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a b s t r a c t
The eolian Jurassic Navajo Sandstone spheroidal hydrous ferric oxide (HFO) concretions are divided into two
size classes: macro-concretions of N 5 mm diameter and micro-concretions of b 5 mm diameter. Three internal
structural end-members of macro-concretions are described as rind, layered, and solid. Two end-members of
micro-concretions are rind and solid.
Chemical and mineralogical gradients (μm- to mm-scale) are identiﬁed with QEMSCAN (Quantitative
Elemental Mineralogy using a SCANning electron microscope) and visible to near infrared (VNIR) reﬂectance
spectroscopy. Three HFO phases are identiﬁed using VNIR reﬂectance spectroscopy.
i. An amorphous HFO phase is typically located in the rinds.
ii. Goethite is present along interior edges of rinds and throughout the interiors of layered and solid
concretions.
iii. Hematite is present in the centers of rind concretions.
A synthesis of petrographic, mineralogical and chemical analyses suggests that concretions grow pervasively
(as opposed to radially expanding). Our model proposes that concretions precipitate initially as an amorphous
HFO that sets the radius and retains some original porosity. Subsequent precipitation ﬁlls remaining pore
space with younger mineral phases. Inward digitate cement crystal growth corroborates concretion growth
from a set radius toward the centers. Internal structure is modiﬁed during late stage precipitation that diffuses
reactants through semi-permeable rinds and overprints the interiors with younger cements.
Physical characterization of textures and minerals provides diagnostic criteria for understanding how similar
concretions (“blueberries”) form in Meridiani Planum, Mars. The analogous Navajo Sandstone concretions
show similar characteristics of in situ self-organized spacing, spheroidal geometries, internal structures,
conjoined forms, and precursor HFO phases that dehydrate to goethite or hematite. These characteristics
indicate a common origin via groundwater diagenesis.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The eolian Jurassic Navajo Sandstone is widely exposed throughout southern Utah and northern Arizona and is the largest erg that
exists on modern or ancient Earth (Blakey, 1994; Blakey et al., 1988).
The unit is renowned for its dramatic color patterns resulting from
iron precipitation throughout its burial history (Beitler, 2003, 2005;
Bowen et al., 2007; Chan et al., 2000, 2004, 2005; Parry et al., 2004;
Seiler, 2008). The Spencer Flat study area located in Grand Staircase
Escalante National Monument (GSENM; Fig. 1A,B in supplementary
material) hosts a variety of hydrous ferric oxide (HFO) precipitation
geometries (Fig. 1C in supplementary material).
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A tripartite geochemical ﬂuid ﬂow model (Chan et al., 2000, 2005)
describes the iron source–mobilization–precipitation cycle that is
reﬂected in a variety of concretionary geometries and diagenetic
facies (mappable geochemical facies based on color).
i. Iron source: Fe3+ precipitated as early diagenetic grain coatings
from the breakdown of detrital ferromagnesian minerals.
ii. Iron mobilization: A reducing ﬂuid inﬁltrated the sandstone
and mobilized the iron into solution as Fe2+.
iii. Iron precipitation: When this iron-bearing, reducing ﬂuid met
and mixed with an oxidizing ﬂuid, Fe3+ precipitated as HFO
cements.
The purpose of this study is to characterize the physical and
chemical attributes of concretions including external features (concretion shape, size and texture) as well as the internal structure,
cement texture, mineralogy and diagenetic phases. Although

S.L. Potter et al. / Earth and Planetary Science Letters 301 (2011) 444–456

diagenetic iron precipitation in the Navajo Sandstone has been well
studied (e.g., Beitler, 2005; Chan et al., 2000; Seiler, 2008), genetic
models for spheroidal concretions warrant further investigation. This
synthesis of characteristics is used to interpret how HFO concretions
form and how diagenetic processes affect concretions throughout the
groundwater history of the sandstone.
Navajo Sandstone concretions have been proposed as a terrestrial
analog for Burns formation spherules in Meridiani Planum, Mars
(Chan et al., 2004; Ormo et al., 2004); however, a debate still ensues as
to whether this example represents a good analog, particularly
geochemically (Morris et al., 2005; Squyres and Knoll, 2005). Detailed
characterization of the Navajo Sandstone concretions is clearly
required and has not been done previously. The diagnostic features
of Navajo Sandstone diagenetic concretions are compared herein with
Mars spherules to constrain diagenetic origin.
1.1. Concretion growth
The most common and best studied concretions are carbonate
precipitates (e.g., Clifton, 1957; Coleman and Raiswell, 1981, 1995;
Lyons et al., 2007; Mozley and Davis, 2005; Raiswell, 1976; Raiswell et
al., 2000; Seilacher, 2001). Two end-member genetic models for
carbonate concretions proposed by Raiswell et al. (2000) are
concentric growth and pervasive growth (Fig. 2 in supplementary
material). Their terminology is used in this paper to describe HFO
concretions, although it should be noted that the exact nucleation
mechanisms for carbonate concretions in mudrocks may not be
directly applicable to iron oxide concretions in sandstones.
Concentric growth occurs when a small piece of organic matter
biogenically nucleates the precipitation reaction. The concretions
grow radially with an increasing radius. Pervasive growth occurs as
the crystals nucleate and grow concurrently throughout the body of
the concretion. Pervasive growth is particularly common in siderite
(iron carbonate) concretions (Mozley and Davis, 2005; Raiswell et al.,
2000; Seilacher, 2001). Pervasive growth concretions initially develop
as plastic, porous, weakly cemented masses that become more rigid
with further cementation (Raiswell et al., 2000).
In carbonates, cement textures are diagnostic of the type of
concretion growth. Multiple generations of cements (isopachous
cements within pore spaces) indicate pervasive growth (Feistner,
1989; Mozley, 1989; Raiswell et al., 2000; Seilacher, 2001). In these
pervasive growth concretions, early cementation forms a framework
with some small, retained porosity so that late stage pore ﬁlling can
occur (Dickson and Barber, 1976; Hudson, 1978; Huggett, 1994;
Jordan et al., 1992; Raiswell et al., 2000).
The rate of concretion formation is difﬁcult to determine.
Estimates range from 65 million years in pyrite concretions (Prosser
et al., 1994) to between 140,000 and 65 million years in septarian
calcite nodules (Boles et al., 1985) to 7500–20,000 years in Quaternary calcareous concretions (Pantin, 1958). Research on modern iron
oxide concretions in acid saline lakes (Western Australia) suggest
concretions can form within hundreds of years at low temperature in
acidic conditions (Bowen et al., 2008). Lab experiments in agarose gels
with concentrated chemicals nucleate concretions within a matter of
days at room temperature (Barge and Petruska, 2007). Other
modeling experiments of diffusion rates based on early Mars
conditions suggest that concretion growth occurs on the scale of
thousands of years (Sefton-Nash and Catling, 2008).
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interior colors of concretions were described using the Munsell RockColor Chart (1975). Representative samples of typical and atypical
concretions were collected for laboratory analyses from loose
populations of concretions.
Size diameters of 1300 concretions at eight sites were measured
along the longest axis using a digital caliper to document representative size populations and for comparison with size data for Mars
concretions. Measurements are accurate within 0.01 mm.
2.2. Lab measurements
2.2.1. Petrography
Thin sections from 90 concretion samples (1 to 10 cm in diameter)
represent the range of internal structures (rind, layered and solid).
These were examined petrographically to document cement textures.
Thin sections of six host rock samples comprise a reference for
comparison with concretions.
2.2.2. QEMSCAN
QEMSCAN (Quantitative Elemental Mineralogy using a SCANning
electron microscope) is a set of four high-speed energy dispersive
detectors that produce a detailed mineralogical image of a polished
thin section or plug. QEMSCAN can distinguish variations in cement
mineralogy, chemistry and texture that allow inference of chemical
gradients and mineralogical zonation across the concretions. QEMSCAN can also image porosity and give the area percentage of any
mineral phase or porosity in two dimensions. QEMSCAN is built by
Intellection and the instrument used for this study is located at Xstrata
Nickel in Sudbury, Ontario.
Polished thin sections were made of ﬁve representative concretion
samples. A Species Identiﬁcation Protocol (SIP) was developed for this
sample set. Mineralogical images of each entire thin section were
made at 10 μm pixel-spacing. Detailed examinations within the rinds
and interiors were made at 1 μm pixel-spacing. Back scattered
electron (BSE) images of the ﬁve samples were examined in
conjunction with QEMSCAN to compare textural properties with
different mineral phases.
2.2.3. Visible to near infrared (VNIR) reﬂectance spectroscopy
VNIR reﬂectance spectroscopy is an effective method for determining iron and clay mineral phases of cements in the Navajo
Sandstone (Bowen et al., 2007; Seiler, 2008) because the framework
grains (quartz and feldspar) do not have distinct absorption features
in the visible to near infrared (350–2500 nm) range but the HFOs and
clay minerals do. An ASD FieldSpec Pro was used to obtained spectra
on 22 samples (15 samples of rind concretions, 5 samples of layered
concretions and 2 samples of solid concretions). Spectra could only be
obtained for two solid concretions because insufﬁcient light is
reﬂected from dark concretions.
Concretions were prepared by cutting or breaking them in half.
The ﬁber optic cable of the unit was positioned ~ 9 mm from the
sample in order to obtain a 3 mm diameter ﬁeld of view. Spectra
were acquired in transects across the samples in overlapping
intervals. The spectra were graphed and absorption features were
compared with standards from the USGS spectral library 06a (Clark
et al., 2007).
3. Textural and geometric characterization

2. Methods

3.1. Macro-concretions

2.1. Field methods

Macro-concretions are spheroids preferentially cemented with
HFO and deﬁned as N5 mm in diameter (see Table 1 for a summary of
textural and geometric concretion characterization). Macro-concretions are further divided into three categories based on internal
structural end-members: rind, layered, and solid (Fig. 1A,B,C). They

Concretions were examined throughout the ~120 km2 Spencer
Flat area and macroscopic characteristics such as size, internal/
external structures and geometry were documented. Exterior and
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Table 1
Navajo Sandstone HFO concretion characterization summary.

DESCRIPTION
MACRO

INTERPRETATION

> 5 mm in diameter
INTERIOR
STRUCTURE
Rind
Layered

1-10mm well-cemented, hollow spheroid with interior
depleted of cement
Well-cemented, concentric layers throughout interior

• Interior structure varies between
end members
• Form by diffusion
• Faster diffusion and/or advection
transports more reactants → larger
sizes

Solid

Evenly cemented with HFO throughout entire
concretion; >5 mm diameter
< 5 mm in diameter

Rind
Solid

Solid interiors more common

Form by diffusion

0.8 mm to 8+ cm diameter
22.46 mm diameter
• macros: 5-12 mm and >12 mm
• Micros: <5 mm diameter

Size ranges indicate reaction fronts
with varying reactant supply

MICRO
INTERIOR
STRUCTURE

SIZE
Range
Mean
Distribution

GEOMETRY
Aspect ratio Range: 1.00-1.97; mean=1.10; median=1.06
• Perfectly spherical (aspect ratio=1.00)
• Nearly spherical (aspect ratio ≤1.06)
• Discoidal (aspect ratio >1.06)
Location
• Nearly spherical →massive host rock
• Discoidal concretions → grain flow laminae
EXTERIOR
STRUCTURE
black or brown
Color
Smooth and shiny
Texture
Rough and sandy
Bumpy "avocado skin" texture

• Diffusion + advection
• Faster diffusion/ advection →more
reactants →larger sizes
• Faster diffusion rates along
permeable lamina →discoidal

Mineralogy and crystal size
Weathering, desert varnish
Not as densely cemented
• Micros nucleate on macros
• Radial growth component

CEMENT (MICROSCOPY)
Rind
rind
interior

Three isopachous textural phases
Kaolinite blebs, some illite grains coatings, granular
HFO

• Pervasive growth
• Interiors depleted of cement

rind
interior

Rind similar to rind concretions

Pervasive growth

Fine-grained, granular HFO in layers, kaolinite in blebs
Granular HFO throughout

radial + pervasive growth

Layerd

Solid
MINERALOGY (QEMSCAN)
Rind
rind

interior

MINERALOGY (Vnir SPECTROSCOPY)
Rind
rind
interior
Layered
Solid

• Smooth textured HFO (95%)
• Frothy textured HFO (2%)
• Kaolinite (2%)
• MnO (0.2%)
• Porosity (2%)
• Smooth textured HFO (20%)
• Frothy textured HFO (27%)
• Kaolinite (50%)
• Porosity (29%)

Late-stage MnO pore fill.

Amorphous HFO/goethite
• Goethite near outer edge
• Hematite in center
• Amorphous HFO/goethite
• Hematite in depleted center
Amorphous HFO/goethite

• Concretions initially precipitate as
rind structure
• Late-stage mineralization events
alter internal structure

are present both in situ and weathered out and collected in
topographic lows throughout Spencer Flat. In situ macro-concretions
exhibit a geochemically self-organized spacing rather than a random
spacing (Potter and Chan, submitted for publication).

Concretion exteriors are typically either dark-colored or lightcolored (see Supplemental section for Munsell color descriptions).
Interior colors are a range of red, yellow or brown colors. Dark-colored
concretions are typically well-cemented. When weathered out and
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Fig. 1. Navajo Sandstone macro-concretions. Large tick marks on scale bar are cm. A. Rind macro concretion end member with well-cemented rind surrounding interior relatively
depleted of HFO cement. B. Layered macro concretion end member with HFO cemented layers throughout the interior. C. Solid macro concretion end members evenly cemented with
HFO throughout the concretion. D. Range of exteriors: light colored, sandy and rough or dark colored, smooth and polished (see text for Munsell color descriptions). E. Bumpy
“avocado skin” exterior of coalesced micro-concretions. F. Spheroidal and discoidal concretions. Spheroidal concretions are present in more homogenous sandstone. Where
sandstone is differentiated due to grain size contrast, discoidal concretions are present. G. Some of the varieties of interiors that blend end members between rind, layered and solid.
H. Layered macro concretion with a friable center depleted of HFO cement. I. Atypical interiors that are better cemented than rinds or layers.

loose, they may exhibit a shiny, smooth polish (Fig. 1D). Some lightcolored concretions are well-cemented, but have a sandy exterior and
do not exhibit a high polish (Fig. 1D). Some exteriors exhibit a bumpy,
“avocado-skin” texture (Fig. 1E).
Geometries of macro-concretions range from spherical (aspect
ratio = 1) to nearly spherical (aspect ratio ≤ 1.06) to discoidal (aspect
ratio N 1.06) depending on anisotropies in the host rock (Potter and
Chan, submitted for publication) (Fig. 1F). In general, the spheroidal
macro-concretions occur in the upper portion of the Navajo
Sandstone where much of the cross bedding is disturbed by soft
sediment deformation and/or where the sandstone is massive. In the
lower Navajo Sandstone where cross bedding is more prevalent and
undisturbed, concretions are either spheroidal (within thick grainﬂow
beds) or discoidal where concretions grow in alternating wind ripple
and grainﬂow laminae. Discoidal growth is typically elongate along
the more permeable grainﬂow laminae.

3.1.1. Rind end-member
Rind concretions are the most common type of macro-concretion
present in Spencer Flat. They are typiﬁed by a thin (1 mm to 10 mm)
spheroidal rind consisting of HFO cemented sandstone surrounding
an interior that is relatively depleted of cement (Fig. 1A). Rind
concretions are generally preferentially cemented relative to the
surrounding host rock and weather out to collect in topographic lows
(Fig. 1C in supplemental section). Rinds typically comprise ~25–60%
of concretion volume, estimated by subtracting the volume of the
interior from the total volume of the concretion and assuming perfect
sphericity. Interiors of the rind concretion end-members are friable
relative to the rind (Fig. 1A). However, they display varying degrees of

cementation and commonly contain asymmetrical or concentric red,
brown or yellow rings in banded patterns (Liesegang bands; Fig. 1G).
3.1.2. Layered end-member
Layered macro-concretions have exterior rinds similar to those of
rind macro-concretions but also exhibit preferentially cemented, thin,
overlapping layers (~ 0.3–1 mm thick) that persist throughout the
interior of the concretion (Fig. 1B). Layered concretions have
approximately 2–15 layers depending on the diameter of the
concretion. These layers extend throughout the entire interior of the
concretion or the concretion may have a center depleted of cement
similar to rind concretions (Fig. 1H). The layers resemble Liesegang
bands that are common in the interiors of rind concretions, but they
are better cemented and are a darker color.
3.1.3. Solid end-member
Solid macro-concretions (Fig. 1C) are evenly cemented with HFO
throughout the entire concretion. Solid concretions may have a rind
that is slightly differentiated from the interior by color, but the
interior is not depleted of HFO cement. Some solid interiors are
preferentially harder than the rinds (Fig. 1I).
3.1.4. Interpretation
External color differences result from factors such as degree of
cementation, different cement crystal sizes and/or different mineral
phases. For instance, hematite crystals larger than 5 μm are grey and
crystals smaller than 5 μm are reddish-brown (Glotch et al., 2004;
Lane et al., 1999); goethite tends to be yellow or brown.
External textural differences also result from a variety of factors.
Smooth, shiny exteriors occur only on weathered out concretions and
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could be due to weathering (sandblasting) or a desert varnish. Bumpy
external texture results from micro-concretions coalescing to form
larger macro-concretions and may contribute a component of radial
growth to “avocado skin” macro-concretions. This likely occurs by
Ostwald ripening because smaller concretions nucleate more easily
than larger concretions and nucleate preferentially where HFO is
already precipitated (see Steefel and Van Cappellen, 1990, for a
discussion of Ostwald ripening).
Concretion geometry results from complex interactions between
diffusive and advective mass transfer (Potter and Chan, submitted for
publication). Nearly spherical concretions imply even growth in
isotropic media by diffusive mass transfer because homogenized host
rock evenly distributes diffusion rates (McBride et al., 2003; Mozley
and Davis, 2005; Seilacher, 2001). Therefore, macro-concretions
formed in diffusive reaction fronts. However, advection may have a
role in mobilizing larger amounts of reactants to these diffusive
reaction fronts and thereby forming larger size populations. Where
cross bedded sandstone has alternating grainﬂow and wind ripple
laminae, concretions are discoidal due to faster diffusion rates along
the more porous and permeable grainﬂow laminae.
Layered macro-concretions occur in reaction fronts with rind and
solid macro-concretions and are indistinguishable by external
appearance from these other end-members. These characteristics
imply a similar initial genesis for all end-members of macroconcretions. The presence of rinds in layered and solid end-members
suggests that concretions likely precipitate initially as rind concretions and internal structures are modiﬁed during subsequent
precipitation events.
The layered end-member interiors consist of periodic precipitation
bands (Liesegang bands) that can persist throughout the interior of
the concretion. Liesegang bands form via diffusive reactant transfer
(Ortoleva, 1994). Therefore, the internal layers indicate inward
directional diffusion and interiors are likely modiﬁed as additional
reactants (iron and/or oxygen) diffuse through outer rinds during late
stage precipitation. Another possible explanation for late stage
modiﬁcation of interior structure is that reactants are drawn from
interior sources and/or edges of the rinds and reprecipitate throughout the interiors; however, textural analysis of cements and inward
digitate cement growth suggest that diffusion of reactants through
gel-like rinds is more likely (Raiswell et al., 2000).

3.2. Micro-concretions
Micro-concretions (Fig. 2A) are more common than other types of
concretions in the Navajo Sandstone and are ubiquitous throughout
southern Utah and northern Arizona. Micro-concretions are typically
present where regional secondary diagenetic facies have precipitated.
Micro-concretions are generally cemented well enough to weather
out of the host rock and collect in topographic lows; however, they do
exhibit varying degrees of cementation. In situ micro-concretions
typically exhibit a geochemically self-organized spacing (Potter and
Chan, submitted for publication) and some occur between Liesegang
bands (Fig. 2B). Micro-concretions also appear coalesced to form
thicker rinds of macro-concretions creating the bumpy external
appearance resembling avocado skin on some macro-concretions
(Figs. 1E and 2C).
Diffusive reaction fronts in the Navajo Sandstone are associated
with diagnostic features such as Liesegang bands (Beitler, 2005;
Eichhubl et al., 2004; Potter and Chan, submitted for publication;
Seiler, 2008). Spheroidal geometry is also indicative of diffusive
mass transfer (McBride et al., 2003; Mozley and Davis, 2005;
Seilacher, 2001). Therefore, the ubiquitous nature of spheroidal
micro-concretions, their association with Liesegang bands, and their
spheroidal geometry suggest that micro-concretions form via simple
diffusion.

Fig. 2. Micro-concretions. A. Loose micro-concretions collected in topographic low. B.
Micro-concretions between Liesegang bands in a diffusive reaction front. C. Microconcretions coalescing to form larger concretion.

3.3. Doublets and triplets
Doublets and triplets typically consist of equal-sized, conjoined
concretions. Both macro and micro-concretions can form doublets
and triplets and conjoined forms are present both in situ and loose
(Fig. 3A). Doublets and triplets comprise ~ 5% or less of a typical loose
collection where most of the concretions are single forms; however,
one reaction front (~0.25 km2) in the study area contains ~ 95% macro
concretion doublets (ranging from ~1 to 4 cm diameter for each side;
Fig. 3A). In situ doublets and triplets in both types of reaction fronts
(fronts that produce mostly single forms and fronts that produce
mostly doublets) typically exhibit self-organized spacing as do other
spheroidal concretions.
Exterior structure of conjoined forms is similar to single macroconcretions; exteriors can be smooth and polished or sandy (Fig. 3A,
B). Some exteriors are bumpy (“avocado skin”) from coalesced microconcretions (Fig. 3B). Interior structure of conjoined forms ranges
between rind, layered and solid end-members (Fig. 3C,D). All
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Reactant supply is controlled by diffusive and advective mass
transfer processes and varying diffusion rates; therefore, different size
populations represent discrete reaction fronts with varying reactant
supply. Size of reaction fronts is difﬁcult to determine; however, a
reaction front that produced mostly doublets extends ~0.25 km2. A
larger reaction front (~ 0.6 km2) is also recognized by a population of
“avocado skin” macro-concretions. The abundance and localization of
macro-concretions throughout Spencer Flat suggest that a reaction
front of these ~2–3 cm size concretions may be signiﬁcantly larger (up
to 120 km2). The 2–3 cm size population may have formed in
numerous divided reaction fronts; however, the presence of two or
more size ranges in situ throughout Spencer Flat combined with
evidence for multiple precipitation events (Potter and Chan, submitted for publication) suggests that reaction fronts nucleate speciﬁc size
ranges.
4. Analytical results
Fig. 3. Doublets. A. Loose doublets from reaction front with mostly fused forms. Note
the range of sizes (pencil for scale). B. Doublets with smooth (top) and “avocado skin”
(bottom) exterior structure. C. Layered doublet with interior depleted of cement.
Doublets share internal structure. D. Solid interior structure with faint rind deﬁned by
color difference. Large tick marks on scale bar = cm.

conjoined forms typically share internal structure (Fig. 3C,D); they are
not discrete, fused concretions.
Other multiple conjoined forms (i.e., clumped clusters of more
than three spheroidal concretions) are not as common as the other
single, double or triple forms. These clusters form in localized reaction
fronts (1–2 m2) and result from a nucleation pattern that produces
clusters instead of a geochemically self-organized spacing (Potter and
Chan, submitted for publication).
The equality of size for each conjoined section, the local abundance
in one reaction front and the shared internal structure all indicate that
doublets and triplets likely form in one precipitation event where two
(or three) conjoined concretions nucleate simultaneously. If a single
concretion formed and a second was added in a subsequent
precipitation event, the two fused concretions would likely be
unequal in size and would share a dividing center rind between them.
3.4. Size distribution
Three concretion size populations are recorded in Spencer Flat
(Fig. 4). Here we differentiate between macro-concretions (N5 mm
diameter) and micro-concretions (b5 mm diameter), but there is a
natural division in the macro concretion population of two size
populations (5–12 mm and N12 mm). Descriptive statistics for the
b5 mm and the N12 mm size populations show a skewness b1,
indicating normal distributions. The 5–12 mm population has a
skewness ~1, indicating a nearly normal distribution. Although the
three size ranges likely overlap and smaller populations may be
included in these size ranges, the small skewness of the three
populations suggests a primarily trimodal distribution for the entire
range of sizes measured in Spencer Flat. For all loose concretions
(n = 1300), diameters range from 0.94 mm to 81.79 mm with a mean
diameter of 22.46 mm, a median diameter of 21.65 mm and a
standard deviation of 15.70 mm.
A typical accumulation of loose concretions in a topographically
low area (1–2 m2) contains N1 size population and these accumulations are a result of resistant concretions forming a “let down” lag as
the host rock erodes. These lags represent 10s of meters of eroded
section. More than one size population in a loose accumulation
represents overlapping reaction fronts that nucleate similar sizes and/
or geometries because two or more size populations can be present in
situ.

4.1. Petrography
In the outer layer of rind concretions, HFO cementation nearly
occludes pore space, yet in the interiors, HFO cementation is sparse
(Fig. 5A). The interior edges of the rinds are irregularly shaped and
exhibit inward digitate growths toward the center of concretions
(Fig. 5A).
In the rinds of macro-concretions (rind and layered endmembers), three textures of HFO cement are distinguished through
petrographic microscopy: i. granular-textured cement coats and rims
the grains, ii. tabular cement is adjacent to the granular cement and
radiates into the pore space, and iii. late stage pore ﬁlling consists of
small, euhedral crystals (Fig. 5B). Rinds of layered concretions have
the same three textural phases of HFO cement; however, the interior
layers (Fig. 5C) are composed solely of a ﬁne-grained phase. In solid
concretions, the HFO cement is granular-textured (Fig. 5D).
Cement in the depleted interiors is primarily kaolinite occurring in
blebs that are independent of orthoclase grains. HFO is present in
minor amounts in the interiors in pore throats and as grain coatings
and is granular-textured (Fig. 5E). Many grains exhibit a thin illite
coating (Fig. 5F).
Only two samples out of 90 contained euhedral HFO after pyrite
pseudomorphs visible with a reﬂected light microscope. No other HFO
replacement pseudomorphs (such as siderite) were observed.
4.2. QEMSCAN
Cements in the rind areas of concretions are ~27% HFO; cements in
the interiors are 2% kaolinite and 0.5% HFO (including framework
grains and porosity). Well-cemented rinds are of low porosity (~2%)
and friable interiors are of high porosity (~29%). After normalization
to exclude framework grains and porosity, rind cement is composed of
96% HFO and 2% kaolinite. The interior cement is 50% kaolinite and
47% HFO. Manganese oxide (MnO) is only present in detectable
amounts in the rinds (0.2%). Pockets of MnO are located in interior
edges of the rinds along more permeable laminae and are also visible
in BSE images (Fig. 6A,B).
Porosity in the solid sample analyzed with QEMSCAN is 4%. HFO
cement is 24% of total composition (including framework grains and
porosity). Kaolinite is present in minor amounts (0.7%).
Two textures of HFO cement are identiﬁed with QEMSCAN. The
most abundant type is a smooth textured HFO visible in back scattered
electron (BSE) images and labeled “HFO” in the ﬁgures (Fig. 6C,D). The
other is a “frothy” textured cement in BSE images and is labeled “HFO
Textures” in the ﬁgures (Fig. 6C,D). Smooth-textured HFO is the most
abundant phase in the rinds (94.5%), but in the interiors, the HFO
cement is distributed evenly between smooth-textured (20.0%) and
frothy-textured (26.8%).
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Fig. 4. Comparison of Utah and Mars concretion diameter data. Descriptive statistics are for Utah size ranges b 5 mm, 5–12 mm and N 12 mm. Mars data is from Calvin et al. (2008).
Note Mars size range compared to Utah (top left on Utah graph).

4.3. VNIR reﬂectance spectroscopy
Characteristic absorption features for minerals in this study are:
hematite (~871 nm), goethite (~ 894 nm), lepidocrocite (~933 nm),
ferrihydrite (~ 949 nm), kaolinite (~ 2200 nm) and illite (~2200 nm).
Kaolinite is distinguished from illite by shoulders at ~2180 nm and
1490 nm. There are also OH− absorption features at ~ 1400 nm
and ~1900 nm associated with ferrihydrite, lepidocrocite, kaolinite
and illite; however, the clay absorption features can interfere with the
OH− features of the HFOs when both clays and HFOs are present
(Clark, 1999; Clark et al., 1990).
Three phases of HFO are detected using VNIR reﬂectance
spectroscopy in the macro-concretions. Goethite and hematite are
straightforward to interpret in these samples. A third phase has an
absorption minima that fall typically N940 nm, suggesting that it is
ferrihydrite. However, this phase also has a shoulder at ~ 670 nm,
which is indicative of lepidocrocite. Lepidocrocite has an absorption
minimum around 930 nm, which is lower than the phase detected.
Pending further study, this phase is herein referred to as amorphous
HFO and is discussed in depth in Section 6.
Transects across rind macro-concretions (n = 10) always reveal
amorphous HFO in at least one side of the rind (Fig. 7A). The opposite
rind cements are either amorphous HFO or goethite except for two
samples that showed absorption minima in the hematite range. The
HFO phases in the interiors exhibit absorption minima in the
hematite, goethite or a mixture of hematite and goethite ranges.
Kaolinite is detected in all the interior spectra and one of the rind
spectra; probable minor illite is detected in one of the interior spectra.
For layered concretions (n = 5), the absorption minima for HFO
cements are predominately in the goethite range; one sample had an
absorption minimum in the amorphous HFO range (Fig. 7B). Hematite
cement is detected in the depleted interior of one layered concretion
sample.

Results from two solid samples show absorption minima in the
amorphous HFO and goethite ranges (Fig. 7C). Neither sample
contains any detectable hematite.
5. Analytical interpretation
The presence of three generations of isopachous cements implies
that the concretions grew via a pervasive growth model where HFO
nucleated at sites concurrently throughout the concretion similar to
some carbonate concretions. HFO gel likely precipitated and sets the
radius with some retained porosity (see Raiswell et al., 2000 for a
discussion on pervasive growth in carbonate concretions). Therefore,
original porosity of the rinds was much higher than present porosity
(2%). Reactants could diffuse through the higher porosity rinds
precipitating additional isopachous cements that ﬁlled retained,
original porosity and modiﬁed internal structures. Macroscopic and
microscopic inward digitate cements provide additional evidence for
the inward growth model.
With QEMSCAN, two textural HFO phases are detected and are
present in predictable places. Manganese oxide pockets also occur as a
late-stage, pore ﬁlling typically along interior edges of rinds and along
more permeable laminae. The manganese oxide precipitate could be
due to a rise in pH in the mineralizing ﬂuid; manganese oxide
precipitates at a slightly higher pH (~ 7.8) than HFO (~5.8) (Stumm
and Morgan, 1996).
The amorphous HFO phase detected with VNIR reﬂectance
spectroscopy is problematic. The absorption feature at N940 nm
would indicate that it is possibly ferrihydrite. Ferrihydrite is a
nanophase Fe(OH)3 that ranges from amorphous to partly crystalline
(Carlson and Schwertmann, 1981; Cornell and Schwertmann, 1996).
Ferrihydrite has similar Mössbauer parameters to the nanophase Fe3+
oxide detected in the concretions (IS = 0.35 and QS = 0.83–0.90 or
0.53 mm/s; see Supplemental section for Mössbauer spectroscopy
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Fig. 5. Photomicrographs of macro-concretions. A. Rind/interior boundary of a rind
concretion (plane light). Blue arrows point to digitate inward growths of HFO cement.
B. Three phases of HFO cement (polarized light): 1. granular cement rimming edges of
quartz grains, 2. tabular cement, and 3. small, euhedral crystals inﬁlling remaining pore
space. C. Layered concretion (plane light). Blue dotted lines delineate well-cemented
layers from more friable areas. D. Granular HFO cement in solid concretion (polarized
light). E. Interior of rind concretion (plane light). Arrows point to granular HFO cement
in pore throats and rimming quartz grains. F. Quartz grain with high birefringence illite
rim (arrows) in rind concretion interior (polarized light).

results). Ferrihydrite is a very unstable HFO phase and at intermediate
pH and diagenetic temperatures (~ 70 °C), it recrystallizes to more
stable phases in a matter of weeks in laboratory experiments (Cornell
and Schwertmann, 1996; Kukkadapu, 2003). However, some research
suggests that coprecipitation with nickel inhibits the recrystallization
of ferrihydrite into more stable phases (Kukkadapu, 2003) and the
Navajo Sandstone concretions are enriched in nickel relative to the
host rock (Potter and Chan, submitted for publication).
Another possibility is that this phase at N940 nm is lepidocrocite.
Lepidocrocite is a metastable γ-FeOOH. Lepidocrocite has a distinct
shoulder at ~ 670 nm and an absorption minimum of ~ 930 nm. The
shoulder feature is present in the amorphous HFO phase in the
concretions, but many of the absorption minima are N940 nm.
HFO can precipitate as an amorphous gel that dehydrates to
goethite and then hematite with heat or age (Klein and Bricker, 1977).
The Navajo Sandstone represents a low temperature diagenetic
system (b100 °C; Parry et al., 2004); therefore, the amorphous HFO
is a younger phase because the minerals are dehydrating via time
rather than heat. Similarly, the goethite is interpreted to be
intermediate in age and the hematite is likely the oldest phase.
A late stage precipitation event is documented in the study area
(~5 Ma Potter and Chan, submitted for publication), so a very young,
unstable HFO phase could be overprinted on the concretions. This
young HFO (identiﬁed herein as amorphous HFO) could be amorphous, nanophase ferrihydrite (stabilized by coprecipitation with
nickel) or ferrihydrite that later partially recrystallized while still
retaining the ferrihydrite range (N940 nm) absorption minimum
(Bishop et al., 2006). The presence of the three HFO phases implies
that the HFO was precipitated as an amorphous ferrihydrite and has
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Fig. 6. QEMSCAN images (A, C) and back scattered electron (BSE) images (B, D) A.
Discoidal rind concretion. Inset is photograph of thin section used to acquire QEMSCAN
image. Arrow and circles point to pockets of MnO. These pockets occur along more
permeable eolian grainﬂow laminae of the host rock. B. Rind area. Arrows point to latestage MnO pore ﬁlling shown in light gray. Dark gray is the more abundant, smooth
textural phase of HFO labeled “HFO” in key. Black areas are quartz grains. C. Rind area at
1 μm pixel spacing. Black oval encircles area with concentration of FeMnO in HFO
cement. Arrow points to frothy HFO. D. “Frothy” textured cement (arrows) in rind.

dehydrated to more stable phases with time instead of precipitating
directly as hematite or goethite. Further work is necessary to precisely
determine the composition of the amorphous HFO phase.
Layered and solid concretions exhibit younger HFO phases
(amorphous HFO and goethite) throughout the interiors relative to
the older phase (hematite) in the interiors of rind concretions. Higher
initial porosity rinds (evidenced by isopachous cements) may have
allowed reactants to diffuse through, creating the layered and solid
end-members. The presence of Liesegang bands in the interiors of
both rind and layered macro-concretions supports the premise that
these concretions initially precipitated as rind concretions and
internal structures were modiﬁed by subsequent inward diffusive
mass transfer.
Mössbauer data (see Supplemental section) show multiple overlapping peaks that are difﬁcult to ﬁt uniquely; however, the results
generally show at least three phases of HFO: a nanophase (or
amorphous) HFO, goethite and hematite. These are consistent with
the three phases detected with VNIR reﬂectance spectroscopy
(amorphous HFO, goethite and hematite). Because the samples
analyzed with Mössbauer spectroscopy are from a broad area over
southern Utah, this suggests that multiple precipitation events have
affected the Navajo Sandstone regionally.
6. Discussion
The range of physical characteristics, internal structures and
cement phases (textural, mineralogical and chemical) all suggest a
complex diagenetic history of repeated iron mobilization and
precipitation events for the Navajo Sandstone. The major implications
of this research are the complexities of the concretion formation
model proposed herein, and the establishment of diagnostic criteria
for distinguishing diagenetic concretion formation.
A synthesis of the results suggests that multiple precipitation
events overprinted original HFO concretions with additional cements
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Fig. 7. Typical VNIR spectra in transects across rind, layered and solid end members. Y-axis represents reﬂectance. A. Rind concretion. Transect across the center of the concretion is
shown in photo. Rind 1 is goethite; Rind 2 is amorphous HFO; interiors 3 and 4 are hematite. Kaolinite peaks are circled with gray; probable illite peak is circled with black. B. Layered
concretion. HFO phases throughout the transect are amorphous HFO. Interior 6 shows probable minor illite, but most of the readings show no clays probably due to interference with
the HFO. C. Solid concretion spectra showing amorphous HFO across transect. Sample includes some host rock, but spectra are only shown for concretion.

(HFO and MnO) throughout the diagenetic history of the Navajo
Sandstone in Spencer Flat. Concretions were altered both mineralogically and structurally by generations of ﬂuids with varying
chemistries throughout diagenesis. Younger cement phases were
added by late stage precipitation as reactants diffused through higher

initial porosity rinds to structurally alter interiors. Even in disparate
sample locations (~100 km apart), multiple ﬂuids and precipitation
events inﬂuenced the mineralogy of concretions. In some cases,
concretions provided nuclei around which smaller micro-concretions
coalesce introducing a component of radial growth.
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Table 2
Similarities between the Burns formation spherules and proposed terrestrial analogs. Entries based on characterization of Martian blueberries and comparison to terrestrial analogs
by Calvin et al. (2008), but including data from this study.
Analogs and models
Host rock characteristics
Fine-grained, homogenous, eolian
sedimentary host rock
Host rock spans N 100,000 km2 area
Host rock composition
Concretion physical characteristics
Spheroidal geometry
Latitudinal ridges or furrows
Doublets or triplets
Locally abundant doublets
Adhered host rock
Interior structure
Polymodal distribution
b 1 mm dia
1–2 mm to 5 mm dia
N 5 mm dia
Two size ranges in single horizon
Self-organized spacing
Vertically distributed through
10s of meters of section
3D distribution throughout host rock
% volume
Concretion mineralogical characteristics
Cement mineralogy
Hematite
Goethite
Jarosite
Nanophase HFO
Clays
Clastic grain component
Enriched in Ni relative to host rock
Radial crystal growth
a
b
c
d
e

Marsa

Utahb (ancient) (this study)

Acid saline lake concretionsc (modern)

Mauna Kea spherulesd

Impact lapillie

X

X

X
Sulfate, basaltic

X
Quartz arenite

Evaporites

Basalt

X
Greenstone belt

X
Rare
Present
X
Present
Solid
X
X
X

X
Present
Present
X
Present
Rind, layered, solid
X

X
?
?
?
?
Solid
?

X

X

Present

Present

Solid, rind?
?
X

Solid

Common
X
X

X
X
Common
X
X

X
?
?
?

X
3.2

X
1.2

?
~ 1.8

X
Precursor
X
X
?
?
X
X

X
X

X
Rare
X
?
X
Gypsum, quartz

X
X
Quartz
X

X

X

Glass precursor

X
X

Calvin et al. (2008).
This study.
Benison (2006), Benison and Bowen (2006), Benison et al. (2007), and Bowen et al. (2008).
Morris et al. (2005).
Knauth et al. (2005).

In isotopic studies of Navajo Sandstone concretions in Spencer Flat,
Busigny and Dauphas (2007) showed an increasingly negative
isotopic signature in an easterly direction and concluded that
concretions precipitated in one precipitation event that swept
through Spencer Flat. Iron isotope studies by Chan et al. (2006)
showed zonation across individual concretions from multiple localities, but no directional isotopic trends across the region. Interestingly,
isotopic zonation across concretions from the rinds to the interiors is
increasingly lighter in some concretions and increasingly heavier in
others. The conclusions of these isotope studies seemingly contradict
the model of pervasive concretion growth affected by multiple
precipitation events proposed herein; however, the zonation in
concretions could be due to the subsequent precipitation of cements
by ﬂuids with varying isotopic signatures. The Busigny and Dauphas
(2007) interpretation of concretion precipitation in one event is easily
reconciled with our pervasive growth model where an initial event
precipitates most of the iron in the concretion and sets the radius.
There is some retained porosity in the concretions that is later inﬁlled
by subsequent, smaller amounts of cements that do not affect the
overall bulk isotopic signatures of the concretions signiﬁcantly.
Furthermore, varying amounts of secondary concretion cements
with different isotopic compositions may well explain the variability
in the bulk isotopic signatures (illustrated in Fig. 7 of Busigny and
Dauphas, 2007). Potter and Chan (submitted for publication) show
that multiple precipitation events have affected the Spencer Flat area
throughout geologic time deduced from cross-cutting ﬁeld relationships of HFO precipitation geometries. The research presented herein
examined cements on a micron scale and the evidence for multiple

precipitation events exists in isopachous cements in pore spaces. Both
Busigny and Dauphas (2007) and Chan et al. (2006) sampled cements
on a millimeter scale and these samples could contain cements from
more than one event, which would effectively smear the isotopic
signature. The ambiguities between the isotope investigations and
this ﬁeld and laboratory research show the need for higher resolution
techniques for in situ iron isotope studies in diagenetic cements.
HFO can result from the oxidation of reduced iron mineral phases
such as pyrite or siderite; however, four lines of evidence support the
interpretation of direct precipitation of primary HFO cement: 1.
Multiple phases of HFO (including an amorphous phase) suggest that
the iron precipitated as an amorphous HFO that has oxidized to more
stable phases over geologic time. 2. The lack of crystal pseudomorphs
(only two HFO after pyrite pseudomorphs were observed in 90 thin
sections). 3. The lack of any pyrite or siderite in the concretion
cements. 4. The lack of Fe2+ valance state in the concretions (see
Supplemental section for Mössbauer spectroscopy results). The
possibility that all of the siderites have been oxidized is unlikely
because carbonate interdune deposits (calcite and siderite) are still
present throughout the Navajo Sandstone (Parrish and Falcon-Lang,
2007) as well as in the Spencer Flat study area. Sulfur is also not
detected in the concretions or the host rock with whole rock analysis;
it is likely that traces would remain if the concretions were originally
pyrite (Beitler, 2005; Potter and Chan, submitted for publication).
Complex mass transfer processes and ﬂuid chemistries affect water/
rock interactions throughout the diagenetic history of a sandstone. HFO
concretions preserve important information about the diagenetic
evolution of a sandstone reservoir. This characterization provides an
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Fig. 8. Host rock and exterior structural similarities between Utah (top images for each set) and Mars (bottom images). A. Ridges and furrows (arrows) B. Weathered out spherules
with asymmetrical adhered host rock (bottom arrow in Mars image). Top arrow in Mars image points to “avocado skin” exterior texture. See Figure 2E for similar “avocado skin” Utah
example. C. Doublets. D. Two size populations of weathered out concretions and a “duckbill” shape (circles). E. Rind or concentric zonation (dotted lines). F. Solid internal structure.
G. In situ concretions showing self-organized spacing. Mars images: NASA/JPL/Cornell.

excellent analog model to illuminate diagenetic processes in other
settings including the Burns formation hematite spherules in Meridiani
Planum, Mars. The concretion features documented comprise diagnostic criteria for diagenetic concretion formation and are compared with a
similar characterization on the Burns formation spherules by Calvin et
al. (2008) as well as to other proposed analog models from the
literature (Table 2).
7. Utah and Mars comparison
The Navajo Sandstone and the Burns formation are both ﬁnegrained, eolian sandstones with an areal extent N100 km2 (Grotzinger, 2005). Both units are porous and permeable media in which there
is evidence of groundwater diagenesis (McLennan, 2005). The main
difference between the two units is geochemical: the Burns formation
is composed of soluble sulfate sands and the Navajo Sandstone is a
clean quartz arenite (Grotzinger, 2005; Squyres, 2004). Concretions,
however, are known to form in a variety of host rock compositions
and exhibit a broad range of mineralogies. Physical formation
mechanisms are independent of host rock composition; host rock
composition affects chemical and mineralogical characteristics such
as crystallinity, chemical composition, and sphericity. Because of the
major differences in geochemical composition of the host rock,
physical characteristics are discussed separately from the mineralogical and crystallographic comparison in the following comparison.
7.1. Physical characteristics
The Utah concretions range from spheroidal (aspect ratio ranges
from 1.00 to 1.06) to discoidal (aspect ratio = 1.06–2.00) and have a

mean aspect ratio of 1.10 (Potter and Chan, submitted for publication). Mars spherules have a similar range with a mean aspect ratio of
1.06 (McLennan, 2005). Surﬁcial, latitudinal ridges or furrows around
the perimeter of the spherules are present in both Utah and Mars
examples (Fig. 8A), although these are much more common in Utah
than on Mars. These ridges align with laminae when concretions are in
situ in both Utah and Mars and result from cementation in a
sedimentary rock. The likely reason these ridges are more common
in Utah than on Mars is because of stronger anisotropies in the Navajo
Sandstone bedding.
There are samples from both Utah and Mars that exhibit an
“avocado skin” texture (Figs. 1E [Utah] and 8B [Mars, Calvin et al.,
2008]). In Utah, this texture is the result of multiple nucleation sites
precipitating clusters of micro-concretions that coalesce to form the
larger concretions in an Ostwald ripening process. A similar
nucleation phenomenon could be responsible for bumpy-textured
concretion formation on Mars where smaller spherules dissolve and
reprecipitate on larger spherules (Calvin et al., 2008) or this texture
could result from secondary cements (McLennan, 2005).
Occasional doublets, triplets and “duckbill” shapes occur in both
Utah concretions and Mars spherules (Fig. 8C,D; Calvin et al., 2008). In
Meridiani Planum, an abundant population of doublets is present near
a large impact crater (Calvin et al., 2008). An abundant localized
population of doublets also is present in the Spencer Flat area,
suggesting a restricted nucleation process responsible for the doublet
morphology.
Some well-cemented Utah and Mars samples weather out with
preferentially cemented host rock adhered to the exterior (Fig. 8B;
Calvin et al., 2008). In Utah, this preferential cementation surrounding
in situ concretions results from late stage precipitation events that
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preferentially cement host rock grains in an asymmetric “comet tail”
shape in the direction of ﬂuid ﬂow (Potter and Chan, submitted for
publication). The presence of similarly cemented asymmetric forms
on Mars suggests that although the diagenetic history is simpler, more
than one precipitation event likely occurred. Spheroidal concretions
precipitated via diffusive mass transfer; asymmetrical “comet tails”
precipitate by advective mass transfer (McBride et al., 2003, 1994;
Mozley and Davis, 2005; Mozley and Goodwin, 1995; Potter and Chan,
submitted for publication).
Internal structure of the Utah macro-concretions comprises three
end-members: rind, layered, and solid (Fig. 1A,B,C). Utah microconcretions have two end-members: rind and solid, although most
micro-concretions exhibit solid interiors (Calvin et al., 2008). The
Mars spherules typically exhibit solid internal structure; however,
possible rind internal structures are documented on Mars (Fig. 8E,F;
Calvin et al., 2008). The higher variety of internal structures implies
that the Navajo Sandstone experienced a much more complex
diagenetic history than the Burns formation.
Mars size populations have similar divisions of micro- and macroto the Utah concretions; however, on Mars, micro-spherules are
b1 mm diameter and macro-spherules are typically 1–6 mm diameter
(Fig. 4; Calvin et al., 2008). Calvin et al. (2008) suggest that the
geochemistry in the Burns formation is water-limited. Water-limited
geochemical conditions could result in smaller spherules, in contrast
to the long history of abundant water in the Navajo Sandstone. The
size difference between Utah concretions and Mars spherules
suggests that although groundwater was present on Mars at some
point, it may have been more scarce and ephemeral relative to Earth.
Utah and Mars examples exhibit more than one size range present
together in outcrop and both examples exhibit in situ geochemically
self organized spacing (Fig. 8G; Calvin et al., 2008; McLennan, 2005).
Volumetric density for Utah concretions is 1.2% (Potter and Chan,
submitted for publication) and 3.2% for Mars spherules (McLennan,
2005). Spatial distribution in both Utah and Mars extends over a kmscale area and through 10s of meters of vertical section (Calvin et al.,
2008; Squyres, 2009). Both Mars and Utah exhibit polymodal size
distributions (Fig. 4).
7.2. Mineralogy and crystallography
The HFO cement mineralogy is more intricate in Utah concretions
than in Mars spherules, although some important similarities exist.
Three phases of HFO cement (amorphous HFO, goethite, and
hematite) are present in the Utah concretions, which likely precipitated as amorphous HFO gel and dehydrated with age to more stable
goethite and hematite. The shape of the Mini-TES spectra indicates
that the Martian spherules likely precipitated as an oxyhydroxide
precursor mineral phase (such as a precursor gel phase) that later
dehydrated to hematite (Glotch et al., 2004). Both the Utah
concretions and the Mars spherules are enriched in Ni relative to
the host rock (Morris et al., 2006). The Mössbauer spectroscopy
results suggest that the Navajo Sandstone concretions are hematite or
goethite with a nanophase Fe3+ oxide; a similar nanophase Fe3+
oxide signature is present in the Burns formation (Klingelhoefer et al.,
2004; Morris et al., 2006).
One crystallographic difference between the Mars and the Utah
examples is that the Mars spherules have radial crystal structure and
high crystallinity (Calvin et al., 2008). The sulfate sandstone of the
Burns formation is composed of reactive, soluble grains that partially
dissolved—leaving voids in the host rock—during or prior to the
precipitation of the spherules. These voids allow more space for
higher sphericity geometry and euhedral crystal growth preferentially
oriented along the c-axis. The Navajo Sandstone is a quartz arenite
formed from relatively insoluble grains so the HFO precipitate would
not have the same room to form euhedral crystals as in Mars
spherules.
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The Burns formation contains silicate minerals derived from
aqueous alteration of olivine basalt mixed with sulfate minerals,
including jarosite. Jarosite is still present in outcrops, which indicates
that, in Meridiani Planum, diagenetic ﬂuids were pH b 4–5 (Madden et
al., 2004; Tosca et al., 2005). The Navajo Sandstone concretions were
likely precipitated at circumneutral pH (Beitler, 2003, 2005; Busigny
and Dauphas, 2007; Chan et al., 2000, 2004, 2005, 2007).
The Mars spherules may also exhibit a higher degree of
crystallinity due to greater iron abundance in the Burns formation
sediments. The Burns formation spherules may have formed via the
dissolution of iron-bearing sulfates (such as jarosite) during diagenesis (McLennan, 2005; Tosca et al., 2005). The Navajo Sandstone iron
was sourced from the breakdown of ferromagnesian minerals during
deposition and early burial of the erg (Chan et al., 2000, 2004, 2007).
This more euhedral crystal structure on Mars would also account for
color differences between Mars and Utah spherules because hematite
crystals appear grey when they are larger than 5 μm and reddish
brown when they are smaller than 5 μm.
Other proposed non-concretion analog models (e.g., impact lapilli,
Knauth et al., 2005; Mauna Kea spherules, Golden et al., 2008; Morris
et al., 2005) can generate spheroidal geometry but lack other key
physical characteristics (Table 2). However, other analog models may
provide better geochemical information due to formation in acidic
sulfate-rich environments (e.g., Mauna Kea, Golden et al., 2008;
Morris et al., 2005 and acid saline lakes, Bowen et al., 2008). Although
no perfect terrestrial analog exists for the Mars spherules, the Navajo
Sandstone concretions share diagnostic physical similarities to
important characteristics of the Burns formation spherules and thus,
it is clear that diagenetic groundwater and diffusive mass transfer are
responsible for the formation of the Mars spherules.
Supplementary materials related to this article can be found online
at doi:10.1016/j.epsl.2010.11.027.
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