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Abstract

This study examines the whole-rock geochemistry, Fe-oxide texture and crystal morphology, and Fe-oxide (U-Th)/He date
variation of jasperoids, as well as the relationships between these characteristics, in order to evaluate jasperoids as an indicator
for gold mineralization. Jasperoid samples with a range of textures, appearances, and expected gold concentrations were col-
lected from two gold districts in Nevada: the northern Carlin trend (Gold Quarry Mine), and the Battle Mountain district
(Marigold Mine; Battle Mountain prospect). In our jasperoid samples, whole-rock concentrations of Au are positively cor-
related with As, Ag, Pb, Sb, U, W, and Tl. The following Fe-oxide textures are associated with anomalous gold concentra-
tions: disseminated, submicron crystals; feathery and acicular crystal morphologies; concentric zonation from hematite to
goethite; and botryoidal textures. Calculated closure temperatures for the (U-Th)/He system in observed jasperoid Fe-
oxide morphologies within our dataset range from 26 to 136 �C, indicating variable susceptibility to He diffusion at near-
surface conditions. Fe-oxide (U-Th)/He dates range from 29.4 ± 0.5 Ma to 0.11 ± 0.01 Ma, displaying intra- and intersample
variation. We attribute the date variation to multiple factors including He implantation, parent isotope exchange, and He loss
through closure temperature sensitivity and alpha-ejection. The intra- and intersample variation within the Fe-oxide (U-Th)/
He dates limits our ability to make geologic interpretations. Our case study identifies important limitations of the (U-Th)/He
method in jasperoids and provides insight on how He date variation might be avoided in future studies.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The Carlin-type gold deposits (CTGDs) of northern
Nevada (Fig. 1A) contain disseminated gold ore with major
economic importance. CTGDs are replacement bodies in
sedimentary host rocks, primarily silty carbonates, where
Au occurs in solid solution with or as submicron particles
in disseminated pyrite or marcasite (Hofstra and Cline,
2000; Cline et al., 2005). Although 90 Moz Au have been
https://doi.org/10.1016/j.gca.2020.07.014
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produced from deposits along the Carlin Trend (Fig. 1A;
Muntean et al., 2018), exploration for CTGDs is challeng-
ing because the geochemical halos of the deposits do not
extend far beyond the Au mineralized zones.

Jasperoid is one of the few CTGD alteration styles easily
recognized at surface. The term ‘‘jasperoid” was first used
by Spurr (1898) to describe silica replacement of pre-
existing carbonates and other lithologies due to circulating
fluid. Lovering (1972) defined jasperoid as ‘‘an epigenetic
siliceous replacement of a previously lithified host rock,”
which is the definition we use hereafter. Silica precipitation
and subsequent jasperoid alteration can occur under many
conditions, however, jasperoid formation is most com-
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Fig. 1. Location map and outcrop photos from sample sites: (A) location map of Nevada with stars indicating sample locations; (B) facing
northeast; representative photo of Gold Quarry sampling outcrop that highlights the prominent relief of jasperoid outcrops with respect to
subcrop; (C) representative photo of Marigold sampling outcrop, facing east.

D.E. Huff et al. /Geochimica et Cosmochimica Acta 286 (2020) 72–102 73
monly ascribed to hydrothermal fluid flow (Lovering,
1972). Jasperoid mineralogy is primarily silica and Fe-
oxides; the Fe-oxides represent oxidation of any precursor
Fe-bearing phase (Lovering, 1972). Resistive jasperoid out-
crops at surface have long served as a prospecting tool in
exploration for carbonate-hosted hydrothermal ore depos-
its such as CTGDs (Holland et al., 1988), but not every
jasperoid forms from Au mineralizing fluids (Wells et al.,
1969; Bakken and Einaudi, 1986; Cline et al., 2005). The
Fe-oxides in CTGD jasperoids are thought to be secondary
from the oxidation of ore-stage arsenian pyrite or other sul-
fides (e.g., Cline and Hofstra, 2000; Cline et al., 2005 and
references therein). Carlin-type gold mineralization is gen-
erally thought to be Eocene (Chakurian et al., 2003; Cline
et al., 2005; Ressel and Henry, 2006; Hickey et al., 2014;
Fithian et al., 2018; Huff et al., 2018, 2019), but the age
of the oxidation is unknown. Fe-oxide (U-Th)/He dating
has been used to examine the timing of oxidized groundwa-
ter flow on the Colorado Plateau (Reiners et al., 2014), but
the method has not been used to evaluate supergene pro-
cesses in the Great Basin.

In this study, we examined Fe-oxides in jasperoids from
three different locations in Nevada that are variably associ-
ated with known sedimentary rock-hosted Au mineraliza-
tion: (1) the discovery outcrop for the Gold Quarry Mine
on the northern Carlin trend, (2) outcropping jasperoids
distal to the main ore zones at the Marigold Mine in the
northern Battle Mountain district, and (3) a weakly miner-
alized prospect, also in the Battle Mountain district. In
order to characterize Fe-oxide mineralogy and crystal mor-
phology, we examined jasperoids in hand sample, as well as
in thin section using optical petrography and scanning elec-
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tron microscopy (SEM). We conducted bright phase
searches using SEM-based automated mineralogy to deter-
mine whether native Au occurred in our samples. We com-
bined these observations with whole-rock geochemistry to
identify possible exploration indicators. The relatively sim-
ple mineralogy of jasperoids provided an opportunity to
explore whether (U-Th)/He dating of Fe-oxides could
reveal information about the geologic history of the gold
deposits.

The (U-Th)/He dating method measures daughter He
produced by the radioactive decay of naturally occurring
U-Th within a mineral crystal lattice. Daughter He diffuses
out of the crystal structure at higher temperatures and accu-
mulates below an aliquot-specific closure temperature, Tc.
Depending on the geologic context, thermal history, and
Tc of the sample, the (U-Th)/He method may therefore pro-
vide either formation or thermal reset dates of the Fe-
oxides (Ault et al., 2015, 2016; McDermott et al., 2017;
Moser et al., 2017). We anticipated the Fe-oxide (U-Th)/
He results would yield information in three possible cate-
gories: (1) different date populations between mineralized
and unmineralized jasperoids could reflect physical and
chemical differences in the secondary Fe-oxides; (2) the
(U-Th)/He system might have captured the timing of oxida-
tion, which would provide information on paleo-meteoric
fluid migration in an area that presently lacks datasets; or
(3) dates might represent the post-formation thermal his-
tory and paleotectonics of the sample locations. Instead,
the intrasample dates showed intriguing variation that we
hypothesize is not connected directly to any of these pro-
cesses. Our detailed petrographic characterization of the
Fe-oxides allows us to catalog the potential causes of the
He date variation, including He implantation, parent iso-
tope exchange, closure temperature sensitivity, and alpha-
ejection. This assessment of open-system behavior demon-
strates the limitations and challenges of applying the Fe-
oxide (U-Th)/He chronometer to jasperoids.

2. BACKGROUND

In this section, we describe previous work that has been
conducted on jasperoid prospectivity and Fe-oxide (U-Th)/
He dating to highlight how our study examines different
jasperoid characteristics and applies the Fe-oxide (U-Th)/
He method in a novel context.

2.1. Previous research on jasperoids

Previously published studies on jasperoids focus on the
whole-rock geochemistry and silica characteristics, at a sin-
gle ore deposit or in one local area (Holland et al., 1988;
Nelson, 1990; Theodore and Jones, 1991; Hofstra, 1994;
Emsbo, 1999; Yigit et al., 2006). The emphasis on silica is
due to the fact that many gold deposits display ore-stage
silicification (Lovering, 1972; Bakken and Einaudi, 1986;
Hofstra, 1994; Volk et al., 1995; Emsbo et al., 2003; Yigit
et al., 2006). Numerous other ore deposit studies identified
the presence of jasperoids without characterizing them (e.g.,
Wells et al., 1969; Sillitoe and Bonham, 1990; Rota and
Hausen, 1991; Kuehn and Rose, 1992; Theodore et al.,
1992; Hofstra, 1994; Hofstra et al., 2003; Cail and Cline,
2001; Cline et al., 2005 and references therein; Johnston
et al., 2008). No prior studies have investigated the Fe-
oxides, although their presence is commonly noted. Spurr
(1898) recognized that variation in jasperoid color results
from the presence of iron in different forms and propor-
tions. Most jasperoids are oxidized and stained with Fe-
oxides including goethite, hematite, and limonite
(Lovering, 1972). In contrast to earlier research, this study
focuses on jasperoid Fe-oxides in order to evaluate whether
they serve as gold exploration indicators or reveal geologic
processes which have affected CTGDs.

2.2. Fe-oxide (U-Th)/He dating

The (U-Th)/He method measures the He produced dur-
ing alpha decay of naturally occurring U-Th radionuclides
within crystal lattices. The diffusion kinetics of He are
mineral-specific, and these kinetics can be used to calculate,
with some key assumptions, a mineral-specific closure tem-
perature. The simplest interpretation of a (U-Th)/He date,
hereafter referred to as a He date, is therefore the amount
of time since a crystal passed through its closure tempera-
ture (Zeitler et al., 1987). Closure temperature requires
assumptions about sample cooling rate and a monotonic
thermal history. For mineral systems where the diffusion
domain is the crystal itself, closure temperature also varies
with grain size, such that coarser grains correspond to
higher closure temperatures (Reiners and Farley, 2001).
In polycrystalline samples composed of variable grain sizes,
He loss can occur over a spectrum of temperatures. Despite
these complexities, closure temperature is a useful first-
order approach to assess the relative temperature sensitivity
among samples, and we use it as such throughout this
manuscript. The partial retention zone (PRZ) is a more
nuanced metric of temperature sensitivity, which we also
use to contrast and compare the He diffusivities of our sam-
ples. As used in later sections, we define the PRZ here as the
temperatures required for 0.1 and 0.9 fractional loss of He
from a given sample for a set hold time. As with closure
temperature, the PRZ is dependent on grain size, and this
dependence will be a key focus in the discussion of our
(U-Th)/He results. Helium loss can also occur through
alpha-ejection, where radioactive decay of U-Th ejects a
He daughter atom from the crystal lattice into the sur-
rounding material, causing artificial younging of the appar-
ent He date (Farley et al., 1996). Additional factors that
may alter the He dates from their true values include: He
implantation from interstitial mineral phases, parent iso-
tope exchange, Fe-oxide mineralogy and morphology, and
multiple Fe-oxide generations. We consider the influence
of these factors on the He date variation in our dataset.

The Fe-oxide (U-Th)/He chronometer facilitates dating
of geologic processes in settings that lack traditional (U-
Th)/He chronometer minerals such as apatite and zircon.
Strutt (1909) first investigated hematite as a U-He
chronometer, but Lippolt et al. (1995) and Wernicke and
Lippolt (1993, 1994a,b, 1997) were the first to apply the
contemporary (U-Th)/He method to Fe-oxides. They inter-
preted their He dates to represent the formation age of the
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iron ore deposits from which their samples came. Renewed
interest in the Fe-oxide (U-Th)/He method comes from a
better understanding of He diffusion kinetics, improved
sampling procedures, and evidence that the method can
produce He dates with geologically meaningful age inter-
pretations. Recent studies have successfully used the Fe-
oxide (U-Th)/He chronometer to investigate hydrothermal
hematite formed on fault slip surfaces (Ault et al., 2015;
McDermott et al., 2017), low-temperature cooling histories
related to tectonics (Farley and Flowers, 2012; Evenson
et al., 2014; Farley and McKeon, 2015; Calzolari et al.,
2018) and oxide cements, fracture fills, and syntectonic min-
eralization produced by shallow water–rock redox interac-
tions (Shuster et al., 2005; Monteiro et al., 2014; Reiners
et al., 2014; Vasconcelos et al., 2015; Moser et al., 2017;
Garcia et al., 2017). In these studies, Fe-oxide He dates
were used to date the timing of oxide formation and the
post-formation thermal history. The Fe-oxide (U-Th)/He
chronometer has not been tested in economic geology,
except for iron ore deposits (Lippolt et al., 1995;
Wernicke and Lippolt, 1997, 1994, 1993; Heim et al.,
2006; Danišı́k et al., 2013). This study examines whether
the (U-Th)/He chronometer can be applied to jasperoid
Fe-oxides in a mineral exploration context.

3. STUDY SITES

We collected nineteen jasperoid samples with a range of
rock textures and Au concentrations from three sampling
locations in Nevada: (1) the Gold Quarry Mine, (2) the
Marigold Mine, and (3) prospective range-front jasperoid
outcrops south of the town of Battle Mountain (Fig. 1A).

3.1. Gold Quarry

Gold Quarry is located along the northern Carlin Trend
in Nevada. Three of the five jasperoid samples collected at
Gold Quarry are from the mine’s discovery outcrop
(Fig. 1B), which lies along a major fault interpreted as a
conduit for mineralizing fluids (Rota and Hausen, 1991).
Existing geochronology and thermochronology data for
the northern Carlin Trend suggest that hydrothermal activ-
ity and gold mineralization occurred primarily during the
Eocene (Chakurian et al., 2003; Ressel and Henry, 2006;
Hickey et al., 2014). We used samples from Gold Quarry
as a benchmark to facilitate comparison of Fe-oxide char-
acteristics from a known economically mineralized jasper-
oid, in comparison with unmineralized samples from
other locations. The Gold Quarry samples also enabled us
to test whether Fe-oxide (U-Th)/He date populations at
the outcrop scale might reflect different episodes of oxidiz-
ing fluid flow along the fault.

3.2. Marigold Mine

The Marigold Mine exploits numerous sedimentary
rock-hosted gold deposits in the Battle Mountain district
of north-central Nevada. We collected jasperoid samples
from several outcrops characterized as unmineralized by
mine staff (Fig. 1C) and one outcrop described by
Theodore (2000) as containing fifty times the background
concentration of Au. We selected Marigold as a sampling
location because a preliminary thermal history already
exists for the Marigold deposits. Apatite fission track and
apatite (U-Th)/He thermochronology data suggest that
the most recent heating event at Marigold, interpreted to
be the ore fluid event, occurred during the Late Eocene
(Fithian et al., 2018; Huff et al., 2018, 2019).

3.3. Battle Mountain

There are no gold mines near the samples collected from
range-front outcrops south of the town of Battle Mountain,
but historic gold prospects exist in the area (Theodore and
Jones, 1991). Those authors generated a geochemical data-
set for jasperoids from this area, which provided an oppor-
tunity to assess the representivity of our jasperoid sampling.
We sampled this area with the initial aim of testing the util-
ity of jasperoid Fe-oxide characterization and (U-Th)/He
analysis as tools to guide mineral exploration in an area dis-
tal to any known large gold deposits.

4. ANALYTICAL METHODS

4.1. Hand sample characterization

The workflow for hand sample characterization and
subsequent analyses is documented in Fig. 2. Mineralogy,
macroscopic texture, primary and secondary structures,
and weathering were described in jasperoid hand samples,
with special attention to oxidation features. These descrip-
tions were used to determine categories of jasperoids with
similar macroscopic features. A sample from each category
was selected for later (U-Th)/He analysis to ensure a spec-
trum of Fe-oxide textures and relationships to Au were
examined.

4.2. Optical petrography

A representative sample from each jasperoid category
was selected for optical petrography. Thin sections were
prepared at Spectrum Petrographics in Vancouver, Wash-
ington. Sample billets were embedded in clear resin,
mounted with acrylic onto standard petrographic glass,
and polished with 0.5 mm diamond abrasive to a final thick-
ness of 100 mm. Samples were characterized in both trans-
mitted and reflected light to determine mineralogy and to
catalog distinctive Fe-oxide textures and morphologies.

4.3. Scanning electron microscopy

The jasperoid thin sections were examined by scanning
electron microscopy (SEM) to characterize the microtex-
tures of the Fe-oxides. Energy dispersive X-ray spectrome-
try (EDX) spot analyses provided semi-quantitative
elemental concentrations, allowing for the identification
of Fe-oxide mineral phases based on stoichiometry. Min-
eral phases likely to contain U-Th were also identified using
stoichiometric calculations from EDX spot analyses.
Energy dispersive X-ray spectrometry was also used to cre-



Fig. 2. Workflow diagram and decision tree detailing how jasperoid samples and Fe-oxide aliquots were selected and characterized prior to
(U-Th)/He analysis.
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ate element maps to determine the extent of silicification in
the sample, to locate Fe-oxide phases, and to identify areas
enriched in pathfinder elements for Au in CTGDs. Detailed
methods are provided in Appendix A.

4.4. Geochemistry

Whole-rock geochemistry is the most common analyti-
cal method used in mineral exploration. During the early
stages of a mineral exploration campaign, one or several
grab samples are typically collected from outcrops demon-
strating prospective alteration styles, such as jasperoid.
Micron-scale geochemical methods, such as EDX spot
analyses of thin sections, are reserved for more advanced
exploration projects or may never be conducted at all. We
collected whole-rock geochemical data to determine if par-
ticular jasperoid characteristics such as morphology or Fe-
oxide (U-Th)/He dates might be associated with hand sam-
ple scale geochemical trends that are relevant for mineral
exploration. In jasperoids, gold displays the nugget effect,
where Au concentrations are highly localized; sampling
and geochemical characterization at a small scale may miss
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the presence of Au entirely (Nelson, 1990; Theodore and
Jones, 1991; Dominy et al., 2003). A larger, bulk sample
is more likely to record the occurrence of Au, allowing
for a correlation between jasperoid and Fe-oxide character-
istics and Au mineralization to be identified.

Whole-rock geochemical analyses for major oxides and
47 elements were conducted on splits of eighteen jasperoid
samples by Activation Laboratories, Inc. (Actlabs) at their
Ancaster, Ontario, Canada laboratory. Some elements were
analyzed by multiple methods, depending on the expected
concentration of the element and the detection limits of
each laboratory method. The methods included fusion
inductively coupled plasma-mass spectrometry (FICP-
MS), instrumental neutron activation analysis (INAA),
total digestion ICP-MS, and field ionization mass spec-
trometry (FIMS). Detailed methods are provided in Appen-
dix A.

4.5. Bright phase search

We followed the rationale of Theodore and Jones
(1991), who recommended that Au contents above
20 ppb should be considered anomalous for jasperoid
samples in the Battle Mountain area. For our anomalous
samples, we used an automated SEM-based bright phase
search to characterize the gold deportment and to exam-
ine the microscopic textural relationship between anoma-
lous gold and Fe-oxides. Samples were mapped with
EDX with a beam spacing of 1 mm, due to the expected
fine-grained nature of the Au. The EDX spectra at each
acquisition point were compared with spectra held in a
look-up table, allowing a mineral or phase to be assigned
at each point. The bright phase search constituted analy-
ses of points with a backscattered electron (BSE) bright-
ness of at least 60%, which restricts the analyses to
elements with a higher atomic Z number, including Au.
This procedure generated a BSE map of all the acquisi-
tion points identified as gold. Details of the methods are
presented in Appendix A.

4.6. Fe-oxide (U-Th)/He analysis

Several methods were used to separate Fe-oxides from
the jasperoid whole-rock samples for (U-Th)/He analysis,
including hand separation, crushing followed by Frantz
separation, microdrilling, and electropulse disaggregation
(EPD) followed by Frantz separation. Each of these meth-
ods is described in detail in Appendix A. Multiple separa-
tion methods were used to test whether different methods
would isolate different styles of Fe-oxides. The Frantz sep-
aration step in the crushing and disaggregation (EPD) sep-
aration methods isolated concentrated Fe-oxide phases,
such as vein fill. By contrast, the hand separation and
microdrilling methods isolated both disseminated and con-
centrated Fe-oxides.

Following each separation method, representative ali-
quots were re-examined with the SEM to ensure that no
U-Th bearing mineral phases other than Fe-oxide were pre-
sent in the sample and to assess the ratio of Fe-oxide mate-
rial to silica. After SEM screening, aliquots were selected
from the mineral separate and their dimensions were mea-
sured and photographed using an optical microscope. A
minimum of two aliquots from each sample were selected
and packed in Nb envelopes for (U-Th)/He analysis per-
formed at the University of Arizona. Analytical methods
followed those described in Reiners et al. (2014) and are
detailed in Appendix A.

No alpha-ejection corrections were applied for the Fe-
oxide He dates because the aliquots were assumed to be
part of an initial sample with dimensions larger than the
alpha-stopping distance. This assumption is not valid for
samples where there is more than 10% silica matrix and
where individual Fe-oxide crystals <1 mm comprise the
aggregates; the potential effect on He dates for such samples
is addressed in the discussion.

4.7. Closure temperature calculations

Following the method of Calzolari et al. (2018), mini-
mum, maximum, and mean half widths of Fe-oxide crystals
were measured on SEM images in ImageJ to determine the
possible effects of grain size distribution on temperature
sensitivity. Plate half-widths were measured for platelet,
bladed, and acicular morphologies. Crystal radii were mea-
sured for granular, spherical, anhedral, and aggregate mor-
phologies. Once measurements were made for all Fe-oxide
morphologies and jasperoid samples, closure temperatures
were calculated using the closure temperature calculation
of Dodson (1973) assuming a 10 �C/Myr cooling rate, as
well as PRZ times and temperatures at 0.1 and 0.9 frac-
tional loss. Both calculations used mineral-specific diffusion
kinetics and aliquot-specific grain dimension measure-
ments. For hematite grains, the activation energy of
Farley and Flowers (2012) and D0 of Evenson et al.
(2014) were used. For goethite grains, the He diffusion
kinetics of Shuster et al. (2005), Reiners et al. (2014), or
Garcia et al. (2017) were used, depending on the Fe-oxide
crystal morphology. Closure temperature and the PRZ
were calculated to assess the relative temperature sensitivity
of Fe-oxide grain sizes and different morphology popula-
tions within jasperoids, rather than the temperature below
which no He diffusion occurs (Dodson, 1973; Braun
et al., 2006). The closure temperature calculation and the
numerical values of all standards and terms used are listed
in Appendix A.

5. RESULTS

5.1. Jasperoid characterization

For each unique jasperoid category observed, we present
a description of the hand sample, silica characteristics, and
Fe-oxide characteristics (Table 1). The whole-rock Au con-
centration is provided for the analyzed sample split. The
separation method used to isolate Fe-oxide aliquots and
the He dates are provided for dated samples. Representa-
tive outcrop photos from Marigold and Gold Quarry are
shown in Fig. 1B and C, respectively. Figs. 3 and 4 display
hand sample photographs. Figs. 5 and 6 contain plane-
polarized and reflected light photomicrographs from the



Table 1
Macro- and microscopic characteristics of jasperoids from Marigold, Battle Mountain, and Gold Quarry.

Sample
ID

Hand sample description Silica characteristics Fe-oxide characteristics
(morphology, size, spacing)

Au
(ppb)
DL1:
2 ppb

Marigold

DEH
JAS
002

Maroon, massive, homogeneous, exterior surface
weathered to clay (Fig. 3A)

Fe-oxide stained quartz (Fig. 5A). Jigsaw quartz with
grains 5–60 mm in diameter

Thin section shows sample is brecciated. Fe-oxide
morphologies include: hematite platelet ‘‘books”
(Fig. 7A), rounded grains, and wispy needles. Hexagonal
hematite platelets (Fig. 7B) 5 mm wide and 100–500 nm
thick, platelet aggregates are smaller than 65 mm, spacing
between aggregates is 75–100 mm. Disseminated
individual crystals are micron to submicron and spaced
10–30 mm apart

<2

DEH
JAS
004

Dark brown, brecciated with barite cement, cherty,
maroon veinlets (<1 mm) crosscut sample (Fig. 3B)

Fe-oxide stained quartz. Two generations of jigsaw
quartz, distinguished by their birefringence and
extinction orientations. More intense silicification along
intragrain fractures

Fe-oxide morphologies include: hexagonal goethite
platelets (Fig. 7C), needles, rounded, and anhedral
grains. Individual crystals are submicron, but aggregates
can reach up to 125 mm. A 100 mm thick surficial goethite
rind shows colloform banding (Fig. 7D). The latest or
exterior zone is 50 mm wide and appears brecciated in
BSE imagery

<2

DEH
JAS
006

Red, massive, with black, metallic veinlets (<1 mm;
Fig. 3C)

Abundance of Fe-oxide staining and disseminated Fe-
oxides obscures quartz in optical petrography (Fig. 5B).
Silica occurs with abundant disseminated submicron
granular and acicular Fe-oxides

Fe-oxides morphologies include: hexagonal and
anhedral platelets, granular, acicular, and elongated to
tabular goethite (Fig. 7E). Individual crystals measure
500 nm–20 mm long, with a length to width ratio of 10:1
at all scales. Irregular, branching goethite aggregates
measuring over 500 mm long and 100 mm wide comprise
the edges of the metallic veinlets visible in hand sample
(Fig. 7F). Mn- and Mg-oxide species are also present in
this sample

<2

DEH
JAS
018

Dark greyish brown, sandstone with carbonate cement,
variably silicified, crosscut by white opaque calcite and
quartz veinlets (1–4 mm; Fig. 3D)

Fe-oxide stained quartz. Euhedral to subhedral,
intergrown sedimentary quartz grains (50–100 mm) with
up to 50% carbonate cement (Fig. 5C)

Mineralogy is 5% Fe-oxides. Fe-oxide morphologies
include: subhedral and zoned cubic to pentagonal
goethite crystals (5 mm) whose rims have grown together
to form aggregates (Fig. 7G). Aggregates can approach
lengths of 75 mm. In aggregates where individual goethite
crystals cannot be distinguished, the internal texture
appears brecciated (Fig. 7H), similar to the goethite rim
observed in DEH JAS 004 (Fig. 7D)

<2

DEH
JAS
018.2

Brown sandstone with calcite, quartz, and oxide veinlets
(1–3 mm; Fig. 3E)

Subhedral to anhedral sedimentary quartz (50 mm).
Recrystallized or re-cemented to jigsaw quartz, with
interlocking anhedral quartz grains (5–10 mm)

Mineralogy is 30–35% oxide minerals (Fig. 5D).
Rhomboid replacement texture (Fig. 5E). Goethite
morphologies include: aggregates of spherical cores with
cubic to pentagonal rims (Fig. 8A), disseminated blebs
with acicular fringes (Fig. 8B), and rims on angular,
shreddy Mn-oxide crystals with acicular to bladed edges
(Fig. 8C). Fe-Mn, Mn-, and Ti-oxide species are also
present in this sample (Fig. 8D)

7
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Table 1 (continued)

Sample
ID

Hand sample description Silica characteristics Fe-oxide characteristics
(morphology, size, spacing)

Au
(ppb)
DL1:
2 ppb

Battle Mountain

DEH
JAS
008

Dark brown to dark reddish brown, massive cherty
jasperoid with a distinct pale pink and white rim
(Fig. 4F). Shows dissolution vugs (1 mm) throughout.
Contains reactive fossil fragments of shells, corals, and
crinoids (Fig. 6F)

Mineralogy is 70% quartz. Recrystallized to jigsaw
quartz (1–15 mm). Heavily Fe-oxide stained

Mineralogy is 25% oxides. Opaque Mn-oxide
(pyrolusite) veinlets (30–200 mm wide) contain individual
crystals <5 mm in length with plate and acicular
morphologies. Disseminated Fe-oxide aggregate
morphologies include: spherical goethite nodules
(Fig. 8E) similar to Fe-Mn-oxide nodules in DEH JAS
018-2 (Fig. 8D), shreddy, acicular, and blocky.
Aggregates are <50 mm in diameter, and occur on the
centimeter scale within the matrix. Shreddy Ti-oxides
(30 mm) with dissolution textures and anhedral Cr-oxides
(50 mm) are also present in this sample

14

DEH
JAS
009

Mottled dark maroon to brown, cherty jasperoid.
Contains fossil fragments of shells, corals, and crinoids
(Fig. 7A)

Rounded to subrounded siltstone grains (1 mm)
encircled by jigsaw quartz cement (1–15 mm) grains.
Quartz cement is heavily oxide stained and contains
calcite + barite grains

Fe-oxides occur as widely disseminated aggregates. Fe-
oxide morphologies of individual crystals (<5 mm)
include: acicular, shreddy, spherical, and plate. Possible
fossil replacement textures (Fig. 8F). Aggregates are
<50 mm in diameter and occur on the centimeter scale
within the matrix. Individual Mn-oxide crystals are
wispy (Fig. 8G) and rare Mn-oxide veinlets (30–200 mm
wide) have ‘‘books” of platy crystals (Fig. 8H). Rare Ag-
oxides and Ti-oxides with dissolution textures present

N/A

DEH
JAS
010

Light brown to pink, massive, fine-grained calcareous
grainstone. Calcite and Fe-oxide veinlets <1 mm
crosscut sample

Trace silica grains. Unsilicified carbonate Fe-oxides occur as disseminated grains and veinlet fill.
Disseminated Fe-oxides resemble platy ‘‘books” of
material less than 50 mm in diameter and are spaced
hundreds of microns apart. Veinlet Fe-oxides occur as
jumbled aggregates of polygonal plates, interspersed
with blocky carbonate and barite grains

11

Gold Quarry

DEH
JAS
011

Intensely brecciated, silicified, laminated siltstone. Red
oxidized siliceous matrix with angular breccia clasts
(5 mm to 4 cm) that range in color from brownish grey
to yellowish brown to maroon (Fig. 5A). Barite veinlets
(<1mm) crosscut the sample

Submicron reticulated quartz. Mineralogy is 95% silica.
Variable Fe-oxide staining changes color from dark
brown to transparent. Jigsaw quartz in late stage qtz
veins is coarser grain than matrix (25 mm)

Disseminated dark reddish brown Fe-oxides range in size
from 1 mm to 300 mm (Fig. 6B). Acicular crystals (1 mm)
with occur individually and as tightly packed, irregularly
shaped aggregates up to 5 mm-wide. Spacing between
disseminated individual oxide crystals is 2 mm, between
aggregates 20 mm. A goethite surface rind 200–600 mm
thick contains botryoidal and massive goethite (Fig. 9A),
both of which show pitting. Rimming the massive
goethite. In void spaces between botryoidal goethite are
pockets of acicular goethite crystals, with an Sb
signature, that can reach lengths of 4 mm (Fig. 9B)
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DEH
JAS
012

A blocky, siliceous, brown to purplish red, thinly
laminated siltstone. Diffuse patches of orange to dark
red oxidation (Fig. 5B, C)

Mineralogy is 90% silica. The siltstone is 1–20 mm jigsaw
quartz grains. Quartz veins have coarser crystals (50–
100 mm). One vein is rimmed by comb quartz with
oscillatory extinction. Jigsaw quartz (1–5 mm) in the vein
interior (Fig. 7C)

In optical petrography, Fe-oxides occur as disseminated
spherical aggregates of granular crystals and as
botryoidal aggregates (Fig. 6D) that rim quartz veins.
Fe-oxides visible in BSE imagery are primarily
disseminated acicular goethite crystals (2 mm) that form
stars and crosses (Fig. 9C) and radiating acicular
spherules (1.5 mm). Spacing between individual crystals
ranges from 1 to 25 mm. One instance of acicular goethite
crystals (<1 mm long) outlining a botryoidal shape
(Fig. 9D), possibly rimming botryoidal silica
indistinguishable in BSE imagery

140

DEH
JAS
013

Dark reddish brown, cherty, laminated, with maroon
veinlets and veins (<1–5 mm) that crosscut each other
(Fig. 4D)

Mineralogy is 90% silica and remainder is disseminated
oxides. Uniform, reticulated, 1–20 mm quartz grains

Dark reddish brown Fe-oxides occur as individual
rounded or anhedral grains (1–5 mm) or as aggregates
(20 mm). Aggregates weakly parallel primary bedding.
No veinlets present in BSE imagery, suggesting the
‘‘veinlets” observed in hand sample are zones of iron-
staining or disseminated oxides. All individual goethite
crystals are submicron. The coarsest goethite aggregate
observed is approximately 7 mm wide and consists of
75% acicular and 25% blocky crystals (Fig. 9E)

63

DEH
JAS
014

Brown to maroon, highly silicified, massive siltstone.
Brecciated section contains euhedral to angular barite
clasts (<1 mm–5 cm) and unoxidized siltstone clasts
(Fig. 4E). Dissolution vugs (<1–1 mm)

Mineralogy is 50% quartz. Jigsaw quartz grains 2–40 mm.
Oscillatory extinction suggestive of grain boundary
migration recrystallization

In optical petrography, individual Fe-oxides are dark
red, but concentrate to form black, opaque aggregates.
Aggregate distribution resembles snowflake obsidian
(Fig. 6E). Aggregates are coarse (100–400 mm). Fe-oxide
morphologies include: shreddy, anhedral, and tabular.
Individual crystals range in size from 2 to 50 mm.
Shreddy goethite crystals show possible dissolution
textures (Fig. 9F). Fine anhedral crystals (10 mm) show
hematite core and goethite rim zonation (Fig. 9F inset)

27

DEH
JAS
015

Finely laminated, cherty, black and cream siltstone to
mudstone. Colored bands of oxidation (1–3 cm thick)
crosscut bedding at 60�, staining the protolith brown,
yellow, and maroon (Fig. 4F)

Intensely silicified. Mineralogy dominated by jigsaw
quartz (1–60 mm). Extensive pale brown to maroon
staining due to disseminated submicron Fe-oxides
(Fig. 6F)

Sinuous maroon oxide banding (20 mm–3 mm) is
composed of very fine (1–10 mm) bladed and rounded
Fe-oxide crystals disseminated in silica, with trace
spherical Ti-oxide crystals. Oxide crystals are spaced 5–
10 mm apart. Brecciated and deformed siltstone clasts
within the oxide bands. Oxide aggregate abundance
controls translucency of banding

3
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Fig. 3. Unique hand sample jasperoid categories from Marigold and Battle Mountain: (A) DEH JAS 002 – massive maroon jasperoid with
moderate clay development; (B) DEH JAS 004 – brecciated jasperoid with barite infill; (C) DEH JAS 006 – massive red jasperoid with black,
metallic veinlets; (D) DEH JAS 018 – dark greyish brown sandstone with carbonate cement, variably silicified, crosscut by white opaque
calcite and quartz veinlets; (E) DEH JAS 018.2 – brown sandstone with calcite, quartz, and oxide veinlets from same outcrop as previous
sample, showing stronger silicification; (F) DEH JAS 008 – dark brown to dark reddish brown, massive cherty jasperoid with a distinct pale
pink and white rim. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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corresponding thin sections. Figs. 7–9 contain BSE images
of Fe-oxide crystal morphologies and microtextures.

In hand sample, jasperoid colors are generally shades of
brown and red. Silica occurs as jigsaw quartz and less com-
monly as quartz veining (Fig. 6C). The photomicrographs
and BSE images reveal that the characteristic intense dark
red and brown jasperoid colors, although suggestive of high
oxide content, can actually result from widely disseminated
and fine-grained oxides, with few oxide veinlets (Fig. 5D–F;
Figs. 6B; 7F; 9C). Scanning electron microscopy reveals
that areas which appear concentrated in oxides in hand
sample or under the optical microscope, such as veins
(Fig. 3B, C, E; Fig. 4A, B, D), laminations (Fig. 4B, D),
and banding (Figs. 4D; 6F), are largely Fe-oxide stained sil-
ica and disseminated oxides. The apparent discrepancy
between oxide concentrations at different scales may be
the result of disseminated oxides present internally within
the sample beneath the plane of SEM analysis but visible
through translucent silica in optical petrography.
The Fe-oxide mineralogy is predominantly goethite and
hematite. Other oxides observed in BSE images include
Mn-oxide, Mg-oxide, Ti-oxide, and rare Cr- and Ag-
oxides (Figs. 7F, 8B, C, D, F, H). Stoichiometry from the
EDX spot analyses did not agree with common mineral
species, likely because the analytical volume encompasses
more than one grain. Fe-oxide crystals display a wide vari-
ety of morphologies, even within single samples (Table 1).
Fe-oxide characteristics associated with gold-bearing sam-
ples are submicron acicular crystals (Fig. 9B, C, E), chem-
ical zonation (Fig. 9F), and dissolution textures (Fig. 9A,
F).

5.2. Geochemistry

Complete geochemistry results are included in Appendix
B, and Au concentrations are reported in Table 1. Jasperoid
samples from Marigold are below the detection limit for Au
with the exception of one sample that contains 7 ppb Au,



Fig. 4. Unique hand sample jasperoid categories from Gold Quarry: (A) DEH JAS 011 – intensely brecciated, silicified, laminated siltstone;
(B) DEH JAS 012 – blocky, siliceous, brown to purplish red, thinly laminated siltstone; diffuse patches of orange to dark red oxidation; (C)
DEH JAS 012 – blocky weathering surface of previous sample with dissolution; (D) DEH JAS 013 – dark reddish brown, cherty, laminated
jasperoid with crosscutting maroon veinlets and veins; (E) DEH JAS 014 – brown to maroon, highly silicified, massive siltstone with fault
breccia; (F) DEH JAS 015 – finely laminated, cherty, black and cream siltstone to mudstone with colored bands of oxidation that crosscut
bedding. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which is below background level for the area (Theodore
and Jones, 1991; Theodore, 2000). Jasperoid samples from
Battle Mountain are below background level (11 ppb and
14 ppb Au), whereas four samples from the Gold Quarry
mine property are elevated (27–140 ppb Au). During the
SEM-based automated mineralogy bright phase search,
only one 2 mm long botryoidal aggregate of native gold
was found (Fig. 10A). The only other minerals the bright
phase search identified are single occurrences of cuprite,
titanowodginite (a Ti-Ta oxide mineral), and an unknown
Cu-Sn mineral.

The eighteen samples analyzed with whole-rock geo-
chemistry are too small a dataset for robust statistical
manipulation, but we can identify general trends. Table 2
highlights the Spearman correlation coefficients of the indi-
cator elements identified by this study and earlier authors.
A 1 or �1 indicates a complete positive or negative mono-
tonic element variance and 0 indicates no correlation. Of
the elements indicative of Au mineralization identified by
previous jasperoid studies (Lovering, 1972; Holland et al.,
1988; Nelson, 1990; Theodore and Jones, 1991; Yigit
et al., 2006), in our dataset As, Pb, Sb, Tl, and W show a
strong positive correlation with Au (�0.75), and Ag shows
a moderate correlation (0.66; Table 2). All remaining ele-
ments display correlations that are too weak to be described
as significant (�0.50). Unlike prior studies, in our dataset U
displays a strong correlation with Au (0.78).

A Spearman correlation table of all geochemistry results
(Appendix B) shows trends that align with alteration styles.
Silica shows a weak negative correlation (�0.33) with CaO.
Total iron as Fe2O3 shows a strong negative correlation
(�0.84) with CaO. These correlations reflect the silica and
iron replacement of carbonate and subsequent oxidation
typical of jasperoid alteration. Potassium and aluminum
show a nearly perfect positive correlation (0.97). Sodium
shows a strong positive correlation with both potassium



Fig. 5. Photomicrographs of silica and Fe-oxide textures from Marigold and Battle Mountain samples: (A) DEH JAS 002 – siliciclastic
breccia clasts with Fe-oxide staining in interior and Fe-oxide breccia fill in cross-polarized light (XPL); barite displays comb texture; (B) DEH
JAS 006 – translucent red hexagonal hematite platelets with micron-scale disseminated Fe-oxide crystals in a radiating pattern in plane-
polarized light (PPL); see inset for magnified view of hematite platelet; (C) DEH JAS 018 – zones of purely quartz adjacent to areas of quartz
grains with carbonate cement suggest partial silicification (XPL); crosscutting carbonate veins present; (D) DEH JAS 018.2 – opaque anhedral
disseminated Fe-oxide aggregates appear black or dark brown (PPL); sample is partially silicified as indicated by remnant limestone sections
with calcite veining; (E) DEH JAS 018.2 – partially silicified sample; remnant limestone sections with dark brown rhombs of Fe-oxide,
possibly goethite replacing dolomite or rhombic goethite (PPL); (F) DEH JAS 008 – partially silicified sample; 70% of mineralogy is
recrystallized jigsaw quartz; carbonate protolith with fossil sponge and crinoid bioclasts that remain reactive to 10% HCl; Fe-oxide staining
and disseminated dark brown Fe-oxide aggregates measuring up to 500 lm occur throughout (PPL).
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and aluminum (0.82). The rare earth elements generally
show strong to moderate correlations with aluminum and
potassium. Iron and magnesium are negatively correlated,
likely due to the fact that they commonly substitute for
one another in the carbonate protoliths and in the abun-
dant oxide minerals. We consider P2O5 as a proxy for apa-
tite, as apatite is the only phosphate-bearing mineral that
we identify in our samples. There is a moderate negative
correlation between SiO2 and P2O5, suggesting that more
intensely silicified rocks have less apatite.

5.3. Fe-oxide (U-Th)/He dating

5.3.1. Sample aliquot grain characterization

Hand separated, microdrilled, crushed, and disaggre-
gated (EPD) jasperoid aliquots selected for (U-Th)/He



Fig. 6. Photomicrographs of silica and Fe-oxide textures from Battle Mountain and Gold Quarry samples: (A) DEH JAS 009 – heavily Fe-
oxide stained siltstone with remnant carbonate fossil and crinoid bioclasts (PPL); (B) DEH JAS 011 – siltstone with disseminated dark red Fe-
oxides and large aggregates measuring up to 200 lm composed of anhedral plates in a pseudo-dendritic pattern (PPL); (C) DEH JAS 012 –
strongly silicified jasperoid with a jigsaw quartz matrix, reticulated quartz, and comb quartz veins (XPL); Fe-oxides rim quartz veins and are
disseminated throughout sample in 25 lm ellipsoids; two botryoidal Fe-oxide aggregates more than 100 lm wide occur in the area outlined in
red; (D) DEH JAS 012 – field of view indicated by red box in previous image; reflected light (RFL) reveals botryoidal dark red hematite with
internal reflectance and silvery grey goethite; (E) DEH JAS 014 – jigsaw quartz with elongated and crosscutting opaque black hematite
aggregates in a pattern that resembles snowflake obsidian (XPL); (F) DEH JAS 015 – siltstone with translucent to opaque maroon oxide
veinlets that contain siltstone clasts (PPL); none of the veinlets were visible in BSE images and the only oxide minerals identified during EDX
spot analysis were micron to submicron Ti-oxides. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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dating consist of silicified rock with Fe-oxide patches
measuring ten to hundreds of microns on the grain sur-
face (Fig. 10B). The range of crystal dimensions and cor-
responding closure temperatures for each Fe-oxide
morphology and jasperoid sample are listed in Table 3.
The Fe-oxides display blocky (Fig. 10C), platelet, and
acicular crystal morphologies. The disaggregated samples
are more concentrated and predominantly comprise Fe-
oxides with 25 mm patches of silica and barite
(Fig. 10D). We observe a distinctive pitted texture
(Fig. 10E) and radiating acicular goethite (Fig. 10F) in
disaggregated grains.
5.3.2. Fe-oxide (U-Th)/He dates

We dated a total of 28 aliquots from eight samples using
(U-Th)/He chronology. The dates range from 29.4
± 0.5 Ma to 0.11 ± 0.01 Ma (Table 4). Fig. 11 compares
He dates among all samples. The two Gold Quarry samples
show intersample variation, despite coming from the same
outcrop: aliquots from DEH JAS 011 are from a goethite
surface rind, whereas aliquots from DEH JAS 012 are dis-
seminated aggregates of acicular goethite.

Marigold samples generally yield the oldest dates.
Fe-oxides separated using two different techniques from
DEH JAS 006 yield non-contemporaneous He dates. The



Fig. 7. Back-scattered electron images of Fe-oxides from Marigold samples: (A) DEH JAS 002 – hematite platelets; where imaged
perpendicular to c-axis, the platelets appear acicular; (B) DEH JAS 002 – hematite platelets showing roughly hexagonal morphology; (C)
DEH JAS 004 – dense aggregate of hexagonal goethite platelets; trace Mg and Ti in goethite identified by EDX spot analysis; (D) DEH JAS
004 – jasperoid interior is silica; surficial weathering rind show colliform goethite bands with fluctuating composition across the rind;
outermost layer is goethite with an internally brecciated texture; (E) DEH JAS 006 – aggregate of shreddy goethite laths; (F) DEH JAS 006 –
Shreddy and acicular goethite crystals rimming what appeared to be an oxide veinlet in optical petrography, but is predominantly silica in
BSE imagery; micron-scale rounded to anhedral Mn-, Mg-, and Fe-oxides are spaced less than 10 lm apart in veinlet interior; (G) DEH JAS
018 – individual zoned cubic to pentagonal goethite crystals 5 lm wide cluster to form an aggregate 100 lm long; trace apatite observed
adjacent to goethite aggregate; (H) DEH JAS 018 – goethite aggregate where individual crystals are difficult to distinguish, although internal
zonation suggests they were roughly hexagonal; internal texture is brecciated.
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(U-Th)/He analyses performed on disaggregated Fe-oxides
produce highly reproducible dates within the Pliocene
(4.25 ± 0.06 Ma, 4.24 ± 0.06 Ma, 4.09 ± 0.07 Ma, 5.76
± 0.08 Ma). By contrast, the hand separated Fe-oxide ali-
quots yield Late Pleistocene dates (0.14 ± 0.01 to 0.11
± 0.01 Ma), with the exception of one grain at 7.36
± 0.10 Ma.
The He dates from Battle Mountain samples range
from 29.4 ± 0.5 Ma to 0.97 ± 0.07 Ma. We lost Nb-tubes
from samples DEH JAS 008 and DEH JAS 009 while
preparing aliquots for U-Th analysis following He degas-
sing, so we can only report the He dates from the two
dated aliquots for each sample. The data are insufficient
to make interpretations about these samples, so we will



Fig. 8. Back-scattered electron images of Fe-oxides from Marigold and Battle Mountain samples: (A) DEH JAS 018.2 – irregularly zoned
rounded goethite cores with cubic to pentagonal rims; (B) DEH JAS 018.2 – shreddy goethite surrounded by submicron granular to acicular
Mg-, Mn-, and Fe-oxides; (C) DEH JAS 018.2 – shreddy Mn-oxide with goethite rims and fracture fill; (D) DEH JAS 018.2 – spherical
aggregates composed of 1 lm Fe- and Mn-oxide spheres intergrown with apatite and shreddy skeletal Mn-oxide; (E) DEH JAS 008 –
subhedral to spherical goethite nodules with framboidal rims; (F) DEH JAS 008 – feathery to acicular submicron Mn-oxide aggregates; (G)
DEH JAS 009 – possible goethite fossil replacement or void fill; polygonal porosity outlined with a brighter mineral in BSE that could not be
distinguished from goethite with EDX spot analysis; (H) DEH JAS 009 – stacked ‘‘books” of Mn-oxide sheets.

86 D.E. Huff et al. /Geochimica et Cosmochimica Acta 286 (2020) 72–102
not focus on DEH JAS 008 or DEH JAS 009 in the
discussion.

5.3.3. Calculated Fe-oxide closure temperatures

Taken together, the full range of effective closure temper-
atures as a function of grain size is 26–136 �C (Table 3). The
only hematite grains for which closure temperature was cal-
culated are the hematite platelets in sample DEH JAS 002;
all other closure temperatures were calculated for goethite
morphologies. The hematite platelets have the highest calcu-
lated closure temperature (136 �C), reflecting the differences
in the diffusion kinetics between hematite and goethite. For
goethite, platelet morphologies have the lowest calculated
closure temperatures, whereas bladed morphologies have
the highest closure temperatures (Table 3). Grain size rather
than morphology appears to dictate the closure temperature
values for anhedral, granular, spherical, and bladed mor-
phologies (Table 3). The closure temperatures for crystals



Fig. 9. Back-scattered electron images of Fe-oxides from Gold Quarry samples: (A) DEH JAS 011 – massive goethite rim with rounded
internal sections surround by massive, pitted goethite; acicular goethite crystals 2 lm long line void spaces in the rim; EDX spot analysis
identified Sb within the acicular goethite zones; (B) DEH JAS 011 – magnified view of acicular goethite where EDX also detects Sb; (C) DEH
JAS 012 – disseminated acicular hematite; (D) DEH JAS 012 – acicular goethite rimming botryoidal colliform silica; (E) DEH JAS 013 –
submicron acicular goethite; (F) DEH JAS 014 – shreddy acicular and tabular goethite crystals; crystals coarser than 20 lm show pitted
dissolution zones; where chemical zonation is visible, Fe-oxides show a hematite core zoning outwards to a goethite rim.
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with acicular morphologies are high considering the grain
dimensions are commonly submicron, ranging from
67–101 �C (Table 3). These elevated closure temperatures
reflect the length-scale control on He diffusion domain
(Meesters and Dunai, 2002).

6. DISCUSSION

Certain physical characteristics of Fe-oxides show a
promising association with Au content in jasperoid sam-
ples, which we discuss in Section 6.1. In this section, we also
evaluate the whole-rock geochemistry results and how they
relate to jasperoid prospectivity in the context of findings
from previous studies. The Fe-oxide He date results show
a wide range, and we discuss the possible causes of the
observed date variation in Section 6.2.
6.1. Jasperoid prospectivity and Fe-oxide characteristics

Although many authors have attempted to distinguish
different jasperoid generations with the goal of identifying
those contemporaneous with Au mineralization
(Lovering, 1972; Holland et al., 1988; Nelson, 1990;
Theodore and Jones, 1991; Hofstra, 1994; Emsbo, 1999;
Yigit et al., 2006), until now no studies have examined
whether Au-bearing jasperoids display unique Fe-oxide fea-
tures. In Section 6.1.1, we highlight how our textural obser-
vations on Fe-oxides could be used to assess jasperoid
prospectivity. In Section 6.1.2, we integrate our limited
whole-rock geochemical dataset with the results of previous
studies to evaluate the element suite related to Au mineral-
ization. We incorporate our prospective Fe-oxide charac-
teristics and geochemistry results with the silica



Fig. 10. Gold deportment and Fe-oxide (U-Th)/He sample aliquot characterization: (A) DEH JAS 014 – shreddy to acicular Fe-oxide
surrounding and adjacent to native Au detected during a bright phase search; gold occurs as a thin botryoidal aggregate, measuring 2 lm in
length; (B) DEH JAS 006 – hand separated grain from Marigold duplicate sample; grain surface shows 5% silica patches, remainder of grain
surface is Fe-oxide and voids between bladed morphologies, possibly from dissolution; individual Fe-oxide crystals appear as fine flakes; (C)
DEH JAS 010 – blocky and polygonal Fe-oxides from a Battle Mountain sample; EDX spectra were inconclusive for mineral identification;
(D) DEH JAS 006 – disaggregated grain from Marigold duplicate sample; grain surface shows 5% silica patches and the Fe-oxides have a
distinctive pitted texture; black box indicates field of view for subsequent image; (E) DEH JAS 006 – magnified view of pitted texture on grain
surface of disaggregated duplicate sample from Marigold; (F) DEH JAS 006 – radiating acicular Fe-oxide (goethite?) in cross-section on the
surface of a disaggregated grain from Marigold duplicate sample; trace barite in grain.
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characteristics, indicator element signatures, and mineral-
ogy results from previous authors in Table 5 to summarize
jasperoid prospectivity criteria for future exploration
programs.

6.1.1. Textural prospectivity indicators

Although using whole-rock geochemistry to identify
potential deposits is standard practice in mineral explo-
ration, we propose that optical petrography and SEM
may be simpler and more cost-effective methods when eval-
uating jasperoids as an indicator of prospectivity. We
acknowledge that our sample size is small; however, within
our sample set, optical petrography and SEM definitively
reveal Fe-oxide crystal morphologies and textures specific
to mineralized jasperoids.
The most diagnostic feature of mineralized samples
(Fig. 9) is the abundance of extremely fine-grained
(<100 nm wide) feathery to acicular Fe-oxides (Fig. 9E).
Additional Fe-oxide textures observed only in mineralized
samples include concentric zonation from hematite to
goethite (Fig. 9F) and botryoidal textures (Figs. 6C, D
and 9A, D). The latter texture appears to represent Fe-
oxides coating colloform silica with a botryoidal surface
(Fig. 9D), rather than botryoidal crystal form of the Fe-
oxides themselves. Colloform silica may represent recrystal-
lization of amorphous silica gel, providing insight into the
conditions of jasperoid silicification (Fournier, 1985;
Saunders, 1994; Taksavasu et al., 2018). In contrast to the
mineralized samples, zonation in unmineralized samples
occurs as weathering rinds (Fig. 7D), concentric zonation
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in goethite (Figs. 7G; 8A), and irregular, patchy, ‘‘brec-
ciated” zonation (Figs. 7D, H; 8A). Fe-oxides in unminer-
alized samples display a range of crystal morphologies
including: plates, blades, granular, and cubic pseudo-
morphs after pyrite (Figs. 7, 8). These pseudomorphs may
represent oxidation of relatively coarse diagenetic pyrite
in unmineralized protoliths, whereas our mineralized sam-
ples would have lacked this pyrite style and likely originally
contained the fine-grained, disseminated sulfides typical of
CTGD Au mineralization (Hofstra and Cline, 2000; Cline
et al., 2005).

In order to use Fe-oxide characteristics to identify
prospective jasperoids, we recommend that future studies
should collect multiple samples and prepare multiple thin
sections per outcrop, as Au concentration, Fe-oxide miner-
alogy, and Fe-oxide crystal morphology vary among our
study areas and also within our study areas at the outcrop
scale (Table 1). Although mineralized jasperoids display
unique Fe-oxide characteristics in our sample set, future
research must assess if these observations are consistent
across additional study sites in Nevada and elsewhere.

6.1.2. Geochemical prospectivity indicators

In addition to correlating our identified Fe-oxide char-
acteristics with Au content of the samples, we analyzed
our whole-rock geochemistry results to see if they would
produce an indicator element suite that agreed with pub-
lished exploration studies of jasperoids (Lovering, 1972;
Holland et al., 1988; Nelson, 1990; Theodore and Jones,
1991; Hofstra, 1994; Emsbo, 1999; Yigit et al., 2006). Our
Spearman correlation table indicates that the elements that
positively correlate with Au in our dataset are: As, Ag, Pb,
Sb, Tl, U, and W (Table 2). We acknowledge that our sam-
ple size is small; however, the near identical match between
our indicator element suite and that of Holland et al. (1988;
65 samples from 10 CTGDs and 22 barren systems; Table 5)
suggests that our statistical analysis is robust enough to
interpret general trends and their significance to jasperoid
prospectivity. Our indicator element suite also aligns with
the other published studies, albeit differing to some degree
where those studies included jasperoids from other deposit
types (Lovering, 1972; Theodore and Jones, 1991), or due
to subtle differences in characteristics of the individual
deposits analyzed. For example, Yigit et al. (2006) identified
Hg as an indicator element in the Gold Bar district, whereas
Hg is not associated with Au in our samples. The Au depos-
its in the Gold Bar district formed at shallower depths than
at Gold Quarry (Cline et al., 2005), and higher Hg concen-
trations are commonly associated with shallow Au mineral-
ization (Goldfarb et al., 2016). Our element signature
contrasts to some extent with the discriminant function of
Nelson (1990), likely because he elected to use Q-mode fac-
tor analysis which identified rock composition end mem-
bers rather than elemental associations. Nelson (1990)
also generated a discriminant function that successfully cat-
egorized 95% of mineralized samples when applied to new
data. However, the function struggled to classify unminer-
alized samples, produced false positives, and required recal-
ibration for new datasets. We suggest that Fe-oxide textures



Table 3
Calculated closure temperatures for observed jasperoid Fe-oxide morphologies.

Fe-Oxide Sample and Morphology aa (mm)
mean

a (mm)
max

a (mm)
min

a SD
(mm)

Tc
b (�C)

mean
Tc (�C)
max

Tc (�C)
min

Geometry Reference used

DEH JAS 002 hematite platelet 0.086 0.223 0.032 0.041 119 136 106 Plane sheet Farley and Flowers (2012)
Evenson et al. (2014)

DEH JAS 004 individual goethite rim zone 0.453 1.096 0.171 0.261 76 88 67 Plane sheet Shuster et al. (2005)
DEH JAS 004 goethite platelet 0.042 0.064 0.028 0.011 32 37 28 Plane sheet Reiners et al. (2014)
DEH JAS 006 bladed goethite 0.158 0.698 0.036 0.112 97 121 79 Cylinder Garcia et al. (2017)
DEH JAS 006 granular goethite 1.251 8.448 0.243 1.690 55 88 42 Sphere Reiners et al. (2014)
DEH JAS 008 acicular goethite in aggregate 0.108 0.162 0.059 0.027 94 99 86 Cylinder Garcia et al. (2017)
DEH JAS 008 spherical goethite aggregate 3.671 5.388 2.506 0.740 75 81 70 Sphere Reiners et al. (2014)
DEH JAS 009 blocky goethite in aggregate 0.541 1.900 0.160 0.312 50 67 37 Sphere Reiners et al. (2014)
DEH JAS 010 goethite aggregate 0.492 1.476 0.213 0.259 60 76 51 Plane sheet Reiners et al. (2014)
DEH JAS 011 acicular goethite in rim 0.080 0.184 0.029 0.027 89 101 77 Cylinder Garcia et al. (2017)
DEH JAS 011 botryoidal goethite rim aggregate 8.179 17.264 2.843 5.128 98 110 88 Sphere Shuster et al. (2005)
DEH JAS 011 disseminated acicular goethite 0.054 0.097 0.035 0.013 84 92 79 Cylinder Garcia et al. (2017)
DEH JAS 012 acicular goethite 0.076 0.146 0.026 0.028 88 98 75 Cylinder Garcia et al. (2017)
DEH JAS 013 acicular goethite 0.035 0.081 0.013 0.012 79 90 67 Cylinder Garcia et al. (2017)
DEH JAS 014 anhedral zoned goethite 2.146 6.687 0.060 1.570 63 84 26 Sphere Reiners et al. (2014)
DEH JAS 018 goethite aggregate 2.465 18.056 0.220 4.889 57 99 40 Sphere Reiners et al. (2014)
DEH JAS 018 individual zoned goethite 3.556 10.505 1.945 2.128 74 91 67 Sphere Reiners et al. (2014)
DEH JAS 018–2 individual zoned goethite 5.851 11.491 2.217 2.648 81 92 69 Sphere Reiners et al. (2014)
DEH JAS 018–2 spherical goethite aggregate 9.865 17.974 3.987 5.315 88 99 77 Sphere Reiners et al. (2014)
DEH JAS 018–2 spherical individual goethite 0.339 0.566 0.142 0.113 45 51 36 Sphere Reiners et al. (2014)

a Diffusion domain length-scale is plate half-width or crystal radius measured from SEM SE images.
b Closure temperatures calculated assuming spherical geometry, 10 �C/Myr cooling rate, and the diffusion kinetics (Ea and D0) from Farley and Flowers (2012), Evenson et al. (2014); Shuster

et al. (2005), Reiners et al. (2014), and Garcia et al. (2017) depending on the Fe-oxide mineralogy and crystal morphology.
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Table 4
(U-Th)/He results from jasperoid Fe-oxide aliquots from Marigold, Battle Mountain, and Gold Quarry.

Site Sample
Name

Aliquot
Length
(mm)

Aliquot
Width
(mm)

Fe-oxide
Separation
Method

Measured He
Age (Ma)

±
(1r)

He
(pmol)

±
(1r)

U
(ng)

±
(1r)

Th
(ng)

±
(1r)

Fe-oxide
Aliquot1 Mass
(mg)

U
(ppm)

Th
(ppm)

eU
(U + 0.235 Th)

Marigold DEH JAS 004_1 — — Microdrilled 7.41 0.12 0.0103 0.000112 0.2350 0.0034 0.1008 0.0015 — — —
DEH JAS 004_2 480 306 11.9 0.2 0.0022 3.098E�05 0.0293 0.0004 0.0186 0.0003 0.101 0.289 0.184 0.332
DEH JAS 004_3 370 273 10.2 0.2 0.0038 4.608E�05 0.0621 0.0009 0.0256 0.0004 0.062 0.997 0.412 1.094
DEH JAS 004_4 484 334 9.33 0.17 0.0075 9.411E�05 0.1434 0.0021 0.0272 0.0004 0.122 1.176 0.223 1.229
DEH JAS 004_5 576 320 5.73 0.42 0.0002 1.124E�05 0.0042 0.0001 0.0039 0.0001 0.133 0.032 0.029 0.039
DEH JAS 006_HS_1 267 224 Hand separated 0.135 0.003 0.0005 9.93E�06 0.5193 0.0074 0.5095 0.0073 0.030 17.194 16.867 21.157
DEH JAS 006_HS_2 313 304 0.119 0.002 0.0010 1.118E�05 1.2211 0.0176 1.3352 0.0192 0.065 18.830 20.589 23.668
DEH JAS 006_HS_3 367 260 0.109 0.002 0.0009 7.454E�06 1.2483 0.0181 1.1840 0.0180 0.056 22.373 21.219 27.360
DEH JAS 006_HS_4 409 380 7.36 0.10 0.0150 4.267E�05 0.3557 0.0051 0.0958 0.0014 0.133 2.676 0.721 2.845
DEH JAS 006_LS_1 255 239 EPD and Frantz 4.25 0.06 0.0056 2.443E�05 0.2345 0.0034 0.0408 0.0006 0.033 7.146 1.244 7.438
DEH JAS 006_LS_2 444 374 4.24 0.06 0.0084 5.15E�05 0.3644 0.0053 0.0232 0.0004 0.140 2.604 0.166 2.642
DEH JAS 006_LS_3 346 192 4.09 0.07 0.0061 1.632E�05 0.2703 0.0051 0.0255 0.0006 0.029 9.472 0.892 9.681
DEH JAS 006_LS_4 305 289 5.76 0.08 0.0090 2.834E�05 0.2869 0.0041 0.0193 0.0003 0.057 5.028 0.338 5.108

Battle Mountain DEH JAS 008_1 283 194 Crushed and Frantz 2.37 0.13 0.0005 2.655E�05 0.0374 0.0005 0.0081 0.0002 0.024 1.562 0.339 1.642
DEH JAS 008_3 258 157 1.61 0.12 0.0003 2.156E�05 0.0317 0.0005 0.0053 0.0001 0.0142 2.223 0.371 2.310
DEH JAS 009_1 154 116 1.14 0.28 0.0001 2.431E�05 0.0143 0.0002 0.0081 0.0002 0.0047 3.058 1.739 3.466
DEH JAS 009_2 145 118 3.16 0.97 0.0001 3.728E�05 0.0061 0.0001 0.0045 0.0001 0.0045 1.346 1.002 1.581
DEH JAS 010_1 145 125 Crushed and Frantz 6.20 0.13 0.0022 3.397E�05 0.0649 0.0009 0.0054 0.0001 0.0051 12.650 1.053 12.897
DEH JAS 010_2 131 71 0.97 0.07 0.0002 1.381E�05 0.0340 0.0005 0.0136 0.0003 0.0015 22.629 9.055 24.757
DEH JAS 010_3 153 102 29.4 0.5 0.0044 4.59E�05 0.0196 0.0003 0.0343 0.0005 0.0036 5.478 9.584 7.730

Gold Quarry DEH JAS 011_1 509 398 Microdrilled 1.19 0.03 0.0004 7.159E�06 0.0430 0.0007 0.0791 0.0012 0.181 0.238 0.437 0.340
DEH JAS 011_2 498 384 2.68 0.03 0.0028 1.475E�05 0.1663 0.0024 0.1296 0.0019 0.165 1.006 0.784 1.190
DEH JAS 011_3 385 311 3.16 0.04 0.0017 1.242E�05 0.0794 0.0012 0.0802 0.0012 0.084 0.951 0.960 1.176
DEH JAS 011_4 308 297 2.07 0.04 0.0021 3.008E�05 0.1517 0.0022 0.1461 0.0021 0.061 2.474 2.384 3.034
DEH JAS 012_1 378 256 Microdrilled 0.43 0.02 0.0001 3.976E�06 0.0365 0.0007 0.0625 0.0012 0.056 0.656 1.125 0.921
DEH JAS 012_2 374 254 0.46 0.02 0.0001 4.997E�06 0.0360 0.0006 0.0688 0.0011 0.054 0.664 1.271 0.963
DEH JAS 012_3 197 126 0.38 0.04 0.0000 4.263E�06 0.0134 0.0002 0.0184 0.0003 0.007 1.909 2.623 2.526
DEH JAS 012_4 446 342 0.65 0.02 0.0002 5.737E�06 0.0464 0.0007 0.0860 0.0013 0.117 0.396 0.733 0.568

Notes: The He age uncertainties are 1r propagated from U, Th, and 4He analytical uncertainties and underestimate true He age uncertainties due to alpha-ejection. The U-Th concentrations are
approximations calculated from the U-Th masses divided by the Fe-oxide aliquot mass.
1 The Fe-oxide aliquot mass is an approximation calculated using the measured grain dimensions of each aliquot, assuming an ellipsoid volume and a goethite specific gravity of 4.3 gm/cm3.
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Fig. 11. Fe-oxide (U-Th)/He dates from Marigold, Battle Mountain, and Gold Quarry jasperoid samples.
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may be a more efficient discriminator between mineralized
and unmineralized jasperoids.

6.2. Fe-oxide (U-Th)/He dates

The (U-Th)/He results reveal a range of dates between
29.4 ± 0.5 Ma and 0.11 ± 0.01 Ma (Table 4; Fig. 11) and
display both intra- and intersample He date variation. We
quantify the intrasample variation with the relative stan-
dard deviation (RSD) of aliquot dates within a single sam-
ple. Table 6 compiles the Fe-oxide aliquot data necessary to
evaluate the possible causes of date variation. In the subsec-
tions below, we focus our discussion on the causes of the
observed intrasample date variation, acknowledging that
any one of these factors may also contribute to intersample
date variation.

6.2.1. He implantation

If interstitial U-Th bearing mineral phases such as clays,
apatite, or zircon are present, radioactive decay in these
minerals can generate and implant ‘‘parentless” He in
nearby Fe-oxide aggregates (Evenson et al., 2014), causing
date variation. Our preliminary SEM imaging indicated the
presence of apatite and zircon grains, so we targeted areas
showing only Fe-oxides and silica in the aliquots prepared
by microdrilling and hand separation. However, we cannot
rule out the presence of U-Th phases below the plane of
SEM analysis, or in the aliquots separated by crushing
and EPD.

Most of our samples do not show strong negative age-
effective uranium (eU) trends (R2 values range from 0.03
to 0.54; Fig. 12), so we infer that those dates have not been
affected by He implantation (Murray et al., 2014). How-
ever, our eU concentrations are only approximate values,
based on the measured grain dimensions, an assumed ellip-
soid volume, and a goethite specific gravity of 4.3 g/cm3 to
calculate the Fe-oxide grain mass necessary to convert U
and Th masses to concentrations (Table 4), as opposed to
moles relative to Fe (e.g. Reiners et al., 2014). Our eU cal-
culations are most accurate for aliquots with coarse or
tightly packed Fe-oxides, but likely underestimate the eU
concentrations in aliquots with fine and disseminated Fe-
oxides, as the calculations do not account for larger vol-
umes of interstitial phases such as silica. Aliquots with
low eU values will be most influenced by He implantation,
because an increase in foreign He will dramatically increase
the age-eU ratio.

Despite the absence of strong negative age-eU trends
within samples, two individual aliquots display older He
dates with relatively low eU concentrations, suggesting
these aliquots may have been affected by He implantation.
In DEH JAS 010, an aliquot with 7.73 ppm eU corresponds
to an He date of 29.4 ± 0.5 Ma, the oldest age in our data-
set (Table 6; Fig. 12). Similarly, a single aliquot from DEH
JAS 006 HS with 2.85 ppm eU corresponds to an He date
of 7.36 ± 0.10 Ma. In comparison, the remaining aliquots
from DEH JAS 006 HS have eU concentrations which
are an order of magnitude larger, yet associated with much
younger ages ranging from 0.14 ± 0.01 to 0.11 ± 0.01 Ma
(Table 6; Fig. 12).

6.2.2. Parent isotope exchange

Fluid interaction may affect the radionuclide concentra-
tions of the (U-Th)/He isotope system in Fe-oxides (Reiners
et al., 2014). If fluids such as groundwater contain dissolved
U-Th they could facilitate open-system behavior for parent
isotopes by contributing U-Th to the Fe-oxides; conversely,
if the fluids are undersaturated with respect to U-Th, they
could leach U-Th from the Fe-oxides (Thompson et al.,
2003; Borsato et al., 2005; Reiners et al., 2014). Addition
of U-Th can generate either a positive or a negative age-
eU trend, depending on the initial eU concentration of
the Fe-oxide grain and how eU is added to the system.
Variable amounts of eU added over time or instantaneously



Table 5
Prospectivity features identified by this study are integrated with those from previous research.

Prospectivity Characteristic Favorable Authors

Fe-oxide characteristics Acicular goethite crystals (<1–4 mm)
Chemical zonation
Presence of dissolution pits in Fe-oxide crystals, especially where zoned

This study

Jasperoid color Maroon; light to dark brown Lovering (1972)
Variegated color Theodore and Jones

(1991)

Silica Texture Phaneritic; vuggy; size range of quartz >10X; reticulated This study; Lovering
(1972)

Xenomorphic; reticulated; quartz veins display drusy and granular textures, zoned Hofstra (1994)
Oxygen isotopes d18OH2O: �19 to 10‰; d18O: 1.1–15.2‰; mixing between highly exchanged and

unexchanged meteoric water
Hofstra (1994)

d18O: �5‰ Emsbo (1999)
d18O: �3.7 to 24.5‰; mixing between highly exchanged and unexchanged meteoric
water

Yigit et al. (2006)

Fluid inclusions Minimum homogenization temperatures of 120–260 �C; 0–10 wt% NaCl; CO2-H2S
present

Hofstra (1994)

Fluid 1: homogenization temperatures of 200–230 �C, 2–6 wt.% NaCl; H2S present
Fluid 2: homogenization temperatures of 175–190 �C; 0–1 wt% NaCl

Emsbo (1999)

Cathodoluminescence Mottled and zoned; brick red and blue to gray and black Hofstra (1994)
Non-luminescent; very slight dark blue color
Late-ore stage quartz: zoned, greenish blue to bluish green; crosscut by bright light
green

Emsbo (1999)

Indicator elements Au, Ag, As, Sb, Pb, W, Tl, U This study
Ag, As, Bi, Cu, Fe, Ga, In, Mo, Sn, Zn Lovering (1972)1

Factor 1: Au-Ag-Sb-SiO2-As-Pb
Factor 2: W-B-V-Zn-Co-Au-CaO-Ni-Mn-Cu

Holland et al. (1988)2

Au, Ag, Sb, Mo, Ba, Ni, P, Mn Nelson (1990)
Au, Ag, As, Cu, Pb, Sb, Zn Theodore and Jones

(1991)3

Au, As, Hg, Sb, Tl, Ba Yigit et al. (2006)

Pre-jasperoid alteration
minerals

Calcite, dolomite, apatite, pyrite, carbon, mica, zircon, rutile Hofstra (1994)
Pyrite Lovering (1972)

Syn-jasperoid alteration
minerals

Pyrite, stibnite Emsbo (1999)
Pyrite, barite, gold Hofstra (1994)

Post-jasperoid alteration
minerals

Goethite, jarosite Lovering (1972)
Goethite This study

1 Lovering (1972) did not analyze or report Au concentrations, preventing a direct comparison of Au content and the characteristics he
identified as favorable for mineralization.
2 Holland et al. (1988) did not analyze for U.
3 Theodore and Jones (1991) did not analyze for U and W.
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to Fe-oxide grains with a constant initial eU concentration
will produce a negative trend (Reiners et al., 2014). By con-
trast, a constant amount of eU added continuously or
instantaneously to Fe-oxides with a range of initial eU con-
centrations will produce a positive trend (Reiners et al.,
2014). Removal of U-Th would appear as lower eU values
and artificially older He dates.

We plot the eU concentrations of aliquots against He
dates (Fig. 12) and generally observe no trend (R2 values
range from 0.03 to 0.54), suggesting that U-Th addition
or removal is not responsible for the observed date varia-
tion. The exceptions are three hand-separated aliquots from
DEH JAS 006. Compared to the rest of the data from this
sample, these aliquots show high eU and extremely young
dates (0.14 ± 0.01 Ma to 0.11 ± 0.01 Ma; Fig. 12), which
implies late-stage eU addition (Reiners et al., 2014). Late
addition of U-Th leads to artificial younging of He dates,
and further complicates date calculations as U will be out
of secular equilibrium in aliquots whose He dates are
younger than 1 Ma (Monteiro et al., 2014).

6.2.3. Closure temperature sensitivity

The Fe-oxides in our jasperoid samples do not generally
occur as single, large crystals but rather as polycrystalline
aggregates (e.g., Farley and Flowers, 2012). Each individual
crystal in the aggregates serves as its own He diffusion
domain (Evenson et al., 2014; Farley, 2018; Jensen et al.,
2018). Metrics of temperature sensitivity, such as closure
temperature and the PRZ, vary as a function of the grain
size distribution within the polycrystalline aliquots, increas-
ing with increasing grain size as coarse crystals retain more
of their He budget over their lifetime than finer grains



Table 6
Fe-oxide aliquot data required to assess the causes of intrasample Fe-oxide (U-Th)/He He date variation.

Aliquot mineralogy and
morphology
Fe-oxide grain size and spacing

Aliquot
sample context

Calculated
Tc

(�C)

(U-Th)/He
dates
(Ma)

Intrasample
dispersion
(RSD)

eU-Age trend
R2-value

Intrasample Variation

Marigold

DEH JAS 004 Goethite;

platelet;
aggregates �125 mm wide;
aggregate spacing: 10–30 mm

Clustered aggregates 28–37 5.73 ± 0.42

7.41 ± 0.12
9.33 ± 0.17
10.21 ± 0.18
11.92 ± 0.23

24.2% No trend

R2 = 0.15

Closure temperature sensitivity:

fractional He loss plot (Fig. 13) indicates
sample falls within the partial retention
zone at near surface conditions and has
lost �10% He.

DEH JAS 006
HS
Hand-separated

Goethite;
bladed;
crystals 500 nm to 20 mm long;
aggregates >500 mm long

Fe-oxide coating on silica?
Coarse aggregate?
Vein fill?

79–121 0.11 ± 0.10
0.12 ± 0.10
0.14 ± 0.10
7.36 ± 0.10

162.4% Negative trend;
artifically high R2 value due to
magnitude difference between single
aliquot and remainder of population:
causes line of best fit to resemble a two

aliquot sample
R2 = 0.95

He implantation: single aliquot with low
eU and high age
(U-Th) addition: three aliquots with high
eU and extremely young age, negative
eU-age trend

DEH JAS 006
LS
EPD-separated

Goethite;
bladed;
crystals 500 nm–20 mm long;

aggregates > 500 mm long

Vein fill 79–121 4.09 ± 0.07
4.24 ± 0.06
4.25 ± 0.06

5.76 ± 0.08

14.9% No trend
R2 = 0.10

Aliquot scale variation in He kinetics and

thermal history: minimal He date
variation; sample does not appear

susceptible to any other causes

Battle Mountain

DEH JAS 008 Goethite;
blocky;
aggregates �50 mm wide;
aggregate spacing: cm-scale

Widely disseminated
aggregate

70–99 1.61 ± 0.12
2.37 ± 0.13

19.2% Two aliquot sample, cannot identify a
trend

Insufficient aliquot information

DEH JAS 009 Goethite;
blocky;
aggregates �50 mm wide;
aggregate spacing: cm-scale

Widely disseminated
aggregate

37–67 1.14 ± 0.28
3.16 ± 0.97

47.0% Two aliquot sample, cannot identify a
trend

Insufficient aliquot information

DEH JAS 010 Goethite;
polygonal plates;
aggregates �800 mm wide;
aggregate spacing: 100’s mm

Fe-oxide coating on silica?
Coarse aggregate?

51–76 0.97 ± 0.07
6.20 ± 0.13
29.4 ± 0.5

101.3% No trend
R2 = 0.11

He implantation: low eU, high age

Gold Quarry

DEH JAS 011 Goethite;
mixed botryoidal and acicular;

massive Fe-oxide material;
individual aliquots � 350 mm wide;

Weathering rim 77–110 1.19 ± 0.03
2.07 ± 0.04

2.68 ± 0.03
3.16 ± 0.04

32.4% No trend
R2 = 0.03

Multiple Fe-oxide morphologies and/or

generations: mixture of acicular and

botryoidal morphologies; may indicate
multiple Fe-oxide generations; sample
does not appear susceptible to any other
causes

DEH JAS 012 Goethite;
acicular;

aggregates �200 mm;
aggregate spacing: 25–50 mm

Disseminated aggregate 75–98 0.38 ± 0.10
0.43 ± 0.10

0.46 ± 0.10
0.65 ± 0.10

21.5% No trend
R2 = 0.54

Alpha-ejection: fine individual Fe-oxide
crystal grain size and aggregate spacing

near alpha-stopping distance
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(Farley and Flowers, 2012; Evenson et al., 2014;
McDermott et al., 2017). For example, given a 10 �C/Myr
cooling rate and typical Fe-oxide dimensions, the closure
temperature for hematite varies between �25 and 250 �C
(Farley and Flowers, 2012; Farley, 2018) and the closure
temperature for goethite varies between �20 and 125 �C
(Shuster et al., 2005; Waltenberg, 2013; Reiners et al.,
2014; Garcia et al., 2017). Therefore, the range of tempera-
tures sensitivities for a bulk aliquot with multiple crystals
and/or aggregates can be fairly restrictive or broad depend-
ing on the intrasample grain size variability (Evenson et al.,
2014; Ault et al., 2015; McDermott et al., 2017). In order to
assess the range of temperatures over which our samples
progressed from fully open to closed for He diffusion, we
used the grain half-widths and He kinetics of Table 3 to cal-
culate the 0.9 and 0.1 fractional loss contours for each of
the jasperoid Fe-oxide morphologies that we observed in
thin section (Fig. 13). Importantly, for nearly all jasperoid
Fe-oxide morphologies, less than 10% He loss would occur
at near-surface conditions (temperatures of 20 �C; Fig. 13),
which suggests that, if our samples were formed by redox
meteoric fluids in a near-surface environment, then they
were nearly fully closed to diffusive He loss after formation.
Goethite platelets in aliquots from DEH JAS 004 are the
sole exceptions. Fig. 13B reveals an aliquot from DEH
JAS 004 is likely to lose 10% of its He budget if held at
20 �C for 1 Ma and up to 80% of its He if held at this tem-
perature for 10 Ma. The calculated closure temperatures for
aliquots from DEH JAS 004 range from 28-37 �C, which
are some of the lowest calculated closure temperatures from
our dataset (Table 3). The He dates from DEH JAS 004 dis-
play a broad range from 10.21 ± 0.18 to 5.73 ± 0.42 Ma,
suggesting that diffusive He loss has occurred. For this sam-
ple, we interpret that variable grain size and corresponding
temperature sensitivity is the dominant cause of the
observed intrasample date variation.

6.2.4. Alpha-ejection

Alpha-ejection can cause artificial younging of He dates.
Total He loss will occur if the Fe-oxide crystals are smaller
than the alpha-stopping distance and spaced too far apart
for He implantation to balance the He loss. The stopping
distance of the He atom ranges between 13 and 18 mm for
the 238U and 232Th series in hematite and goethite; however,
even Fe-oxide crystals and aggregates up to 40 mm in diam-
eter will require a �60% age correction (Ketcham et al.,
2011). In fine-grained Fe-oxides, the stopping distance com-
monly exceeds the dimensions of any individual oxide crys-
tal (Evenson et al., 2014; Farley, 2018; Jensen et al., 2018).
Jasperoids are especially susceptible to He loss through
alpha-ejection because the interstitial mineralogy between
Fe-oxide crystals or aggregates is predominantly silica.
Helium diffusion from quartz occurs rapidly and He can
escape the system entirely in 103–104 years at surface tem-
peratures (Shuster and Farley, 2005; Tremblay et al., 2014).

We suggest that alpha-ejection may be a major control
on date variation in jasperoids that contain fine-grained,
disseminated Fe-oxide crystals. In DEH JAS 012, rounded
aggregates up to 25 mm in diameter are composed of submi-
cron acicular crystals, and the aggregates themselves are
spaced 5–15 mm apart (Fig. 10C). All aliquot He dates from
this sample are younger than 1 Ma (0.65 ± 0.02 Ma to 0.38
± 0.04 Ma). As mentioned in Section 6.2.2, He dates
younger than 1 Ma imply that U has yet to reach secular
equilibrium (Monteiro et al., 2014). However, we suspect
the aliquots from DEH JAS 012 have lost significant
amounts of He through alpha-ejection and that therefore
the He dates are artificially young. The fractional loss con-
tours for acicular morphologies (Fig. 13C) such as the Fe-
oxides in DEH JAS 012, provide further evidence that
alpha-ejection is the dominant cause of He date variation
in this sample. At 20 �C, the system is already below the
0.1 He loss contour, indicating the system is essentially
closed to He diffusion. We conclude that alpha-ejection is
therefore most likely responsible for the He date variation
of this sample, as alpha-ejection is decoupled from diffusiv-
ity. We anticipate that nearly all our samples have lost some
amount of He through alpha-ejection and require at least
partial correction. Disaggregated aliquots from DEH JAS
006 may be an exception, as the EPD mineral separate lacks
interstitial mineral phases and is nearly pure Fe-oxide mate-
rial, which enabled us to select grains whose dimensions
greatly exceeded the alpha-stopping distance. These ali-
quots also display the least intrasample variability within
our dataset (intrasample RSD 14.9%; Table 6).

Researchers have attempted to correct for He loss from
Fe-oxides to surrounding phases (Evenson et al., 2014;
Reiners et al., 2014). However, these methods rely on aver-
age or bulk values for the size, shape, and spacing of Fe-
oxide crystallites, preventing the development of a stan-
dardized correction factor. We report uncorrected dates,
following the approach of previous studies on aliquots con-
taining varying amounts of Fe-oxide and silica material
(Farley and Flowers, 2012; Reiners et al., 2014; Ault
et al., 2015; Garcia et al., 2017; McDermott et al., 2017;
Moser et al., 2017; Calzolari et al., 2018; Jensen et al.,
2018). Using X-ray computed microtomography (micro-
CT) and a granular Fe-oxide aggregate from DEH JAS
008, Huber et al. (2019) developed a new method to calcu-
late an alpha-ejection loss correction factor for complex Fe-
oxide aggregate morphologies. The aggregate in Huber
et al. (2019) was selected because it represented a dissemi-
nated Fe-oxide sample that did not lend itself to simple
assumptions for alpha-ejection correction. That is, the
aggregate consisted of a continuous mass of Fe-oxide crys-
tallites with a collective diameter of approximately 100 mm,
but with a complex morphology that created a high irregu-
lar spacing between individual crystallites. In this sense, the
aggregate was an extreme example of grains susceptible to
He loss through alpha-ejection, and a correction factor of
approximately 0.25 was necessary to correct for the effects
of alpha-ejection in their aliquot. We take this correction
factor as a conservative estimate for our own dataset.

6.2.5. Fe-oxide mineralogy, morphology, and generations

Next we consider causes of He date variation specific to
the Fe-oxide aliquots themselves. First we consider whether
Fe-oxide mineralogy may contribute to the observed date
variation. Protolith mineralogy, geochemistry, and compo-
sition of the causative alteration fluid can produce a variety
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of Fe-oxide minerals in jasperoids. Each Fe-oxide mineral
species has its own He diffusion kinetics, which creates
the possibility of both intersample and intrasample He date
variation. To avoid introducing this possible source of date
dispersion, we dated solely aliquots which appeared to con-
tain only goethite when imaged with SEM. Therefore we
infer that the influence of this factor is relatively minor.

Second, we consider the natural heterogeneity of Fe-
oxide crystal morphologies. A single Fe-oxide mineral spe-
cies can develop various crystal morphologies due to a vari-
ety of factors: saturation of the system with respect to Fe,
anisotropic growth of different crystal faces, and lattice
strain due to differing radii, electric charges, and electroneg-
ativities during ion substitution (Cornell and Schwertmann,
1996; Qiu et al., 2016). We do not think Fe-oxide crystal
morphology contributes to intrasample He date variation
for most samples in our dataset, as we imaged mineral sep-
arates with SEM to ensure all aliquots from a single sample
contained Fe-oxides of the same morphology. The excep-
tion is sample DEH JAS 011, whose aliquots contain a mix-
ture of acicular and botryoidal Fe-oxide morphologies from
the interior of a weathering rind (Table 6; Fig. 9A, B); this
mixture may contribute to the intrasample He date varia-
tion (RSD = 32.4%). Fe-oxide morphology may also con-
tribute to intersample date dispersion in our dataset.
There was relatively little overlap in morphologies among
the samples that we dated (Table 6), so the influence of this
factor is difficult to assess. However, we note that there is
an order of magnitude difference between the dates from
the two samples with bladed goethite aliquots (DEH JAS
006 HS and DEH JAS 006 LS), suggesting that morphol-
ogy alone does not provide the dominant control on He
date variation (Table 6).

Third, we consider the possibility of multiple Fe-oxide
generations in our samples. Each He date may represent a
unique Fe-oxide population. The distinct acicular and
botryoidal morphologies in aliquots from DEH JAS 011
may represent different Fe-oxide generations and, based
on distinct brightnesses observed in BSE, the botryoidal
morphology itself may have two generations (Fig. 9A). This
mixture may further contribute to the intrasample He date
variation of this sample (RSD = 32.4%), thus we include
sampling of different Fe-oxide generations as a potential
cause of date variation in our dataset.

7. CONCLUSIONS

This study comprises the first detailed characterization
of Fe-oxides in jasperoids. Previous work focused on the
silicification associated with jasperoid alteration but
neglected to consider the Fe-oxides, which are ubiquitous
in jasperoids. Our work shows that limited quantities of
finely disseminated Fe-oxides are able to cause strong dark
red to brown coloration in jasperoids. The Fe-oxides occur
in a variety of styles, from extremely fine-grained dissemi-
nated crystals to coarser aggregates and vein fill material.
Scanning electron microscopy is mandatory to characterize
the Fe-oxides, as many of the features and textures are
visible only at the micron scale. In our limited sample set,
the Fe-oxide characteristics associated with increased Au
prospectivity include extremely fine grain size (<100 nm),
feathery to acicular crystal morphology, concentric zona-
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tion from hematite to goethite, and botryoidal textures. In
our jasperoid samples, Au concentration is positively corre-
lated with Ag, As, Pb, Sb, Tl, W, and U at the hand sample
scale.

Application of the (U-Th)/He method to jasperoid
Fe-oxides is complicated due to the natural variability of
jasperoids themselves. Jasperoids display varied textures,
mineralogies, and oxide generations within a single outcrop
or hand sample, which hinders reproducibility. Individual
jasperoid Fe-oxide crystals are generally fine-grained
(<10 lm) and disseminated, which makes them susceptible
to alpha-ejection He loss and precludes the use of hand sep-
aration methods. If coarse Fe-oxide crystals or aggregates
exist within a sample, we recommend using EPD separation
followed by Frantz separation, in order to isolate a pure
Fe-oxide separate. This facilitates selection of Fe-oxide
aliquots whose dimensions exceed the alpha-stopping dis-
tance, mitigating the need for an alpha-ejection correction
factor. Especially in samples separated by EPD where the
spatial context of the Fe-oxide aliquots within the sample
is lost, it is necessary to identify U-Th bearing mineral
phases such as apatite, zircon, or clays in order to assess
whether the dates may have been affected by He implanta-
tion. Imaging of the sample with SEM prior to and post-
aliquot separation can be used to identify these minerals.
However, SEM only captures information in two
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dimensions, and three-dimensional methods such as micro-
CT reveal the internal structure of an aliquot according to
attenuation contrast rather than mineral species (e.g.,
Huber et al., 2019). In order to minimize sources of date
dispersion, jasperoid samples should contain no more than
one Fe-oxide generation, but the natural heterogeneity of
Fe-oxide mineral species makes this a difficult goal to
achieve. Although groundwater interaction may alter the
eU concentrations of jasperoid Fe-oxides, the magnitude
of this effect on the He dates cannot be determined empir-
ically prior to (U-Th)/He analysis. In order to ensure that
diffusive He loss has not occurred at near surface conditions
or the conditions at which supergene jasperoid alteration is
anticipated to have occurred, we recommend calculating
the closure temperatures of the aliquot-specific Fe-oxide
morphologies following aliquot separation. Depending on
the Fe-oxide morphologies available in a jasperoid sample,
it may not be possible to avoid open system behavior.

Given the above challenges, multiple factors likely led to
intrasample date variation in our samples, including: He
implantation, parent isotope exchange, susceptibility to
near surface He loss, alpha-ejection, Fe-oxide mineralogy,
and multiple Fe-oxide generations. Multiple factors may
cause the observed He date variation within a single sam-
ple, and it is difficult to quantify their relative contributions.
The submicron and acicular Fe-oxide morphologies specific
to our Au-bearing samples contributed to our inability to
evaluate the potential relationship between Fe-oxide He
date and Au concentration. Although the Fe-oxide He
dates from our Au-bearing jasperoid samples did not pro-
vide any information on processes related to mineraliza-
tion, we suggest that the Fe-oxide (U-Th)/He method
could serve as a useful tool during exploration for ore
deposits containing hypogene Fe-oxides.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

ACKNOWLEDGMENTS

We thank P. Reiners, U. Chowdhury, and E. Able (University of
Arizona) for assistance with (U-Th)/He analyses and V. Valencia at
Zirchron LLC for sample separation. Comments from A. Ault and
two anonymous reviewers greatly improved the manuscript. NSF
EAGER awards to EH (1641142) and WRG (1641138) and a
NSF CAREER award to EH (1752756) supported this research.
We gratefully acknowledge Newmont Goldcorp Corporation and
SSRMining Inc. for access to sampling sites and logistical support.

APPENDIX A

Scanning electron microscopy

The SEM analyses were conducted at the Department of
Geology and Geological Engineering at the Colorado
School of Mines using a TESCAN MIRA3 LMH Schottky
field emission scanning electron microscope (FE-SEM)
equipped with a Bruker XFlash� 6/30 silicon drift detector
for energy-dispersive X-ray spectrometry (EDX) and a
single-crystal YAG backscatter electron detector. Back-
scattered electron (BSE) images were collected under an
accelerating voltage of 8 or 15 kV, BI of 11, with a working
distance of 10 mm.

Geochemistry

Whole rock geochemistry samples were crushed in two
stages: first, to reduce 90% of material to less than 2 mm
to pass through a 10 mesh sieve, then 250 g of that material
was riffle split and pulverized using mild steel until 95% of
the material would pass through a 105 mm cleaner sand.

The pulverized samples were then mixed with lithium
metaborate and lithium tetraborate and fused in an induc-
tion furnace to a molten bead. The molten melt was mixed
in a 5% nitric acid solution until completely dissolved; the
preliminary fusion step was necessary to ensure complete
dissolution in the nitric acid. The resulting solution was
analyzed for Al2O3, CaO, Fe2O3, K2O, MgO, MnO,
Na2O, P2O5, SiO2, TiO2, Ba, Be, Co, Cr, Sc, Sr, V, Y,
and Zr using Fusion Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS). Fused samples were analyzed on
a combination simultaneous/sequential Thermo Jarrell-
Ash ENVIRO II ICP or a Varian Vista 735 ICP. To mea-
sure the remaining trace elements (As, Bi, Cs, Ga, Ge, Hf,
In, Mo, Nb, Rb, Sb, Sn, Ta, Th, Tl, W, U, and the rare
earth elements), fused samples were diluted and analyzed
by Perkin Elmer Sciex ELAN 6000 ICP/MS.

Instrumental Neuron Activation Analysis (INAA) was
used to analyze for Au, As, Br, Cr, Ir, Sb, Sc, and Se. Dur-
ing INAA, a 30 g aliquot was encapsulated in a polyethy-
lene vial and irradiated with flux wires and an internal
standard at a thermal neutron flux of 7 � 1012n cm�2 s�1.
After a 7-day period to allow Na-24 to decay, the samples
were counted on a high purity Ge detector.

Total Digestion ICP-MS was used to analyze for Ag,
Cd, Cu, Ni, Pb, S, and Zn to ensure accurate levels of base
metals. During TD-ICP-MS, a 0.25 g sample was digested
with four acids beginning with hydrofluoric acid, followed
by a mixture of nitric and perchloric acids, heated using
precise programmer controlled heating in several ramping
and holding cycles which dried the samples. After dryness
was attained, samples were brought back into solution
using hydrochloric acid. Samples were then analyzed using
a Varian Vista 735 ICP.

The Hg Cold Vapor Field Ionization Mass Spectrome-
try (FIMS) method was used to accurately measure Hg con-
centrations. During Hg Cold Vapor FIMS, approximately
0.5 g of each sample was digested with aqua regia to leach
out soluble compounds. The Hg in the resulting solution
was oxidized to the stable divalent form, and an aliquot
of the digestion solution was mixed with a potassium per-
manganate solution. Using the flow injection cold vapor
mercury technique, Hg (II) was reduced to mercury vapor
using stannous chloride. Argon was bubbled through the
mixture of sample, carrier, and reductant solutions in a
closed reaction system to liberate and transport the Hg
atoms into an absorption cell. Hg was determined via the
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absorption of light at 253.7 nm. The maximum amount
absorbed, or peak height, is directly proportional to the
concentration of mercury atoms in the light path. A Perkins
Elmer FIMS 100 was used for the analysis.

Bright phase search

Samples were loaded into the TESCAN-VEGA-3 Model
LMU VP-SEM platform and the analyses were initiated
using the control program TIMA3. Four EDX spectrome-
ters acquired spectra from each point or particle with a
1 mm beam stepping interval (i.e., spacing between acquisi-
tion points), an acceleration voltage of 25 keV, and a beam
intensity of 14. The EDX spectra were compared with spec-
tra held in a look-up table, allowing a mineral or phase to
be assigned at each acquisition point. The assignment made
no distinction between mineral species and amorphous
grains of similar composition. Results were output by the
TIMA software as a spreadsheet giving the area percent
of each composition in the look-up table. The Bright Phase
Search constituted point analyses of points with a bright-
ness of at least 60%, a cutoff which restricts the analyses
to elements with a higher atomic Z-number, including
Au. This procedure generated a BSE map of all the acqui-
sition points identified as gold.

Fe-oxide separation

Several methods were used to separate Fe-oxides from
the jasperoid whole rock samples for (U-Th)/He analysis:

(1) A single jasperoid hand sample was reduced to an
appropriate size fraction with a sledge hammer and
then crushed with a hand held rock crusher. Individ-
ual jasperoid grains less than 1 mm were handpicked,
cleaned in 10% ethanol alcohol, and set aside to dry.

(2) Three jasperoid hand samples were mechanically
crushed to separate Fe-oxides. Crushed grains were
sieved into bins of >250 mm, 150–250 mm, 90–
150 mm, and <90 mm. Grains from each bin size were
processed separately through the Frantz Isodynamic
Magnetic Separator with the following settings: 20�
longitudinal tilt, 3-6� transverse tilt at an amperage
of 0.7–0.8 amps. The waste product was reprocessed
two to three times with the Frantz Isodynamic Mag-
netic Separator to capture any additional Fe-oxide
material that was missed in the first round. Separated
grains were then re-run to high-grade desired mate-
rial. Transverse tilt and amperage were adjusted
based on grain size and the relative proportion of
magnetic particles.

(3) Three jasperoid hand samples were sliced into 2 mm-
thick slabs using a rock saw. One hand sample was
halved and also separated using the fourth method.
Material from Fe-oxide veinlets was isolated using
a microdrill, a dental pick, and tweezers. Fe-oxide
material was crushed until the grains would fit within
a Nb tube.

(4) One duplicate jasperoid hand sample was separated
for Fe-oxides by Zirchron LLC, in Tucson AZ. The
sample was unpacked and pressure washed with
water to remove any debris or foreign material. Sam-
ple rock fragments were placed in the sample cham-
ber of an Electro Pulse Disaggregator (EPD, Marx
generator) modified from a CNT SPARK-3. Water
was added and electrical pulses were applied at
1 Hz repetition and discharges of 230 kV for 10–15
minutes. Sample materials finer than the 500 mm
stainless steel mesh sieve were collected in a dispos-
able plastic bag. The coarser material remaining in
the crush chamber was collected and dried for further
size reduction by traditional methods (rock crusher
and pulverizer), if necessary. The collected material
(<500 mm) was sieved twice more through 350 mm
and 20 mm nylon disposable mesh sieves. The size
fraction >350 mm was added to the <500 mm material
and the size fraction finer than 20 mm was discarded.
Individual Fe-oxide grains were extracted using one
step heavy liquids, followed by Frantz paramagnetic
separation at 1 amp.

Fe-oxide (U-Th)/He analysis

Analytical methods followed those described in Reiners
et al. (2014) and consisted of diode, Nd:YAG, or CO2 laser
heating, cryogenic purification, and quadrupole mass-
spectrometry for 4He analysis; and isotope-dilution high-
resolution-inductively coupled plasma-mass spectrometry
(HR-ICP-MS) for U and Th analysis. Nb-enveloped Fe-
oxide aliquots were dissolved in pressure digestion vessels
(Parr bombs), and U-Th was measured on an Element2
high-resolution ICP-MS, following the same methods used
for zircon (U-Th)/He dating (Reiners, 2005).

Closure temperature calculations

To gain a sense of the temperature sensitivity of individ-
ual jasperoid Fe-oxide samples, we iterated the closure tem-
perature calculation of Dodson (1973):

T c ¼ Ea

R ln ART c
2D0

a2Ea
dT
dtð Þ

� �

where

Tc = closure temperature (K)
Ea = activation energy, dependent on Fe-oxide mineral-
ogy and crystal morphology
For goethite: 178.4 kJ/mol (Shuster et al., 2005);
140 kJ/mol (Reiners et al., 2014); 159 kJ/mol (Garcia
et al., 2017)
For hematite: 157 kJ/mol (Farley and Flowers, 2012)
R = gas constant; 0.008314 kJ/K∙mol
A = unitless geometry dependent term: 8.65 (plate
sheet), 27 (cylinder); 55 (sphere)
D0 = frequency factory, dependent on Fe-oxide mineral-
ogy and crystal morphology
For goethite: e 8.5 cm2/s (Shuster et al., 2005); e�2.3 cm2/s
(Reiners et al., 2014); e�4.8 cm2/s (Garcia et al., 2017)
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For hematite: 2.2 � 10-4 cm2/s (Evenson et al., 2014)
a = measured grain dimension (cm); plate half-widths
were measured for platelet, bladed, and acicular mor-
phologies; crystal radii were measured for granular,
spherical, anhedral, and aggregate morphologies
dT/dt = cooling rate; 3.16881E�13 (K/s)

The closure temperature equation was applied iteratively
to each individual grain measurement per sample. The min-
imum, maximum, and mean grain half-widths and corre-
sponding closure temperatures are reported in Table 2 for
each Fe-oxide crystal morphology recognized per jasperoid
sample.

APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2020.07.014.
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