—cooled cold finger.

fied using SAES getters operated at 450 °C and
The purified argon was analyzed in a Thermo

Scientific ARGUS VI multicollector mass spec-

trometer. The five argon isotopes were mea-
sured simultaneously using Faraday detectors
equipped with a 10" Q feedback resistor for
¥Ar and 10" Q resistors for “°Ar, 3¥Ar, YAr,
and *Ar. The isotope abundance measurements

were corrected for extraction line blank, mass

discrimination, and nuclear interferences on Ar

isotopes from Ca and K. Mass spectrometer dis-
crimination was monitored by repeat analyses
of atmospheric argon, which yielded an aver-
age “YAr/**Ar value of 297.75 + 0.28 during the
other analytical results were generated using

period of the step-heating experiment. Ages and
ArArCalc version 2.52 (Koppers, 2002).
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RESULTS
Trace-Element Chemistry

U and Th (molar) concentrations for most
fracture-fill material, for both Fe- and Mn-
oxide samples, had ranges of ~1-20 ppm and
~0.01-0.50 ppm, respectively. One dated sample
in particular, 14VGCP10U_MnC, had high Th
concentrations of ~10-170 ppm, whereas its U
concentration ranged ~7-13 ppm. U and Th con-
centrations for most cement material had ranges
of ~1-5 ppm and ~0.2—1 ppm, respectively.

All dated and undegassed fracture-fill ali-
quots were near end-member Fe- or Mn-oxide
(>90-99 mol%), with the exception of four
aliquots (13PRCP8U_13, 13PRCP8U_14,
14VGCP10L_4, and 14VGCP12C_fxl1;
<80 mol%), which were a mixture of both Fe-
and Mn-oxides. Nearly all dated and undegassed
cement aliquots were near-end-member Fe- or
Mn-oxide, with the exception of two aliquots
(14VGCP12A_cm2 and 14VGCP12A_cm3;
<80 mol%).

Ni concentrations were higher in cement ma-
terial, 0.003-0.05 mol%, than most fracture-fill
material, 10 to 0.002 mol%. The highest Ni
concentrations were observed in Fe-oxide frac-

Figure 4. Elemental composi-

ture-fill material from the east fault (0.004-0.15
mol%). Cement material had higher Al con-
centrations, from 0.1 to 10 mol%. Higher Al
concentrations in cement material might reflect
either higher concentrations in this type of mate-
rial or Al contributed by detrital phases.
Fracture-fill aliquots were used to control for
volatilization of relatively volatile elements in
dated and undegassed aliquots as one way to
assess the possible loss of material during laser
heating and analysis (Fig. 4). Figure 4A dem-
onstrates how heating intensity affected Fe- and
Mn-oxide aliquots during He extraction. Most
aliquots did not experience Fe- or Mn- volatiliza-
tion, but in most cases in which He was extracted
at high lasing intensities (>1100 °C; red sym-
bols), both Fe and Mn were volatilized and lost
from the aliquots. If Fe and Mn are lost during
He extraction to some degree, this will affect how
individual aliquots plot when element concentra-
tions are normalized to relative Fe + Mn, as used
in Reiners et al. (2014) and Evenson et al. (2014).
Low lasing intensity (~850 °C) extractions ap-
pear to remove all He from samples without the
sample loss that occurs at higher temperatures.
Cu is a much more volatile element than Fe
and Mn, and it allows us to observe volatilization
at different heating intensities. Figure 4B shows

w

(U-Th)/He ages plotted against Cu content. Un-
degassed Cu aliquots had Cu content of ~10°
mol, as did most aliquots subjected to low-inten-
sity extractions (blue symbols). Aliquots exposed
to higher-intensity extractions appeared to have
about ten times less Cu. The Cu content of each
aliquot does not appear to be related to (U-Th)/He
age. Other volatile elements, including Pb and
Zn, also appear to have been strongly volatilized
during high-intensity (>1100 °C) extractions. In
particular, we used Cu, which is volatilized at
temperatures >~1000 °C, to control for possible
volatilization of other elements of interest such
as U and Th. Using this information, we deter-
mined that there is evidence for volatilization of
U in four dated aliquots (all older than 3.6 Ma;
Fig. 4C), resulting in increased Th/U, which is
correlated with older (U-Th)/He ages observed in
other studies in which He was extracted at high
temperatures (Danisik et al., 2013; Vasconcelos
et al., 2013; Reiners et al., 2014).

(U-Th)/He Analyses

Figure 5A shows (U-Th)/He ages for all dated
aliquots, from all locations, along with their 1o
analytical uncertainty, as a function of eU (U +
0.235Th), represented in pmol. Cement samples

tions of dated and undegassed 10
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to understand volatilization 101 L . = . A
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nificantly lower Cu contents.

(C) (U-Th)/He age vs. Th/U. Most dated and undegassed aliquots have Th/U values of 0.0002-0.01, regardless of heating temperature
during extraction. Four aliquots with varying heating intensity extractions appear to have lost more U relative to Th and have older ages.
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Figure 5. (U-Th)/He ages as a function of eU (U + 0.235Th) contents (pmol) and concentration (micromole with
respect to Fe + Mn). All dated aliquots from all three faults are shown, including those with high Th/U and high
uncertainties (16). (A) (U-Th)/He ages plotted against eU (pmol). Majority of dated aliquots are younger than
3.6 Ma. Cement aliquots (south fault) have the highest uncertainties (~10%—-40%); in contrast, fracture-fill mate-
rial aliquots have very low uncertainties (<5%). Cement aliquots (X’ symbol) have the lowest eU content, ranging
from 0.02 to 1 pmol. Fracture-fill material aliquots from the north fault have high eU values, specifically Mn-oxide
aliquots, which have eU values of 5-20 pmol. Fracture-fill material aliquots from the east fault have eU values of
0.2—4 pmol. (B) (U-Th)/He ages plotted against eU/(Fe + Mn) (umol; ppm). Cement aliquots have the lowest eU
content, ranging from 1 to 7 ppm. Fracture-fill material aliquots from the north fault have high eU values, specifi-
cally Mn-oxide aliquots, which have eU values of 5-20 ppm. Fracture-fill material aliquots from the east fault have

eU values of 0.7-6 ppm.

had higher uncertainties, due to low parent and
daughter contents, than fracture-fill material.
There is no clear correlation between (U-Th)/He
age and eU other than a wide range of ages at
lower eU; cement eU values ranged from 0.02 to
1 pmol, and most fracture-fill material eU values
ranged from 1 to 20 pmol. When eU values were
normalized to Fe + Mn, eU values in most dated
aliquots increased due to the possible volatiliza-
tion of Fe and/or Mn (Fig. 5B).

Relatively pure vein material from the north
fault had ages with the lowest uncertainties, low-
est Th/U, and typically the highest eU content. In
contrast, most cement samples had higher Th/U,
and within this group, samples with the highest
Th/U had the oldest ages, including some greater
than 3.6 Ma. This, combined with the relatively
low Th/U of the pure fracture-fill material, sug-
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gests that high Th/U is likely due to the presence
of detrital components in the aliquot. In general,
samples with high Th/U also had higher uncer-
tainties (i.e., >5% to 20%). Based on these ob-
servations, we omitted samples from the north
and east fault from further consideration if
they had greater than 5% uncertainty (1o) and
Th/U >0.01. The higher average uncertainties
and Th/U of cement material required a dif-
ferent screening process. On average, cement
samples associated with high Th/U (>0.20) had
much older ages and high uncertainties (~20%).
(U-Th)/He ages of remaining samples were plot-
ted in probability versus He ages (Fig. 6), used
for bulk age calculations, and ranged from 0.50
to 3.43 Ma (Tables 1, 2, and 3).

Samples from the relatively pure vein in the
north fault region provided the most reproduci-

ble He ages (Table 1). Dated Mn-oxide aliquots
from the north fault ranged from 2.93 to 1.39 Ma,
with one outlier with an age of 4.41 Ma, whereas
botryoidal Fe-oxide aliquots ranged from 3.43
to 2.84 Ma. These oxides had eU concentra-
tions of ~1-4 pmol for Mn-oxides and 3-8 pmol
for Fe-oxides. The Ba-rich Mn-oxide phase
(14VGCP10U_MnL) had ages of 2.76-1.88 Ma,
whereas the relatively pure phase Mn-oxide
(14VGCP10U_MnC) had younger ages of 1.90—
1.39 Ma (Fig. 4). Dated aliquots from sample
14VGCP10 had the highest eU content out of all
the dated oxides across all faults, with concentra-
tions that ranged from 6 to 20 pmol.

South fault sample data (Table 2) ranged from
3.16 to 0.50 Ma, with two outliers with ages of
3.82 and 4.72 Ma. The majority of the aliquots
in this age range were Mn-oxide aliquots, with
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the exception of the two outliers and one aliquot,
with an age of 3.16 Ma, which were Fe-oxides.
Fe- and Mn-oxide eU content were the lowest
observed values and ranged from 0.02 to 1 pmol,
with the highest content seen in Mn-oxides. He
ages for botryoidal Fe-oxides from the east fault
ranged from 2.47 to 0.55 Ma, with one outlier
with an age of 5.50 Ma (Table 3). Fe- and Mn-
oxide eU contents ranged from 0.2 to 4 pmol.

He Diffusion Experiments

Results of “He/*He step-heating diffusion
experiments on proton-irradiated polycrystal-
line aliquots are shown in Table 4, Figure 7
(Arrhenius plots), and Figure 8 (age spectra
figures). Neither sample showed a simple
Arrhenius relationship when values of D/a?
were calculated from the release fractions of
He (Fig. 7; Fechtig and Kalbitzer, 1966). In-
stead, each can be explained by simultaneous
outward diffusion of *He from a large number
of crystallites spanning a range in sizes. To
interpret the diffusion results, we optimized
multiple diffusion domain models to predict
the observed *He release data. We prescribed
either three (for Mn-oxide) or four (for Fe-ox-
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ide) spherical model domains, and we allowed
E, of all domains, D /a? and the relative gas
fractions within each domain to be free vari-
ables. Using a Monte Carlo search algorithm
(Tremblay et al., 2014a,b), we identified the
set of parameters that minimized the misfit be-
tween predicted and calculated values of D/a?
and the gas proportions of each analysis. The
sets of best-fit parameters are described next,
are given in Table 5, and are shown in Figure 7.

The Mn-oxide aliquots showed an Arrhenius
trend consistent with multidomain behavior
similar to the results for other Mn-oxides
(Lippolt and Hautmann, 1995; Reiners et al.,
2014). A diffusion model with three domains
with identical apparent E, of 130 kJ/mol
(similar to E, of 134 kJ/mol from Lippolt
and Hautmann, 1995) and In(D,/a? of 20,
30, and 10 In(s™), in proportions of 86%, 7%,
and 7%, respectively, predicted the observed
Arrhenius relationship of the sample (Fig. 7).
Although we recognize that 7, does not carry
its usual meaning in this case, because of the
likelihood of formation of some domains
at low temperatures, it still provides a con-
venient index of bulk retentivity to compare
with other minerals. The apparent closure

temperatures of these domains (assuming
a cooling rate of 10 °C/m.y.) ranged from
14 °C for In(D,/a?) of 20 In(s™), to —22 °C for
In(D,/a?) of 30 In(s™), to 86 °C for In(D, /a?)
of 10 In(s™). The combined weighted average
T, for all domains would be ~17 °C.

The Fe-oxide aliquots also showed multi-
domain behavior consistent with previous
results on diagenetic goethite and hematite
(Shuster et al., 2005; Heim et al., 2006; Reiners
et al., 2014). Best-fit modeling using a simple
model with four domains with identical E, of
159 kJ/mol required domains with In(D_/a*) of
15 In(s™), 27.5 In(s™), 19 In(s™"), and 39 In(s™),
in proportions of 75%, 9%, 9%, and 7%, respec-
tively. These domains corresponded to apparent
closure temperatures of 51 °C for In(D /a?) of
15 In(s™), =12 °C for In(D /a?) of 27.5 In(s™),
28 °C for In(D /a?) of 19 In(s™), and —53 °C for
In(D /a?) of 39 In(s™"). The weighted average 7,
for these domains would be ~36 °C. The Fe-oxide
domain inferred to contain 75% of the gas with a
T, of 51 °C has similar kinetics and 7, to that of
Shuster et al. (2005) (E, of 163 kJ/mol; T, of
~51 °C) and that of the goethite sample from
Reiners et al. (2014; E, of 140 kJ/mol; T,
of 52 °C).
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TABLE 4. HELIUM DIFFUSION EXPERIMENT RESULTS

T T *He (%) ‘He (%) Step agef (%)

Step (°C) (h) (Matom) (Matom) (Matom) (Matom) (Ma) (Ma)
A. Sample 13PRCP8U (Mn-oxide)

1 120.0 3.0 19.6 1.6 2155 52.4 0.05 0.01
2 130.0 28.0 18.5 0.8 398.4 36.1 0.51 0.05
3 180.0 2.0 26.6 1.0 1198.6 34.1 1.57 0.08
4 210.0 1.0 53.1 1.5 3997.6 61.7 2.92 0.10
5 240.0 1.0 102.5 1.8 8817.0 71.9 3.40 0.08
6 300.0 1.0 29.6 0.9 2607.5 35.4 3.50 0.12
7 330.0 1.0 2.8 0.3 251.2 44.7 3.54 0.73
8 279.9 2.0 0.1 0.1 8.8 41.0 2.57 12.09
9 200.0 3.0 BDL BDL 0.3 46.1 BDL BDL
10 370.0 1.0 3.3 0.4 317.5 33.9 3.89 0.59
11 429.9 1.0 5.1 0.4 506.7 457 4.01 0.49
12 419.9 1.0 0.7 0.2 60.9 35.5 3.71 2.34
13 410.0 1.0 0.3 0.1 26.6 345 3.59 4.89
14 410.0 1.0 0.2 0.1 274 37.2 5.79 8.62
15 449.9 1.0 1.2 0.2 114.5 38.6 3.67 1.39
16 385.0 2.0 0.0 0.1 3.0 34.6 3.67 43.48
17 445.0 1.0 0.7 0.2 53.4 43.8 3.20 2.77
18 500.0 0.5 1.9 0.3 182.8 38.6 3.86 0.98
19 600.0 0.5 3.3 0.3 313.2 38.7 3.79 0.60
20 700.0 0.5 0.4 0.1 445 321 5.08 4.08
B. 13PRCP8L (Fe-oxide)

1 120.0 3.0 19.6 0.7 409.4 57.3 1.14 0.16
2 140.0 26.0 11.1 0.6 459.5 38.3 3.27 0.32
3 180.0 2.0 9.6 0.5 364.1 35.2 2.88 0.33
4 210.0 1.0 5.2 04 197.4 41.4 2.89 0.65
5 240.0 1.0 8.2 0.4 319.3 36.6 3.02 0.39
6 300.0 1.0 21.0 0.9 853.1 34.8 3.18 0.19
7 330.0 1.0 16.9 0.7 653.9 38.5 2.99 0.22
8 280.0 2.0 3.0 0.3 116.9 39.9 3.08 1.10
9 200.0 3.0 0.1 0.1 9.1 41.2 13.36 63.17
10 369.9 1.0 33.2 1.0 1354.4 50.3 3.20 0.16
1 429.8 1.0 101.2 1.6 4267.2 40.1 3.34 0.08
12 420.0 1.0 26.1 1.0 1057.9 39.7 3.17 0.18
13 410.0 1.0 11.2 0.6 467.5 30.1 3.30 0.28
14 409.9 1.0 7.9 0.5 345.9 37.0 3.49 0.43
15 450.0 1.0 37.0 0.9 1626.1 42.7 3.53 0.14
16 385.0 2.0 3.7 0.3 173.9 40.3 3.79 0.93
17 445.0 1.0 16.6 0.7 769.4 40.4 3.78 0.27
18 499.9 0.5 36.8 1.1 1692.9 70.0 3.74 0.20
19 ~800 45.0 27.3 0.8 1345.3 317 4.08 0.17

Note: BDL—below detection limit; Matoms = 10° atoms; sample mass = 0.13 mg.
*Temperatures were typically controlled to within +0.5 °C.
fCalculation of step ages assumes a bulk (U-Th)/He age = 2.73 + 0.03 Ma, and a “He/*He production ratio

during proton irradiation = 10.

Ar Analyses

The results of the step-heating analyses
are summarized in Table 6. The initial four
steps define a range from 1.16 to 3.40 Ma
age but are characterized by low radio-
genic “°Ar yields and large uncertainties.
Steps 5-10, comprising nearly 90% of the
¥ Ar release, define a plateau with an age of
3.60 = 0.08 Ma (Fig. 9). Isochron treatment
of these steps yielded an inverse isochron age
of 3.70 + 0.43 Ma (mean square of weighted
deviates [MSWD] = 1.74), which is less pre-
cise but statistically identical to the plateau
age. The trapped Ar component associated
with these steps has an atmospheric composi-
tion (**Ar/*Ar),, .. = 287 £ 37. We interpret
the 3.6 Ma age to represent either the timing
of formation of the Mn-oxides in this vein
or, alternatively, the timing of rapid cooling
through Ar closure in the Mn-oxides follow-
ing an earlier period of vein formation.
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DISCUSSION
Geochemistry Interpretations

Elemental contents of degassed and unde-
gassed aliquots show that presenting data as
molar ratios normalized to the summation of
Fe and Mn may, in some cases, yield spurious
results due to the volatilization of Fe and Mn
during He extraction. Compositions of some ali-
quots suggest that apart from Fe and Mn, some
much more volatile elements (e.g., Cu, Ba, Pb,
and Zn) are affected by high-temperature laser
heating (Fig. 4). Although we saw this elemental
loss within high laser heating extraction, we did
not observe correlations between these elements
and (U-Th)/He age. Because U and Th are less
volatile than these elements, this suggests that U
and Th volatilization did not occur to a signifi-
cant degree in most of these samples and did not
affect He ages in the majority of the samples.
Exceptions are the few high-intensity lasing

samples in Figure 4C showing anomalously
high Th/U and old ages.

Two distinct Mn-oxide phases were found
in fracture-fill and cement materials across
all faults in this study. Because Ba is nearly
insoluble in sulfate-bearing solutions, the
relatively high Ba (as well as barite) implies
either a sulfate-poor fluid or a local Ba source.
Corroded feldspar grains seen in some sam-
ples provide evidence for a local Ba source
from feldspars.

Age Interpretations

(U-Th)/He ages from the north fault that met
reliability criteria (Th/U < 0.01; uncertainty <
5%) were selected to determine weighted mean
ages for Fe- and Mn-oxides (3.29 + 0.03 Ma,
2.73 = 0.02 Ma, respectively; standard error at
15). Uncertainties reported on weighted means
are the reciprocal square root of the sum of
all individual weights. Figure 8 shows appar-
ent ages at high fractional release plateau into
ages around ca. 3.6 Ma. This, combined with
concordant “Ar/*Ar plateau and total gas ages
of 3.6 Ma, strongly suggests that these Fe- and
Mn-oxides formed at 3.6 Ma.

Although previous “Ar/*Ar dates by Chan
etal. (2001) on oxide cement (mixture of mostly
hollandite and some cryptomelane) from the
south fault showed a complex age spectrum,
their interpreted plateau at ca. 25-20 Ma is much
older than any of the dates obtained here. How-
ever, we note that ~20% of the gas in the Chan
et al. (2001) study was younger than ca. 17 Ma,
and ~30%—-40% was older than 30 Ma. Our own
“Ar/*Ar date of 3.6 Ma, which was acquired
on fracture-fill material from the north fault, is
more similar to our relatively young (U-Th)/He
dates (as well as those of Reiners et al., 2014)
at 3.4-0.50 Ma. All these samples were likely
collected within a few tens of meters from each
other. Although we cannot rule out the possibil-
ity of 25-20 Ma ages in the region, we consider
the younger age of 3.6 Ma to be a more likely
estimate of the formation ages for these oxide
deposits. We tentatively attribute the older Ar
dates to possible contamination from detrital
K bearing phases.

Reiners et al. (2014) proposed that the dis-
crepancy between the preferred 25-20 Ma
“OAr/Ar age of Chan et al. (2001) and the
3-2 Ma (U-Th)/He ages in Flat Iron Mesa
could be explained if the Ar system recorded
initial formation of oxide material, but the He
system recorded much later addition of U-Th to
oxide material, or its recrystallization, or both,
ca. 3-2 Ma. This would require the precursor
material to have very low eU (but not K) until
3-2 Ma. According to Reiners et al. (2014), this

Geological Society of America Bulletin, v. 130, no. 1/2
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Figure 7. Arrhenius plots for *He diffusion
data on aliquots of Fe- and Mn-oxide frac-
ture-fill material (sample 13PRCPS) plotted
assuming spherical diffusion domain geom-
etry. (A) Fe-oxide Arrhenius plot. Circular
gray symbols are Fe-oxide data from sample
13PRCPS. Four lines show kinetics for four
model domains with E, of 159 kJ/mol and
In(D /a?) of 15, 27.5, 19, and 39 In(s™). The
dark-gray dots are values of D/a* predicted
for 3He release pattern for the same heat-
ing schedule as the actual sample if these
four model domains contained the follow-
ing molar fractions: 0.75, 0.09, 0.09, and
0.07 of the He in the bulk sample. (B) Mn-
oxide Arrhenius plot. Circular gray symbols
are Mn-oxide data from sample 13PRCPS.
Three lines show kinetics for four domains
with E, of 130 kJ/mol and In(D /a*) of 20, 30,
and 10 In(s™). The dark-gray dots represent
the predicted ‘He release pattern for the
same heating schedule as the actual sample
if these four domains contained molar frac-
tions 0.86, 0.07, and 0.07 of the He in the
bulk sample. MDD—multiple diffusion
domain.

»
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addition of U-Th and/or recrystallization might
not have fully reset the Ar system, but it did
completely reset the He system. This hypothesis
may have been a reasonable way to explain the
discrepancy between earlier Ar and He dates,
but the new ca. 3.6 Ma “’Ar/*Ar ages presented
here, and their correspondence with the step-age
interpretations of He ages (Fig. 8), lead us to a
simpler interpretation that all Fe- and Mn-oxide
in Flat Iron Mesa formed at ca. 3.6 Ma, and the
observed variability between (U-Th)/He ages
within aliquots is due to diffusive loss of He
within samples.

He Diffusivity and Fractional Retention

One possible explanation for the variation in
(U-Th)/He ages in both the study by Reiners et al.
(2014) and this study is diffusive He loss after
initial oxide formation at 3.6 Ma. On average,
the mean ages of Fe- and Mn-oxides are 3.29 and
2.73 Ma, respectively, would require ~10% and
~25% fractional loss, but some aliquots would
have lost significantly more than others. Specifi-
cally, Fe-oxides from the north, south, and east
faults would have lost 4.7%-21%, 7.9%-32%,
and 31%-85%, respectively. Mn-oxides from
the north and south faults would have lost 18%—
61% and 14%—-86%, respectively.

Our diffusion experiments on Fe- and Mn-
oxides from the north fault allow us to test this
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hypothesis. Apparent 7, values calculated from
multidomain models of the Fe- and Mn-oxide
diffusion experiments are 36 °C for Fe-oxide
and 17 °C for Mn-oxide. However, a more use-
ful parameter than 7, for interpreting (U-Th)/He
ages in cases where samples may have formed
at temperatures near or below 7, is the fraction

of radiogenic He retained for isothermal hold-
ing. Similar to Reiners et al. (2014), we used
Equation 5 from Wolf et al. (1998) to calculate
fractional He retention as a function of isother-
mal holding for a duration of 3.6 m.y. at various
temperatures using the kinetics measured in our
diffusion experiments for Fe- and Mn-oxides.
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Figure 8. Using bulk ages of 3.29 + 0.03 Ma and 2.73 + 0.02 Ma for Fe- and Mn-oxide, re-
spectively, and He diffusion parameters, we created step age vs. camulative *He release frac-
tion plots. (A) Fe-oxide plot shows more consistent *He release patterns in which ~75% of
SHe released is ca. 3.6-3.0 Ma. (B) Fe-oxide best-fit effective diffusion temperature solution
shows as minima in the mean square of weighted deviates (MSWD) misfit. (C) Mn-oxide
plot shows variable *He releases: ~40% of *He released has ages from 3.0 to 0.5 Ma, ~50%
of *He released has age of 3.6-3.0 Ma, final ~10% of *He released has a more complicated
release pattern from 5 to 0 Ma. (D) Mn-oxide best-fit effective diffusion temperature solu-
tion shows as minima in the MSWD misfit.

Plateau (Pederson et al., 2002; McKeon, 2009;
Kelley et al.,, 2010; Garcia, 2011; Hoffman
etal., 2011; Lee et al., 2013; Lazear et al., 2013;
Murray et al., 2016). Karlstrom et al. (2012)
estimated 0.5-1.5 km of erosional exhuma-
tion across the central Colorado Plateau since
ca. 20-10 Ma. Lazear et al. (2013) estimated

To do this, we weighted each domain by their
inferred proportions from the He diffusion ex-
periments to calculate apparent bulk retention
fractions at various temperatures.

Because we do not know the actual tempera-
tures in which these samples formed, nor their
subsequent thermal histories, our models pro-
vide several end-member possibilities of iso-
thermal holding for 3.6 m.y. and resulting pre-

an average of 0.8—1 km of rock uplift across the
northern Colorado Plateau since 10 Ma. Other
more local studies, like Hoffman et al. (2011),
have estimated 1.2-1.9 km of erosion in the
last 10-5 m.y. in the Book Cliffs area (~115 km
north of the study area), 2-3 km of erosion
since 5-4 Ma in Canyonlands (~40 km south-
west of the study area), and 1.5-2 km of erosion
since 104 Ma at Monument Uplift (~200 km
south of the study area). Darling et al. (2012)
inferred slow incision rates (0.1 km/m.y.) of the
Colorado River near Cataract Canyon (~100 km
southwest of the study area). Murray et al.
(2016) estimated 1.5-2 km of erosional exhu-
mation during the past 5 m.y., but most likely
in the last 3-2 m.y. in the Henry Mountains
(~120 km southwest of the study area). Most
of these studies have constrained erosion rates
between 10 and 4 Ma with varying rates of
exhumation (~0.5-2 km). If all of the erosion
(~0.5-1.5 km) that occurred in the last 10 m.y.
is inferred to have occurred since 3.6 Ma, then
our samples could have been held at ~20-40 °C
until recently. Our other end-member model is
that these oxides formed at or near the surface
(~10-15 °C; ~0.5 km) and experienced little to
no erosion in the last 3.6 m.y.

Figures 10A and 10B show the fractional He
retention for each modeled domain and the bulk
samples as represented in the aliquots used in
the diffusion experiments (Table 5) for 3.6 Ma,
at varying temperatures. For the surface tem-
perature scenario (~10-15 °C; ~0.5 km) and for
3.6 m.y. of holding (implying an erosion rate
of 0.15 km/m.y.), Mn-oxide domains would
have lost ~50%—-60% of their He, whereas Fe-
oxide domains would have lost ~10% of their
He. This would correspond to (U-Th)/He ages
for Mn-oxides of ca. 1.9 Ma and Fe-oxides of
ca. 3.2 Ma. If, on the other hand, oxides were
held at the most extreme temperature (40 °C;
~1.5 km depth) for 3.6 m.y. (implying an ero-
sion rate of 0.42 km/m.y.), Mn-oxide domains
would have lost ~95% of their He, and Fe-oxide
domains may have lost ~15% of their He. This
would imply that (U-Th)/He ages for Mn-oxides
should be younger than 0.4 Ma, and Fe-oxides
should be ca. 3.1 Ma. Taking the observed
weighted ages (3.29 Ma for Fe-oxides and
2.73 Ma for Mn-oxides) into consideration, it

dicted fractional retention (Fig. 10). For holding
temperatures, we considered two possibilities:
(1) formation at temperatures corresponding to
~1-2 km depth and only very recent exhuma-
tion, and (2) formation and holding at the sur-
face and surficial temperatures.

Various studies have attempted to constrain
Neogene erosional exhumation in the Colorado
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TABLE 5. SUMMARY OF MULTIPLE DIFFUSION DOMAIN MODEL PARAMETERS

E, In(D,/a?); In(D,/a?), In(D,/a?; In(D,/a?), T,
Sample (kJ/mol)  (In[s"]) (In[s™"]) (In[s™"]) (In[s™]) F, F, Fy F, (°C)
13PRCP8-U
Mn-oxide 130 20.0 30.0 10.0 - 0.86 0.07 0.07 - 16.5
13PRCP8-L
Fe-oxide 159 15.0 27.5 19.0 39.0 0.75 0.09 0.09 0.07 36.3

Note: The ®He in the Mn-oxide was fitted with a three-domain model; the Fe-oxide was fitted with four domains.
E,—activation energy; F—fraction of ®He contained within a given model domain; T,—closure temperature.
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TABLE 6. ARGON STEP-HEATING ANALYSES: SAMPLE 13PRCP8

Temperature 36Ar 37Ar 38Ar 39Ar 40Ar Age 40Ar* 39Ary
Incremental heating (°C) [fA] [fA] [fA] [fA] [fA] (Ma) +1o (%) (%) K/Ca +1o
LU2059-001 400 3.402 +1.570 3.573 1.804
LU2059-002 500 1.543 4.460 0.352 13.553 41.858 3.697 +0.884 8.408 2.926 1.307 +0.143
LU2059-003 550 0.720 3.914 0.125 10.453 10.116 1.159 +1.059 4.537 2.257 1.149 +0.145
LU2059-004 600 0.370 8.113 0.182 14.001 34.714 2.969 +0.737  24.087 3.023 0.742 +0.045
LU2059-005 650 0.483 6.425 0.146 25.039 72.496 3.466 +0.411 33.680 5.406 1.676 +0.139
LU2059-006 725 0.757 9.000 0.088 67.893 219.940 3.878 +0.162  49.553 14.658 3.244 +0.195
LU2059-007 800 1.467 19.042 0.128  159.580 481.008 3.609 +0.084  52.581 34.452 3.604 +0.098
LU2059-008 850 1.355 16.972 0.173  118.423 337.484 3.412 +0.116 45.720 25.567 3.000 +0.093
LU2059-009 900 0.223 3.494 0.042 29.197 98.319 4.031 +0.497  59.815 6.303 3.593 +0.547
LU2059-010 1000 0.171 2.613 0.052 13.536 43.602 3.856 +1.248  46.307 2.922 2.228 +0.443
LU2059-011 1150 0.181 0.689 0.021 2.539 10.883 5.130 +8.896 16.922 0.548 1.585 +1.256
LU2059-012 1300 —-0.092 0.694 0.000 0.624 —11.79889712 -22.81 +49.108  30.153 0.135 0.387 +0.269

seems likely that our Fe- and Mn-oxides formed
near the surface and experienced very little ero-
sional exhumation (<0.5 km) since formation
ca. 3.6 Ma.

We also considered these same temperature
ranges for 20 m.y. of isothermal holding. This
predicts a much bigger difference in Fe- and
Mn-oxide fractional retention. Mn-oxide do-
mains held at surface temperatures (~13 °C)
for 20 m.y. would lose ~90% of their He, but
Fe-oxide domains would lose ~10%. This cor-
responds to (U-Th)/He ages for Mn-oxides of
2 Ma and Fe-oxides of 18 Ma. If oxides were
held for 20 m.y. at 40 °C, Mn-oxide domains
would lose ~95 of their He; however, Fe-oxides
would lose ~20% of their He. This would in-
dicate (U-Th)/He ages of 1 Ma and 16 Ma for
Mn- and Fe-oxides, respectively. Although we
do see Mn-oxide (U-Th)/He ages in this range
(2-1 Ma), we do not see Fe-oxide He ages
greater than 3.60 Ma, except for a few outliers,
but none has ages of 18-16 Ma. This large pre-
dicted age difference for the Fe- and Mn-oxides
does not support the older “*Ar/*Ar age model
of Chan et al. (2001).

The results of these fractional retention mod-
els support the interpretation that ~10%—-50% of
the radiogenic He was lost from some samples,
and this is responsible for both the dispersion
observed in He ages and the fact that they are
younger than the 3.6 Ma “Ar/*Ar age. The
possibility that these oxides may have been
exhumed from depths of 0.5-1.5 km in the
last 3.6 m.y. seems unlikely. If they did form
0.5-1.5 km (or more) below the surface, He
ages for Fe- and Mn-oxides should be much
younger, because they would not be able to re-
tain the large amounts of He necessary to match
the He ages we observe. For example, if these
oxides formed at 2 km depths, which is roughly
what some regional studies predict for erosional
exhumation depth since ca. 10 Ma, our model
shows that Fe- and Mn-oxide ages should be
3.0 Ma and 0.2 Ma, respectively, but what we
see are He ages that are older (3.29 Ma for Fe-
oxides and 2.73 Ma for Mn-oxides; weighted
He ages). Instead, it is more likely that samples
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from this study area were formed at shallower
depths (<0.5 km) and held at temperatures
of ~10-15 °C in order for the oxides to retain
enough He to be consistent with our He ages
and domain modeling.

A complication with the interpretation of
diffusive He loss as the explanation for the
dispersion in (U-Th)/He ages is the fact that
the observed Mn-oxide ages are 3.0-1.4 Ma
(weighted average bulk age is 2.73 + 0.017 Ma),
whereas fractional retention models predict
ages of ca. 1.5-0.20 Ma. A similar but less se-
vere discrepancy exists for Fe-oxides: ages
are 3.4-2.8 Ma (weighted average bulk age is
3.29 £ 0.028 Ma), and fractional retention mod-
els predict ca. 3.3-3.0 Ma. We suggest that this is
due to variation in proportions of domains with
differing retentivity among aliquots, including
those that were analyzed for ages and those used
for diffusion experiments. Since each dated ali-
quot is not a homogeneous sample but a mixture
of different phases, we cannot assume that the
same proportions of each domain, or even the
same types of domains, are present in each ali-
quot. For example, two texturally and mineral-
ogically different Mn-oxide phases were dated
from sample 14VGCP10, 14VGCP10_MnL
(Ba-rich Mn-oxide phase) with (U-Th)/He ages

of 2.8-1.9 Ma and 14VGCP10_MnC (relatively
pure Mn-oxide phase) with (U-Th)/He ages of
1.9-1.4 Ma. SEM imaging of representative
grains of both phases revealed that different
proportions of each phase were present within
dated aliquots, resulting in the variable range in
ages observed.

Assuming the weighted average bulk age for
Fe- and Mn-oxides of 3.29 Ma and 2.73 Ma,
respectively, we can calculate the proportions
of each domain that would be required to pre-
dict these bulk He ages for 3.6 m.y. of isother-
mal holding at 10-15 °C. This corresponds to
expected He retention of ~90% for Fe-oxides,
which is observed, and expected He reten-
tion of ~75% for Mn-oxides (dated Mn-oxide
aliquots retain ~45% of He). This hypothetical
domain distribution for Mn-oxide requires a
greater fraction of He in one of the more re-
tentive domains. No unique solution exists for
this, but one is a distribution with the following
proportions: In(D /a?) of 20 with 20% of He,
In(D /a?) of 30 with 15% of He, and In(D /a?)
of 10 with 65% of He (Fig. 10C). Based on
these models and the variability of domain pro-
portions within oxide aliquots, it is not possible
to select truly representative samples, unless
dating is done on the same specimen used for

Figure 9. “Ar/*Ar age spectra of
Mn-oxide fracture-fill material
sample 13PRCPS.
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Figure 10. Fractional retention
models for Fe- and Mn-oxides,
based on Wolf et al. (1998), for
isothermal holding for 3.6 m.y.
Bulk age calculations predict
Fe- and Mn-oxide fractional
He retention of 90% and 75%,
respectively. Vertical gray bars
refer to likely temperatures
experienced by oxides in this
study. Trend lines represent
predictions for oxides based on
He diffusion experiments on
sample 13PRCPS. See Table 6
for model parameters. Light
dashed lines represent differ-
ent domain sizes and associated
percent of He in each domain,
e.g., Fe (75) refers to In(D /a?)
of 15 with 75% of He within
this domain. Green circles
on weighted domain average
trends (solid lines) refer to ap-
parent age at the associated
temperature. (A) Fe-oxide frac-
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the diffusion experiment. This was not done in
this case due to worries of volatilizing U and
Th in the final degassing step, but procedures
could be developed to avoid this and measure
both ages and diffusion kinetics on the same
aliquots.

‘He/*He Thermochronometry

Using the MDD (multiple diffusion domain)
model parameters in Table 5, we conducted
forward calculations of simultaneous produc-
tion and outward diffusion (numerical method
of Shuster and Cassata, 2015) of radiogenic “He
from each spherical diffusion domain held at
isothermal conditions for a 3.6 m.y. duration.
Results of these radiogenic “He calculations
were then passed through a model laboratory
degassing, assuming a spatially uniform distri-
bution of *He, and using the same heating sched-
ule as the analyses. By summing results of the
domains, model results could be directly com-

110

40 60 80
T of Isothermal Holding (°C)

pared with the “He/’He release spectra shown
in Figure 8. Models for both the Mn-oxide and
Fe-oxide were calculated between —20 °C and
+30 °C; the best-fitting temperatures for each
sample were identified at the minimum mis-
fit between models and data and corresponded
to the effective diffusion temperatures (EDT;
Tremblay et al., 2014a,b) that best predicted
each data set. We found that the age discordance
of each sample can be explained solely by dif-
fusive loss of “He at near-surface temperatures
since the samples precipitated at ca. 3.6 Ma.
We also found internally consistent EDTs of
4.5 + 15 °C (Fe-oxide) and 5.3 + 4 °C (Mn-
oxide) for the two samples (Fig. 8), which are
lower than but not extremely different from esti-
mated near-surface mean annual temperatures
(MATs, which will be slightly lower than the
EDTs; Tremblay et al., 2014a,b) averaged over
the last 3.6 m.y. at this site. The MAT at Moab,
Utah, is 14 °C, but the MAT at our study area is
likely ~3 °C lower than Moab due to elevation

tional retention model showing
Fe-oxide as the most retentive
phase at 10-15 °C, retaining
~92% of its He. (B) Mn-oxide
fractional retention model
showing that at 10-15 °C, Mn-
oxide retains ~45% of its He.
(C) Hypothetical domain dis-
tribution (HDD) model for Mn-
oxide that would retain ~75%
of its He at 10-15 °C.

difference (assuming a lapse rate ~6 °C/km).
Even then, the MAT of the study area is higher
than the predicted EDT, which may be con-
sistent with a lower MAT when averaged over
the glacial-interglacial cycles of the last few
million years.

Implications

The preceding discussion leads us to favor
a scenario involving the formation of all sec-
ondary Fe- and Mn-oxides, both fracture-fill
and cement material, from Flat Iron Mesa at
3.6 Ma. Although we cannot rule out the pos-
sibility of more recent formation of some sam-
ples in this region, diffusive loss of He is the
likely culprit for variability among He dated
aliquots and the fact that most samples have He
ages younger than the *Ar/*Ar age of 3.6 Ma.
Precipitation of oxides near these faults at this
time may reflect changes in groundwater flux or
chemistry, which could in turn reflect regional
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tectonic or geomorphic changes, or global cli-
mate changes. Regionally, Murray et al. (2016)
proposed a major increase in erosion rates
(1.5-2 km) in the area surrounding the Henry
Mountains (~120 km from this study area) in the
last 5 m.y., and likely more recently in the last
2-3 m.y. Such a transient pulse of rapid erosion
could conceivably incise to ~1 km depths and
rearrange shallow groundwater circulation pat-
terns at local scales. Although previous regional
studies (Pederson et al., 2002; McKeon, 2009;
Hoffman et al., 2011; Karlstrom et al., 2012;
Lazear et al., 2013) inferred erosional exhuma-
tion rates to vary from 0.5 to 3 km from 2 to
10 Ma, our data and interpretations suggest that,
at least locally, erosional exhumation rates have
been significantly slower since at least 3.6 m.y.
This may be because of local effects related
to varying rates of knickpoint propagation on
Colorado River tributaries, or more widespread
decreases in erosion since 3.6 Ma.

At a much broader scale, Riffel et al. (2016)
found a very similar range in (U-Th)/He ages
(3.6-0.4 Ma) on pedogenic goethite from the
Parana flood basalt in Brazil. A review of litera-
ture on other pedogenic weathering deposits did
not reveal an exact match to our formation age,
but we note that 4-2 Ma is similar to the age
of important changes occurring climatologically
around the world, including abrupt terrestrial
climate changes worldwide at ca. 2.4 Ma (e.g.,
Kukla, 1989), shoaling of the equatorial Pacific
thermocline at ca. 3.7 Ma as a result of closure
of the Panamanian seaway (Zhang et al., 2012),
inferred onset of Northern Hemisphere glacia-
tion at 2.67 Ma (e.g., Prueher and Rea, 1998),
interglacial intensification of the North Atlantic
at 2.95-2.82 Ma (Bartoli et al., 2005), barred
intermediate-water circulation through the Pan-
ama Strait at 4.5-4.0 Ma with short-lasting re-
openings near 3.8 and 3.4-3.3 Ma (Haug et al.,
2005; Steph, 2005), glaciation to midlatitudes at
2.64 Ma (Bailey et al., 2013), initial advances of
the Laurentide ice sheet at 2.47 Ma (Rovey and
Balco, 2010), and initial phases of intermoun-
tain basin erosion accompanying widespread
alpine glaciation in the Rockies at 2.6 Ma
(Reiners et al., 2011).

If our interpretations of (U-Th)/He ages of
oxide material in this study area are correct,
then He dating of secondary oxides may reveal
formation ages if He diffusion kinematics are
understood and corrected for. These ages in turn
likely reflect events associated with changes
in groundwater flux, fault movement, or both.
Formation of these oxides at this time could re-
flect a major regional hydrologic change such
as increased flux of groundwater discharge due
to increased precipitation or a more local effect
related to fault activity.

CONCLUSIONS

(U-Th)/He ages on secondary fracture-fill
and cement material of Fe- and Mn-oxides
from the Navajo Sandstone at Flat Iron Mesa,
Utah, range from ca. 3.43 to 0.50 Ma, and new
“Ar/Ar dates from the same material are
3.6 Ma, consistent with the oldest (U-Th)/He
ages. The (U-Th)/He ages of samples from three
different fault zones have distinct (U-Th)/He
age and compositional relationships: Fe- and
Mn-oxide fracture-fill material from the north
fault has (U-Th)/He ages from 3.43 to 2.84 Ma
(bulk age = 3.29 + 0.028 Ma) and from 2.93
to 1.39 Ma (bulk age = 2.73 + 0.017 Ma), re-
spectively, i.e., much younger than previous
25-20 Ma “Ar/*Ar ages from the same area.
Ba-rich Mn-oxide phase aliquots have a bulk
age of 2.16 + 0.015 Ma, whereas relatively
pure phase Mn-oxides have a younger bulk
age of 1.61 + 0.011 Ma. Fe- and Mn-oxide ce-
ment material from the south fault ranges from
3.16 to 0.50 Ma. Botryoidal Fe-oxide from the
east fault ranges from 2.47 to 0.55 Ma. Taken
together and combined with “Ar/*Ar data,
step-heating diffusion experiments on samples
of Fe- and Mn-oxide fracture-fill material
from the north fault, and fractional retention
models, we conclude that oxides in Flat Iron
Mesa formed at 3.6 Ma, and the range in ages
most likely reflects multidomain diffusive He
loss and varying domain proportions between
He dated aliquots. We propose that oxides in
Flat Iron Mesa formed at or near the surface
(<0.5 km) at 3.6 Ma due to hydrologic changes,
fault activity, or both, and have experienced
very little cooling since formation. Our data
and interpretations suggest that erosional exhu-
mation rates over ~1-4 m.y. time scales may be
spatially variable in the central Colorado Pla-
teau, possibly driven by local geomorphic ef-
fects, and they are not spatially uniform over
large regions. The results presented here con-
firm that secondary oxides are suitable targets
for (U-Th)/He thermochronology, but they also
illustrate the need for understanding He diffu-
sion kinematics within samples.
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