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GEOCHEMISTRY

Fe-oxide concretions formed by interacting carbonate
and acidic waters on Earth and Mars

H. Yoshida'*", H. Hasegawa'->**, N. Katsuta®, I. Maruyama®, S. Sirono*, M. Minami®, Y. Asahara®,
S. Nishimoto®, Y. Yamaguchi®, N. Ichinnorov’, R. Metcalfe®

Spherical Fe-oxide concretions on Earth, especially in Utah, USA, have been investigated as an analog of hem-
atite spherules found in Meridiani Planum on Mars to support interpretations of water-rock interactions in early
Mars. Although several formation mechanisms have been proposed for the Fe-oxide concretions on Earth, it is
still unclear whether these mechanisms are viable because a precise formation process and precursor of the
concretions are missing. This paper presents evidence that Fe-oxide concretions in Utah and newly found Fe-
oxide concretions in Mongolia had spherical calcite concretions as precursors. Different formation stages of
calcite and Fe-oxide concretions observed, both in Utah and Mongolia, indicate that calcite concretions initially
formed within eolian sandstone strata and were dissolved by infiltrating Fe-rich acidic waters to form spherical
FeO(OH) crusts due to pH buffering. The similarity between these Fe-oxide concretions on Earth and the hem-
atite spherule occurrences in Meridiani Planum, combined with evidence of acid sulfate water influences on
Mars, suggest that the hematite spherules also formed from dissolution of preexisting carbonate spherules
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possibly formed under a dense carbon dioxide early martian atmosphere.

INTRODUCTION

Fe-oxide concretions in the Jurassic Navajo Sandstone of southern
Utah, USA have been studied as analogs of hematite spherules (known
as blueberries) found by NASA’s Opportunity rover in Meridiani Pla-
num on Mars (Fig. 1) (I-11). A debate lasting nearly two decades has
produced several models for the origin of the Fe-oxide concretions in
the Navajo Sandstone. However, the precise formation mechanism of
the terrestrial Fe-oxide concretions is still uncertain, which limits their
value as analogs for martian hematite spherules.

One previous model for the Fe-oxide concretions in Utah sug-
gested that Fe-oxide concretions formed by mixing between reducing
fluids and oxygenated water, which caused precipitation of iron as fer-
ric oxide cement in the bleached host rock (I, 2, 4-8). Mobilization
and transport of chemically reduced Fe** in solution are thought to
have occurred via groundwater flow with CH, or other hydrocarbons
as reducing agents (4, 6, 8). However, this model does not well explain
the development of spherical concretions with Fe-rich crusts. The
other model proposed microbially mediated decomposition of pre-
existing spherical siderite concretions as a formation mechanism for
Fe-rich crusts (9-11). Although there are microscopic pseudomorph-
like textures, which have been interpreted as being originally siderite
crystals (11), these occur within the interiors of some Fe-oxide concre-
tions. However, firm evidence for preexisting concretions consisting
entirely of siderite has never been found. In addition, the precipitation
of precursor siderite in the highly porous eolian sandstone strata (9) is
questionable due to the lack of similar geological evidence.

Here, we propose a new model for the formation of Fe-oxide
concretions based on field evidence that preexisting calcite concre-
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tions were precursors of Fe-oxide concretions at two localities: the
Jurassic Navajo Sandstone, Utah, and the Cretaceous Djadokhta For-
mation, Mongolia (Fig. 1, A and B, and Table 1). In this new model,
Fe-oxide concretions formed due to pH buffering as preexisting calcite
concretions dissolved in infiltrating Fe-rich acidic waters, leading to
fixation of Fe as FeO(OH) crusts. This new model can be applied to
commonly observed Fe-oxide concretions and/or crusts (e.g., pipe-like
textures) at other sites that formed in similar sedimentary facies and
environmental conditions. On the basis of this evidence, we reassess
the value of the terrestrial concretions as analogs for the hematite
spherules observed in Meridiani Planum on Mars (Fig. 1C) (1-3, 12).

RESULTS

Field observation of concretions in Utah and Mongolia

The Lower Jurassic Navajo Sandstone, which is widely distributed in
Utah, is composed of fine- to medium-grained eolian sandstone with a
variety of colors due to variations in its bleaching state (4, 5, 8, 9, 11).
In general, whitish “bleached” sandstone occurs in the upper part of
the formation, whereas reddish “unbleached” sandstone is present in
the lower part. Fe-oxide concretions occur dominantly in the upper
part just above a bleaching front. On the other hand, spherical calcite
concretions occur within the lower reddish unbleached sandstone in
the east of Escalante (Spencer Flat) and north of Kanab (White Cliff)
(5). These calcite concretions have similar sizes and morphologies to
the Fe-oxide concretions within the upper whitish bleached sandstone
(Fig. 1A and figs. S1 and S2). At Spencer Flat, partly dissolved calcite
concretions stained by Fe-oxide crusts are also present just below the
bleaching front. Occurrences of calcite concretions and partly dis-
solved calcite concretions stained by Fe-oxide crusts within the un-
bleached reddish sandstone were also reported in previous studies
(5, 8). These studies suggested that the upper part of the Navajo
Sandstone was originally red and was bleached by hydrocarbon-rich
or organic acid-rich fluids (4, 5, 8, 9, 11). Intensive bleaching, inter-
preted to have been caused by CO,-charged acidic fluids, was also ob-
served in drilled cores of the upper part of the Navajo Sandstone as well
as in permeable eolian strata and along faults and fractures (13, 14).
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Fig. 1. Similarity of concretions on Earth (Utah and Mongolia) and Mars (Meridiani Planum). Occurrences of calcite concretions and Fe-oxide concretions in the
Jurassic Navajo Sandstone of Spencer Flat in Grand Staircase-Escalante National Monument (GSENM; 37°40"15"N, 111°23'0"W) and White Cliff (37°12'45"N, 112°23'24"W),
Utah (A) and in the Cretaceous Djadohta Formation of the Tugrikiin Shiree area, southern Mongolia (44°13'54"N, 103°16'33"E) (B). These concretions are compared with
similar concretions from the Meridiani Planum on Mars (C). In the localities on Earth, calcite concretions are preserved below bleaching fronts (A-1 and B-1; stage 1). Fe-oxide
concretions formed during bleaching, and typically calcite is preserved inside (arrow; A-2 and B-2; stage 2), surrounded by a hard Fe-rich crust (A-3 and B-3; stage 3). Hematite
spherules on Mars have similar occurrences and morphologies [C-1 and C-2: hematite spherules “blueberries” in Burns formation at Eagle crater, Meridiani Planum (image from
the Opportunity sol 123 and sol 42) (3, 25); C-3: spherules with Fe-oxide crust texture “newberries” in Matijevic formation at Endeavour crater, Meridiani Planum (image from
the Opportunity sol 3064) (12)]. Scale bars, 1 cm. All photos of Utah and Mongolia are taken by H. Yoshida.

Spherical calcite concretions and Fe-oxide-encrusted calcite
concretions also occur in the Upper Cretaceous Djadokhta Forma-
tion of the Tugrikiin Shiree, southern Mongolia (Fig. 1B and fig.
S3) and show similar morphologies to the concretions in Utah.
In general, the Djadokhta Formation is reddish colored, but in
the Tugrikiin Shiree, it is distinguishable by the occurrence of whit-
ish bleached sandstone (15). The area where bleaching is observed

Yoshida et al., Sci. Adv. 2018;4:€aau0872 5 December 2018

near Tugrikiin Shiree is surrounded by Cenozoic volcanic rocks
(fig. S3) (16, 17). In contrast, underlying intercalated fluvial
sandstone and mudstone strata are characterized by reddish un-
bleached strata and include aggregates of spherical calcite concre-
tions. The distributions of calcite and Fe-oxide concretions in
Mongolia, below and above the bleaching front, are similar to those
of Utah.
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Mineralogical and geochemical analyses of concretions
X-ray diffraction (XRD) analysis of calcite concretions and the cores
of Fe-oxide concretions from both Utah and Mongolia identified cal-
cite in all development stages of the concretions (fig. S4). In contrast,
no siderite was identified, either inside the calcite concretions or inside
the Fe-oxide concretions. XRD analysis also confirmed that the Fe-
oxide crusts are composed mainly of goethite [FeO(OH)] and hem-
atite (Fe,O3) (8). Optical microscopic observations of the calcite
concretions in both Utah and Mongolia show that micritic calcite
grew in the micropores of the sandstone matrices (figs. S2, D-3, and
S3, C-ii and C-iii) to form spherical calcite concretions that crosscut
sedimentary laminae. The textures indicate that the calcite concretions
formed during early diagenesis and grew in situ authigenically.

The calcite concretions from both Utah and Mongolia show §"°C
values of —5.15 to —3.13%o and —3.50 to —1.65%o, respectively (Table 2).
The calcite cements in the surrounding matrices of both host rocks have
slightly lower values of —7.44 to —3.36%o (Utah) and —8.21 to —3.79%o
(Mongolia). On the other hand, the values of 880 of the calcite con-
cretions are —12.0 to —5.06%o (Utah) and ~ —11.8 to —10.1%o (Mongolia)
(Table 2). The §'*C and §'%0 data imply that the concretions from both
areas formed under similar conditions and that, in each area, the source
of the carbon in the carbonate minerals was mainly meteoric water that
penetrated from the ground surface (18, 19).

Elemental mapping by secondary x-ray analytical microscopy
(SXAM) reveals the replacement stages of the calcite concretions by
FeO(OH) that thickened inward from the surfaces of preexisting calcite
concretions (Fig. 2 and figs. S5 and S6). In stage 1, concretions from both

Utah and Mongolia have almost homogeneous calcite distributions
(Fig. 2A, stage 1) and concentrations of 15 to 25 weight % (wt %)
CaCOj; measured by x-ray fluorescence (XRF) analysis (Table 2). In
these concretions, the space occupied by the calcite is almost the same
as the original porosity of the Navajo Sandstone and Djadokhta For-
mation (c. 20 volume %) (6). In the intermediate stage 2 of both Utah
and Mongolia examples, CaCO; concentrations decrease from the
insides of concretions toward their outer surfaces (Fig. 2, B and C).
In contrast, Fe concentrations gradually increase close to the surfaces
of the concretions within Fe-oxide crusts (Fig. 2, B and C). Fe-oxide
crusts then become thicker, growing inward, and the volume of re-
maining CaCOj is reduced in stage 3 (Fig. 2D). The peaks of the Fe
profiles develop close to the surfaces of the calcite concretions and cor-
respond to depletions in the CaCO; contents of the concretions. These
observations indicate that Fe was fixed to form Fe-oxide crusts as the
Fe-rich acidic water diffused inward during pH buffering by calcite ce-
ment dissolution on the surfaces of concretions (20). The Fe-oxide con-
cretions therefore grew inward from the surfaces of the original calcite
concretions. The acidic water also contained Mn that precipitated on
the outsides of the Fe-oxide crusts, producing a consistent correlation
between Fe and Mn concentrations (Fig. 2 and figs. S5 and S6) (21).

A similar Fe profile was also produced by experiments simulat-
ing the pH-buffering reaction during bleaching of the surrounding
reddish sandstone and dissolution of preexisting calcite concretions
(fig. S7). We carried out experiments using spherical calcite concre-
tions collected from within eolian sand in Utah and an acid, Fe-rich
solution FeCl, (pH = 3 to 4). During experiments, Fe-oxide crusts

Table 1. Comparison of previous models (D and @) and our proposed model (®).

Formation mechanism Precusor Reaction fluid/liquid Fe-oxide mineralization stFaie

@® Chan et al. Goethite precipitation by redox-oxic ~ None Buoyant, reducing fluid due to  Precipitation of goethite (not clear for crust Fe?*
model reaction hydrocarbon formation)

@ Loope et al. Siderite formation and microbial Siderite  Reducing groundwater with methane Internal Fe source (siderite) Fe?*

model oxidation (not found)
® Our proposed Calcite-acid reaction by pH Calcite
model buffering (found)

dissolved

Penetration of CO,-charged

Inward precipitation of goethite by Fe-rich Fe**

acidic groundwater acidic water from outside

Table 2. Carbon contents, '3Cyppg, 8'2Oypps (CF-IRMS), and CaCO; concentrations (XRF and estimated volume) of calcite concretions (stages 1 and 2)
and host rock sandstone from Utah and Mongolia. VPDB, Vienna Pee Dee Belemnite; CF-IRMS, continuous flow isotope ratio mass spectrometry.

Location and samples C (wt %) CaCoO; (wt %) 3"3Cyppa (%o0) 3"%0yppg (%o0)
Utah (USA) Ca concretion (Escalante) 3.46-4.48 15.0-15.7 —5.15 to -3.13 —10.1 to —5.06
HostrOCksandstone ............................ 0 01_051 ................................
Caconc retlo n (Whltecnm .................... 180_263 ...............................................................................................................................
HostrOCksandstone ................................ 001< ...................................................................................................................................
Gob, . (Mongoha) ................... Ca . concretlon ....................................... 385_ 6 29 ...............................................................................................................................
HostrOCksandstone AAAAAAAAAAAAAAAAAAAAAAAAAAAAA 0 01_”2 AAAAAAAAAAAAAAAAAAAAAAA 001*_056 AAAAAAAAAAAAAAAAAAAAAAA _82”0_379_”8,:0_”2
*Estimated volume.
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Fig. 2. Elemental mapping of different development stages of concretions in Utah and Mongolia. SXAM profiles across buried calcite and Fe-oxide concretions
from Utah and Mongolia show the different stages (stages 1 to 3) of concretion formation due to interaction between ferric iron mobilized in acidic water and precursor
calcite concretions. Stage 1: Spherical calcite concretions formed in eolian sandstone. Stage 2: Start of Fe-rich crust formation by reaction with calcite in Utah and in
Mongolia. Stage 3: Almost all the calcite has been dissolved out, and a thick Fe-oxide crust has developed around a “ghost” spherical calcite concretion. An Fe profile
across an Fe-rich crust, developed around a calcite concretion, shows a high Fe peak at the reaction front on the concretion surface. This observation indicates that
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acidic water provided Fe from outside the concretion rather than the Fe being sourced inside the concretion. Scale bars, 1 cm.
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formed on the surfaces of the calcite concretion after only 2 months.
Although the compositions of the experimental solution and natural
water from which the concretions formed probably differed, the ex-
periment illustrates the viability of the proposed concretion formation
mechanism. The features of an experimentally produced Fe-oxide
crust, including the higher Fe peak concentration profile close to
the calcite concretion surface, are similar to those of the natural
Fe-oxide concretions observed in both Utah and Mongolia (Fig. 2 and
figs. S5 and S6).

DISCUSSION

Formation model for Fe-oxide concretions

On the basis of the above field, geochemical and experimental evi-
dence, we propose the following mechanism for Fe-oxide concretion
formation (Fig. 3): (i) Spherical calcite concretions initially formed
in calcite-saturated groundwater within the eolian sandstone strata
during early diagenesis; (ii) subsequently, the calcite concretions were
dissolved by penetration of Fe-rich acidic waters; and (iii) mobilized
Fe in acidic waters was fixed to form FeO(OH) (goethite) crusts on
the preexisting spherical calcite concretion surfaces due to the pH-
buffering reaction. A similar Fe-rich crust profile on a calcite concre-
tion surface was also replicated by a simple pH-buffering experiment
(fig. S7).

Differences between previously proposed models of Fe-oxide
concretion formation and the new model are summarized in Table 1
and by the following chemical reactions (Egs. 1 to 6). The first model is
a “redox-oxic reaction model” (I, 2, 4-8) in which Fe-oxide concre-
tions can precipitate via oxidation of ferrous iron in solution according
to Eq. 1

2Fe** +0.50, + 3H,0 = 2FeO(OH)(goethite) + 4H" (1)

This model requires ferrous iron to be released from minerals and
transported in solution via groundwater, possibly with the required re-
ducing conditions being produced by CH, or other hydrocarbons (4, 8)

A Stage 1

CéCOé cohérefion forrhaﬁbn ‘
in saturated groundwater
during early diagenesis

Stage 2
Soisr gA~seoneretions

Acidic water penetration: . .

Acidic Wéter pénétratldh and
bleaching and formation of
Fe-oxide concretions

or possibly by reduced sulfur species such as H,S (4). However, this
model cannot fully explain why spherical Fe-oxide-encrusted concre-
tions were formed.

The second model is the “siderite formation and microbial ox-
idation model” (9-11), which can be summarized by an oxidation
reaction in Eq. 2

4FeCO; + O, + 10H,0 = 4Fe(OH), +4HCO;~ +4H"  (2)

In this model, a spherical siderite concretion is both an Fe source
and a precursor of a spherical Fe-oxide-encrusted concretion. The
siderite concretion undergoes oxidative dissolution, which is possibly
microbially mediated and which provides an internal source of Fe
that forms an Fe-oxide crust on the outside the concretion. However,
a problem with this model is that no siderite concretions have been
identified, neither in outcrop (6, 8, 9) nor in any deeper environment
at these localities (13). In addition, all detailed observations on sections
through the Fe-oxide concretions (8), including the elemental map-
ping analysis (Fig. 2 and figs. S5 and S6), and the results of calcite
dissolution and pH-buffering experiments (fig. S7) indicate that Fe
must be provided from outside a concretion. The peaks of the Fe pro-
files develop close to the surfaces of the remaining calcite. Even if the
siderite concretions previously existed, an internal source of Fe by sid-
erite dissolution cannot explain the Fe profiles. Furthermore, §'°C
values of calcite remaining inside Fe-oxide concretions (Table 2) are
inconsistent with an organic source (9-11).

In contrast to these previous models, we propose a new model,
whereby the Fe-oxide concretions form by pH-buffering reactions
between Fe-rich acidic water and calcite concretions (Egs. 3 to 6 and
Fig. 3) (22-24). First, spherical calcite concretions precipitated in calcite-
saturated groundwater within the buried eolian sandstone strata
during early diagenesis (Eq. 3). Initially, microsized calcite crystals
formed as nuclei, and then subsequent concretion growth proceeded
throughout the interconnected pore spaces, leading to the in situ for-
mation of larger, isolated spherical authigenic concretions. The spheri-
cal geometry is the minimum free-energy shape that forms in nature

Stage 3

Dissolved Fe-
. ‘oxide concretion

0 9 W

concretions v
e Aggged
Variable formation of Fe-oxide

concretions and partial dissolution
by further acidic water supply

3

o ©

Fig. 3. Formation process of Fe-oxide concretions on Earth. Generalized model for the formation of Fe-oxide concretions by acid water penetration through the
eolian sandstone strata and subsequent reaction with spherical calcite concretions. Stage 1: Different sizes and shapes of calcite concretion were formed from calcite-
saturated groundwater within buried eolian sandstone deposits during early diagenesis. Stage 2: Episodic acidic water penetration and formation of Fe-oxide concretion by pH
buffering by calcite dissolution. The CO,-charged acidic groundwater flowed laterally under the influence of gravity, leading to its localized and heterogeneous bleaching.
Stage 3: Variable shapes of Fe-oxide concretions that reflect the shapes of the precursor calcite concretions until the calcite has been completely dissolved. Subsequently,

some of the Fe-oxide concretions could be dissolved by later acidic water penetration.
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where the host rock is relatively homogeneous (I). As a result, simi-
larly sized calcite concretions formed in the local area

Ca’" 4+ 2HCO;™ = CaCO; + H,0 + CO, (3)

Subsequently, acidic water (pH < 3 to 4) dissolves hematite from
eolian sandstone (iron grain coatings) to mobilize ferric iron, thereby
bleaching the reddish-colored sandstone (Eq. 4). Then, the acidic wa-
ter dissolves the surface of a calcite concretion (Eq. 5). According to
this reaction, the dissolution of a calcite concretion consumes H,
thereby increasing pH and causing the mobilized ferric iron to precip-
itate as goethite on the concretion surface (Eq. 6). Namely, fixation of
Fe-oxide crusts occurred because of a pH-buffering reaction as Fe-rich
acidic water dissolved the calcite cement on concretion surfaces. This
Fe-rich water diffused into the concretions, leading to replacement of
the calcite from outside the concretions inward

Fe,0; + 6H" = 2Fe’* + 3H,0 (4)
CaCOs + 2H" = Ca’* + H,0 + CO; (5)
Fe’t + 2H,0 = FeO(OH) + 3H" (6)

Unlike the two earlier models, our model does not involve either
the reducing fluids produced by groundwater reacting with CH,4 or
other hydrocarbons (I, 2, 4-8) or siderite formation and microbial
mediation process (9-11). In addition, the model does not require re-
duced fluids to mix with oxic water at the location of concretion for-
mation. Instead, in our new model, there is only a simple pH-buffering
reaction between spherical calcite concretions and penetration of acidic
groundwater. The profiles of the Fe concentration peaks formed during
crust development are quite consistent with the process that Fe was
provided by a solution originating from outside the concretion rather
than from inside (Fig. 2 and figs. S5 to S7). Liesegang-type Fe-oxide
concretion formation, as commonly observed in the Navajo Sandstone
(6-8), also supports the interpretation that the Fe source was infiltrat-
ing acid water (fig. S6). The occurrences at the reaction fronts of bands
with the highest Fe concentrations indicate that Fe was supplied only
from outside the concretions rather than originating inside the cores of
the concretions (20, 25).

In Utah, the groundwater could have acquired its acidity from
CO, either generated from natural reservoirs that are widely devel-
oped in the Colorado Plateau (13) or provided directly by magmatic
sources (26). Extensive volcanic activity of middle-late Cenozoic age in
this area could have possibly liberated CO, to the groundwater (fig. S1).
In this case, the resulting CO,-charged acidic groundwater led to hem-
atite dissolution in the reddish eolian sandstone strata, thereby bleach-
ing it. The CO,-charged acidic groundwater could have flowed laterally
along permeable sedimentary units under the influence of gravity
(13, 14). These processes can explain occurrences of heterogeneous
bleaching structures (5, 7) and locally extended streak-like “tails”
(9). Similarly, acidic waters in Mongolia could have possibly originated
in a volcanic field near Tugrikiin Shiree (fig. S3) during the Oligocene
(c. 35 to 30 million years) (16, 17). In both Utah and Mongolia, the
acidic groundwater mobilized Fe from the eolian reddish sandstone,

Yoshida et al., Sci. Adv. 2018;4:eaau0872 5 December 2018

rather extensively in Utah and relatively localized in Mongolia. The
spatial distributions of bleached strata and Fe-oxide concretions indi-
cate the influence area of acidic waters (Fig. 4).

Some studies also report the presence of calcite within bleached
strata in Utah (5), which seems to be inconsistent with the proposed
model. However, as shown in Eq. 4, the acidic water first dissolves
hematite from eolian sandstone to mobilize ferric iron, thereby bleach-
ing the reddish-colored sandstone and increasing the water’s pH. In
addition, acidic water would be neutralized by dissolution of alumino-
silicate minerals present in the sandstone. On the basis of these multi-
bleaching and pH-buffering processes, calcite concretions in the strata
may not be always have completely dissolved in the bleached strata.

After the precipitation of goethite, the pore space of the sandstone
was filled, which would have decreased the diffusion coefficient of the
sandstone and caused the migration rate of the reaction front to de-
crease (27). We performed simple numerical simulations of CaCO;
dissolution and Fe** precipitation to estimate formation time scales
of Fe-oxide concretions (see the Supplementary Materials). The activ-
ities of ions (H* and Fe>*) are set to be varied in ranges between 1072
<H"'< 107" and 107 < Fe** < 107", respectively. We solved diffusion
equations for both ions including precipitation of Fe** and dissolution
of CaCOs. Precipitation of Fe’* proceeds at the surfaces of CaCOj
concretions. The simulation results indicate that the time scale for for-
mation of an Fe-oxide crust of millimeter-scale thickness is on the
order of 1 to 10 years if the flux of acidic water is negligible and con-
centrations of the ions are constant at large distances from the con-
cretions. The reactions probably continued until the pore space had
been sealed or the calcite in a concretion had been almost completely
dissolved. If acidic water penetration and reaction had continued after
the calcite concretions had completely dissolved, then goethite would
also have been dissolved and been removed thereafter (Fig. 3). We also
estimated the time scale for bleaching (Fe,O; dissolution) of eolian
reddish sandstone strata (see the Supplementary Materials). On the
basis of piezometric pressure gradients ranging from ~10* to 4 x
10° Pa/m (28), a solute concentration of 10~ M, and a permeability
of 107" m? a time scale on the order of 10° to 10” years might be
necessary to bleach a rock thickness of 200 m in the upper part of the
Navajo Sandstone, within which the Fe-oxide concretions formed.

The previously published lower Fe isotopic values of Fe-oxide
concretions (29, 30) can also be explained by the proposed model.
Iron oxide concretions have slightly lower §>°Fe (~ —1.5%o) compared
with Fe oxides in the matrix of the Navajo Sandstone (~ +0.3%o). In
the previous study, the difference of Fe isotope values was explained
by reduction of Fe in the iron oxide source and some subsequent ox-
idation. However, this fractionation of iron isotopes between the
matrix and concretions can also be explained by kinetic isotope frac-
tionation during the migration and precipitation of the dissolved ferric
iron (31).

In summary, a schematic model for Fe-oxide concretion forma-
tion in the studied strata of Utah and Mongolia is summarized in
Fig. 4. First, after burial of the eolian sandstone deposits, calcite con-
cretions were formed from calcite-saturated groundwater during early
diagenesis in the Jurassic (Utah) and Cretaceous (Mongolia). Subse-
quently, the CO,-charged acidic groundwater dissolved hematite in
the reddish eolian sandstone to mobilize Fe, thereby bleaching the red-
dish sandstone during the Cenozoic. When the acidic groundwater
encountered the calcite concretions, the calcite concretions were dis-
solved. Mobilized Fe precipitated on the preexisting calcite concretion
surfaces due to the increased pH, thereby producing outer rinds
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consisting of Fe oxyhydroxide. The reactions involved in forming the
Fe-oxyhydroxide—encrusted concretions probably continued until the
pore space had been sealed or the calcite in a concretion had been
almost completely dissolved. If the reactions ceased before complete
dissolution of a calcite concretion, then Fe-oxyhydroxide-encrusted
calcite was preserved. When this Fe-oxyhydroxide-encrusted calcite
was exposed at the surface by erosion, any remaining calcite was dis-
solved, and Fe-oxide—encrusted concretions were preserved. This ex-
plains why many of the Fe-oxide-encrusted concretions are observed
near the bleached front today (Fig. 4). If acidic water penetration and
reaction had continued after the calcite concretions had completely
dissolved, then goethite would also have dissolved and been removed.
The spatial distribution of the rind-type Fe-oxide concretions there-
fore reflects the area of acidic water penetration (Fig. 4).

Analogy with martian hematite spherule

We propose that a similar formation process can explain the forma-
tion of hematite spherules in Meridiani Planum on Mars (Figs. 1C and 4)
(1-3, 12, 32, 33). The upper part of the sedimentary sequences in
Meridiani Planum are rich in hematite, and hydrated sulfate min-
erals including jarosite (3, 24, 32-35), which are thought to be diag-
nostic of formation from acidic (pH ~ 3 to 5) and oxidizing, Fe-rich

Navajo Sandstone, Utah

surface waters, and/or a fluctuating groundwater table (24, 33, 36-38).
These low-pH sulfate waters are thought to have originated from sulfur
gas released from degassing of the Tharsis volcano (36) and/or evap-
oration of surface waters (37) during the Hesperian period [c. 3.7 to
3.2 billion years (Ga)]. Remote sensing analysis also confirms that the
Meridiani Planam is located where there are higher concentrations of
hydrous Fe sulfate (39). Evidence for acid sulfate water influences and
the occurrence of hematite spherules in Meridiani Planum suggest the
possibility that the formation mechanism of martian spherules could
have been similar to that of the Fe-oxide concretions in Utah and
Mongolia on Earth.

In the Meridiani Planum, hematite spherules (blueberries) were
abundantly identified in the lower part of the Burns formation ex-
posed around the Eagle and Endurance craters (3, 32, 33), which
shows downward infiltration of acidic water (33, 35). The upper
part of the formation around Erebus crater, which does not include
obvious spherules, shows a stronger influence of acidic water infiltra-
tion. Some of the hematite spherules in the lower part of the formation
have crusts, a so-called “rind and overgrowth texture” (7, 35), which
are similar to the Fe-oxyhydroxide crusts of the Utah and Monglian
concretions. This similarity suggests that, similar to these terrestrial
Fe-oxyhydroxide crusts, the martian hematite crusts can be explained

_ Earth Mars
Utah and Mongolia Meridiani Planum
Stage3 <
<« Erebus Crater
(Upper Burns fm.)
~ e oxe. \B,eacheda : No spherules
& 8 / line Xi
L ) : < Endurance Crater
o é (Lower Burns fm.)
O ; Blueberries
< .\ Fe-oxide concretion
) ; (e§p_encer Flat
— 0SI0|
R " SiTice) <« Endeavour Crater
(Matijevic fm.)
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B i Bleachi
- (Bleoching . BLaiey
O
Q@ Underground
é 7 \ concretion |S~_| » of Mars
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Fig. 4. Schematic illustration of Fe-oxide concretion formation on Earth and Mars. Fe-oxide concretion formation from spherical calcite concretion precursors
during pH-buffering reactions that are interpreted to have occurred across the bleaching fronts observed in Utah and Mongolia and across an assumed bleaching front
on Mars. The spatial distributions of Fe-oxide concretions at different stages of formation (e.g., rinds) and dissolution are considered to reflect the penetration of Fe-rich
acidic waters. Acidic waters dissolved hematite in the reddish eolian sandstone to mobilize Fe, thereby bleaching the reddish-colored sandstone. When the acidic water
encountered the calcite concretions, the calcite concretions were dissolved. At the same time, mobilized Fe precipitated on the preexisting calcite concretion surface
due to the increased pH, thereby producing outer rinds consisting of Fe oxyhydroxide. When Fe-oxyhydroxide-encrusted calcite concretions were exposed, any re-
maining calcite dissolved. In the uppermost part of the succession, Fe-oxide concretions dissolved completely. Right column shows a model for the distributions of
hematite spherules and expected relict carbonate spherules in underground strata at Meridiani Planum, Mars.
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by pH buffering on the surfaces of preexisting carbonate spherules.
In addition, recently found spherules in the stratigraphically lower
Matijevic formation around the Botany Bay area at Meridiani Pla-
num have much clearer rind structures (newberries) (12, 40, 41).
Presumably, these spherules formed where there was less influence
of acid sulfate water (12, 33), suggesting that a bleaching front
caused by the infiltrated acidic water may exist at around this ho-
rizon (Fig. 4). Increased FeO/MnO ratios in the spherule-rich area
analyzed by the alpha particle x-ray spectrometer of the Opportunity
rover (12) can also be interpreted as evidence for changing pH con-
ditions at the reaction front between the Fe oxide and preexisting
carbonate spherules. These observations are similar to the observed
variations in Fe and Mn concentrations across the Fe-oxide concre-
tions from Utah and Mongolia (Fig. 2 and figs. S5 and S6).

On the basis of this evidence, we propose that hematite spherules
in Meridiani Planum were possibly formed by interaction between
preexisting carbonate spherules and acid sulfate water that infiltrated
early in martian history. Our model can reasonably accept the classical
hypothesis that widespread carbonate deposition occurred in the late
Noachian (c. 3.8 to 3.7 Ga), and that the carbonate then dissolved
again in the Hesperian period (c. 3.7 to 3.2 Ga) (24, 33, 36, 38).
Our model also requires an oxidizing surface environment on early
Mars, which is consistent with the recent finding of Mn-oxide occur-
rences in the Meridiani Planum (42).

Although the studied terrestrial concretions have some features
that are analogous to those of the martian spherules, the sizes of the
martian hematite spherules are notably smaller (mean size, c. 3 to 5 mm)
than those of the Fe-oxide concretions (mean size, c. 20 to 30 mm
with various size range) on Earth (I, 3, 7). The size differences could
be attributed to formation conditions of precursor carbonate concretion/
spherule on Earth and Mars, that is, (i) diffusion coefficient, (ii)
solute concentration, and (iii) CO, solubility. These factors are also
related to temperatures, evaporation rates, and atmospheric pressures
that prevailed on Earth and Mars. First, the diffusion coefficient of
sandstone strata, containing both terrestrial concretions and martian
spherules, is thought to be similar (both strata are well sorted with
similar grain sizes) (3, 32). Then, according to Fairén et al. (43), higher
evaporation rates resulted in increasing solute concentrations in mar-
tian groundwater. These conditions promoted formation of the mar-
tian spherules. On the other hand, the expected lower groundwater
temperature on Mars could have caused lower solute concentration
in association with decreased chemical weathering. In addition, the
cooler martian conditions also prevented the precipitation of carbon-
ate by increasing the solubility of CO, in groundwater (Eq. 3). We
therefore consider that the small size of the martian spherules is pos-
sibly caused by the lower solute concentration and increased CO, sol-
ubility due to the lower groundwater temperature on Mars.

Implication for early martian history

Compared to the present, the martian atmosphere before 3.8 Ga
(before the late Noachian) was undoubtedly denser, and the climate
was warmer and wetter (36, 44, 45). Carbonate minerals have been
invoked as a possible sink for the CO, in the denser early Mars at-
mosphere. However, distributions of carbonate occurrences on the
present-day martian surface are limited (46-48). The cause of the
missing carbonates can be explained by our model, that is, dissolu-
tion of preexisting carbonate across the martian surface during the
Hesperian period (36, 46). The abundant hematite spherules in
Meridiani Planum can therefore be considered as relicts of precur-
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sor carbonate and evidence of a primordial CO,-rich atmosphere
on early Mars.

Contrary to the above interpretation, a recent model using min-
eral and contextual sedimentary environmental data obtained by
NASA’s Curiosity rover suggests a circum-neutral pH for pore waters
in lacustrine sediments of the Sheepbed member of the Gale crater
and casts doubt on a denser early Mars atmosphere (49). On the other
hand, subsequent data from the Curiosity rover suggest moderate to
alkaline conditions for the Sheepbed member and acidic conditions
for the overlying Murray formation (50, 51), implying that strata of
Gale crater may have undergone a complex alteration history. This
also suggests the possibility that pore water conditions of the Sheepbed
member could have changed from an initial alkaline condition to a
neutral condition due to the influence of acidic water. Therefore, it
is still plausible that initial carbonate deposition under a relatively
dense CO, atmosphere was followed by carbonate dissolution under
acidic conditions early in martian history. Ancient Mars apparently
hosted aqueous environments in a variety of alteration settings in
which waters ranged widely from acidic to alkaline (36, 38, 50). It is
necessary to understand such diverse alteration conditions and the
history of water-mineral interaction in each region to assess the past
and present habitability of Mars.

MATERIALS AND METHODS

Geological surveys were carried out to investigate the Navajo Sandstone
at Spencer Flat, east of Escalante, Utah, at White Cliff north of Kanab,
Utah (figs. S1 and S2), and the Djadokhta Formation in the Tugrikiin
Shiree in southern Mongolia (fig. S3). The purpose was to find in situ
calcite concretions that could be precursors of Fe-oxide concretions.
Buried Fe-oxide concretions were sampled to analyze Ca (or CaCOs3)
that might remain in the cores of concretions with Fe-rich rinds.

Mineralogical characterization [thin section, scanning electron mi-
croscopy with energy-dispersive spectroscopy (SEM-EDS) and XRD]
and geochemical analyses (XRF) of concretions and surrounding rock
matrices were conducted in the Nagoya University Museum and
Graduate School of Environmental Science of Nagoya University.
Mineralogical compositions were determined with an XRD (Multiflex,
Rigaku Co.) using crushed and powered samples and Cu Ko radiation
(the Cu being subjected to an electron beam of 40 kV/20 mA). XRD
patterns show clear differences between the calcite contents of the
concretions and surrounding matrix (fig. $4).

A secondary SXAM method using an XRF analyzer (XGT-2000V,
HORIBA, Japan) to show semiquantitatively the two-dimensional
distribution of elements Fe, Mn, and in particular Ca across the whole
surface of a sample was used at the Department of Education, Gifu
University, Gifu, Japan (Fig. 2 and figs. S5 to S7). A high-intensity
continuous x-ray beam (Rh anode, 50 kV/1 mA), 100 um in diam-
eter, is focused with a guide tube and irradiated perpendicular to the
surface of the sample, which is located on a PC-controllable X-Y
stage. XRF from the sample surface is analyzed with the hp-Si detector
of an EDS.

The carbon and oxygen isotopes of calcite concretions were mea-
sured by a CF-IRMS with a gas chromatography system (DELTA V
Plus with GasBench, Thermo Fisher Scientific Inc.) at Shoko Scien-
tific Co. Ltd. Each sample was placed in a septum-sealed vial filled
with He gas and then reacted with H;PO, introduced using a syringe.
After being reacted, the evolved CO, gas was carried into a CF-IRMS
in a He carrier gas to measure the 8"Cyppp and 8" 0Oyppp, which
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were conventionally represented with respect to VPDB (Table 2).
Their errors are +0.1%o and +0.1%o (10), respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/12/eaau0872/DC1

Section S1. Geological setting

Section S2. Mineralogical and geochemical analysis of concretions

Section S3. Experimental formation of Fe-oxide concretions

Section S4. Numerical simulation to estimate formation time scales

Fig. S1. Landsat image, geologic map, CO, reservoir and volcanic rock distribution, and
conceptual model of CO,-charged groundwater in Utah.

Fig. S2. Outcrop photographs, morphologies and microscopic textures of Fe-oxide, and calcite
concretions in Utah.

Fig. S3. Location map, outcrop photographs, morphologies and microscopic textures of
Fe-oxide, and calcite concretions in Mongolia.

Fig. S4. XRD pattern of concretions and Fe-oxide crusts.

Fig. S5. Elemental distributions in and around the Fe-oxide concretions (stage 2) in Mongolia.
Fig. S6. Elemental distributions in and around the Fe-oxide concretions (stages 2 and 3)

in Utah.

Fig. S7. Experimental study of Fe-oxide concretion formation.
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