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Abstract

Iron (Fe) is the fourth most-abundant element, accounting for =5 wt% of the elements found
in the Earth’s crust and is more ubiquitous compared to other metal elements. However, although
various examples of Fe concentration phenomena are known, water-rock reactions in the
shallower crust have rarely been treated as a major research topic. In addition, some recent studies
focusing on the Fe-concentration mechanism have also been conducted to understand the water-
rock reaction process on Mars. Although the pH of groundwater penetrated into rocks has been
considered as an important factor controlling the element migration on Earth and Mars, the
detailed reaction process has not yet been understood.

This study focuses on "Zebra Rock" in the eastern the Kimberley region of northern Australia.
Zebra rock is Ediacaran siltstone with a unique texture with reddish-brown Fe-oxide bands
ranging from a few millimeters to 2 cm in width. There are not many numbers of previous studies
of zebra rock, especially based on the latest geochemical analyses and petrological descriptions.
The detailed studies of Fe oxide bands in zebra rock are expected to provide us information about
the element migration associated with water-rock reactions in the sedimentary rock, and better
understanding of the mechanism of Fe precipitation over a wide area in the shallow crust.

As a result of this doctoral study, it was revealed that zebra rock can be divided into two types
based on the clay mineral assemblages: kaolinite-rich type and alunite-rich type. These clay
minerals indicate that zebra rock has undergone an acidic alteration, and the differences in mineral
assemblages may reflect differences in the acidity of the fluid that infiltrated into the original rock.
Elemental mapping of the Fe oxide bands in zebra rock also shows the asymmetric Fe
concentration distribution in the bands, indicating the direction of migration of the reaction front

of Fe precipitation. In addition, as the mechanism of Fe-precipitation in zebra rock, it can be



shown that the reaction was occurred by pH buffering of the Fe-bearing acidic fluid induced by
the neutralization reaction between the fluid and the clastic minerals of the original rock.

For the first time, bleached spots in zebra rock have been discovered, which is about 100 um
in diameter and is accompanied with polygonal dickite pseudomorph in the center of the spot.
The results of microscopic observation and mineral composition analysis indicate that the original
mineral of the central pseudomorph is pyrite, and that the spots represent the extent of localized
pH change in the pore water caused by the dissolution of original pyrite on a microscale.

These results in this study can be applied as the followings about the element migration and
concentration mechanisms in water-rock reactions on both Earth and Mars:

e It should be possible to reveal the infiltration direction of the fluid by analyzing the Fe
concentration distribution in the bands, and to infer the spatiotemporal extent of diffusion
path of the fluid in the area by mapping this information. The source of the Fe-bearing
acidic fluid could also be investigated as well.

e The time scale of Fe-oxide band formation in zebra rock can be estimated from the
relationship between the spacing of bands and the diffusion coefficient of the rock.

e pH reactions may be the one of the major mechanisms that create large-scale and high-
grade element concentrations in the shallow crust, and the proper geological and
geochemical settings for pH changes can be targets for mineral resource exploration.

e Bleached spots may indicate the presence of sulfides, implying the amounts of spots show

the potential of mineralization of the hinterland and the sedimentary rock itself.
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1. Introduction

1.1. Importance of iron’s behavior in water—rock interaction system

Iron (Fe) is the fourth most-abundant element, accounting for =5 wt% of the elements found
in the Earth’s crust (Rudnick and Gao, 2005) and is used in manufacturing ironware and is more
ubiquitous compared to other metal elements. Thus, Fe is the most familiar metal to mankind
historically and has been used for the longest time after bronze. Fe is used in many industries
today, including automobiles, railroads, ships, buildings, and machinery and is referred to as the
“backbone of modern industry.”

Fe is extracted as a mineral resource from anomalously concentrated deposits with average
grades ranging from =20% to 50% Fe in the deposits. Following are examples of large-scale Fe
deposits based on various geological and geochemical settings: banded iron formation (BIF),
which is chemically precipitated by Fe and silica in seawater (e.g., Mesabi iron range in
Minnesota, USA; Mt. Whaleback iron mine, Western Australia); hydrothermal and skarn deposits
caused by volcanic intrusion and associated hydrothermal activity (e.g., Kiruna iron mine,
Sweden; Chichibu mine and Kamaishi mine, Japan); orthomagmatic deposit where heavy
minerals with high melting points are cumulated during crystallization differentiation (e.g.,
Bushveld igneous complex, South Africa); and hydrogenetic ferromanganese crusts on seafloors
(Fig. 1).

In addition to Fe ore deposits, porphyry copper deposits, the most common type of Cu deposit,
often accompany pyrite shells around intrusive rocks related to Cu mineralization, which is easily
extracted as a high chargeability area by geophysical surveys and is a major target for mineral
resource exploration. IOCG (iron oxide—copper—gold)-type deposits, which are one of the major

copper deposits and are distributed in craton margins, are associated with magnetite—hematite



alteration and are targeted by gravity, electromagnetic, and magnetic surveys. Thus, Fe-bearing
minerals are important indicators for major base metal exploration because Fe is highly associated
with mineralization, even if the metal is not a direct target.

Multiple conditions, including temperature, pressure, oxygen and sulfur fugacity of fluids
containing metals, host rock types, specific gravity, redox state, and pH conditions, are involved
in the formation of these metal mineral deposits. Among them, redox and pH conditions play an
important role in the elemental migration, concentration, and dissolution in rocks at lower
temperatures and shallower crusts. In particular, Fe is a redox-sensitive element, and its valences
(soluble ferrous iron [Fe*"] and insoluble ferric iron [Fe**]) are good indicators of redox conditions
during diagenesis, weathering, and alteration. Furthermore, because ferric ion can be dissolved in
acidic fluids with a pH < 3, the distribution of Fe minerals is influenced by pH changes in acidic
fluids containing Fe.

To identify potential zones of concentration of Fe and Fe-related metal elements, it is necessary
to understand the migration and precipitation mechanisms controlled by pH and Eh conditions
during water—rock interaction. Although the redox reaction zone is generally determined by the
distribution of Fe oxide minerals—the oxidized zone with reddish color where Fe oxide minerals
are contained and the reduced zone with white color where Fe oxide minerals were removed—
the pattern of Fe oxide minerals by the difference of pH conditions is possible. It is difficult to
distinguish which reaction caused the element enrichment, redox or pH reactions by only
observing the distribution of oxide minerals. Consequently, a thorough examination of reaction
histories is necessary.

In terms of redox reactions, Hofmann (1999) examined the behavior of redox-sensitive
elements in redox conditions and multiple geological and geochemical settings. When an element

concentration occurs along a redox boundary, the enrichment zone possibly has a wide spatial



extent, good continuity, and elemental zonation based on the redox sensitivity of each element.
Some metal deposits formed by element concentrations by redox reactions include sandstone-
hosted roll-front uranium deposits, secondary enrichment in porphyry copper deposits, and
sediment-hosted copper deposits (e.g., Kupferschiefer, Germany and Poland, and in the
Copperbelt, the D.R. Congo).

However, there are few examples where pH change has been considered the primary
mechanism for a deposit-scale metal element concentration. Fe mineral concretions in
sedimentary rocks (e.g., Chan et al., 2004; Potter et al., 2011; Yoshida et al., 2018), Takashi-kozo,
which is a cylindrical aggregate of Fe oxide minerals concentrated around plant roots (Yoshida
and Matsuoka, 2004, Yoshida et al., 2008), and Fe oxide bands in sandstone known as Picture
Stone in the Navajo Desert in the United States, Petra Stone in Jordan, and Zebra Rock (zebra
stone) in Australia (e.g., Ortoleva, 1984, 1993; Fu et al., 1994; L’Heureux, 2013; Yoshida et al.,
2020), which occur in nonvolcanic setting with a much smaller scale and lower economy are
examples of Fe precipitation induced by pH change.

The majority of these small-scale Fe concentrations are considered to be the result of chemical
reactions between Fe-containing groundwater and sedimentary rocks or precursor materials, and
the reaction histories are important to assuming the paleo-geochemical conditions in a shallower
crust. For example, Fe oxide concretion was formed when the pH of Fe-containing acidic
groundwater was increased and neutralized by initial carbonate concretions (Yoshida et al., 2018;
Sirono et al., 2021). Furthermore, Yoshida et al. (2020) reported that pH buffering was a primary
mechanism for the formation of 1-mm wide Fe oxide bands in a dacite cobble, which was induced
by a neutralization reaction related to plagioclase dissolution and that asymmetric Fe
concentration within a band indicates the direction of fluid infiltration. It is possible that Fe

precipitation phenomena in a shallower crust could record certain information about element



migration and precipitation, as well as the hydrological behavior of the fluid involved in the Fe
precipitation.

Based on the preceding background, it is necessary to consider whether metals were
precipitated on a regional scale by pH change. If this is the case, it is expected that target areas
for metal mineral exploration will be expanded, and the examples of small-scale Fe concentrations
mentioned previously can be considered as a miniature of metal mineral deposits and could be a
good analog for considering the precipitation process. Because mining activities are quantitatively,
technically, and economically finite, mineral resource exploration for future mines must be
continued. Therefore, an improved understanding of the behavior of Fe in rocks and groundwater
is expected to contribute to an efficient mineral resource exploration and a stable supply of metal
resources.

Furthermore, the distribution of Fe is observed not only on the Earth but also on the surface of
Mars. Because of the abundance of Fe oxide minerals such as hematite and goethite, the Martian
surface appears reddish brown. Although no significant concentrations, such as Fe ore deposits,
have been confirmed to date, a probe on Mars has discovered hematite spherules (expressed as
blueberries; Glotch et al., 2004; Squyles et al. 2004). Fe oxide concretions on the Earth are analogs
of the Martian hematite spherules and that the spherules could have been formed by a paleo-
water—rock reaction and Fe oxide concretions on the Earth (Chan et al., 2004; Ormo et al., 2004).
Other metal element concentrations, on a larger or smaller scale, may exist in Martian rocks
because of paleo-water-rock reactions. The knowledge of Fe behavior on the Earth could be useful
in tracing the paleo-aqueous environment on Mars.

Unlike the Fe concentrations described earlier, white reduction (bleached) zones formed by
partial Fe oxide dissolution in Fe-rich sedimentary rocks such as red bed can be reported all over

the world. In Utah, USA, reduction zones are distributed on a scale of several tens of kilometers,



and it is considered that fluids containing hydrocarbons and carbon dioxide migrated along
fractures and bedding planes in the red sandstone, causing Fe oxide minerals to be dissolved
(Beitler et al., 2003; Gilfillan et al., 2008; Wigley et al., 2012; Kampman et al., 2014). The
reduction zone is an easy target for satellite image analysis because of the distinct color
differences caused by the distribution of Fe oxide minerals, and the area of the zone is evaluated
to estimate the range of water—rock reactions (Beitler et al., 2003). This type of research is
expected to be implemented to the carbon dioxide capture and storage (CCS) technology because
the breached zone represents a trace of carbon-containing fluid flow. A previous study suggested
that the large amount of carbon dioxide produced by the reaction between Fe oxide minerals in
red beds and carbon dioxide-containing reduced fluids may have affected the Earth’s environment
(Beitler et al., 2003). White reduction (bleached) spots on the scale of several millimeters to
centimeters have been observed in Fe-rich sedimentary rocks on a considerably smaller scale than
the bleached zones described earlier and have been reported worldwide (Table 1). The spots can
be observed in red sandstone used in the walls of city buildings. The process of spot formation
has been proposed as the reduction by reducing fluids (Curiale et al., 1983; Parnell and Eakin,
1987; Chan et al., 2000; Eichhubl et al., 2009; Wigley et al., 2012; Kampman et al., 2014), organic
matter as a precursor (Van de Poll and Sutherland, 1976; Durrance et al., 1978; Mykura and
Hampton, 1984), hydrogen sulfide by microbial activity, or Fe-reducing bacteria (Hofmann, 1990,
1991; Spinks et al., 2010; McMabhon et al., 2018).

A white reduction spot has three dimensions and is spherical. Therefore, it has been used as a
strain marker for the degree of strain and deformation direction, assuming that it was initially a
perfect sphere (e.g., Kneen, 1976; Wood et al., 1976, Cogne and Gapais, 1986; Borradaile, 1988,
1991; Gray and Nickelsen, 1989; Kligfield et al., 1981, 1983).

Some of these white spots contain metals such as uranium, vanadium, and copper in the center



of the spot and are sometimes known as “fish-eye concretion” because of their appearance
(Harrison, 1975; Parnell, 1988; Hofmann, 1990; Milodowski et al., 2000, 2002; Yoshida et al.,
2014). They are distributed throughout the world (Table 2). Although the source of these elements
is unknown, some research indicates that microbial reduction is the most likely mechanism of
elemental concentrations (Spinks et al., 2010; McMahon et al., 2018). The spots can be considered
as biomarkers, which will be used in the search for life on Mars where the surface is covered with
Fe oxide (e.g., Parnell et al., 2016; McMahon et al., 2018). However, not all white spots are
associated with heavy metal concentrations, and it is necessary to carefully examine whether all
white spots are of biogenic origin.

Thus, these bleached textures where Fe oxide minerals disappeared are useful markers for
kinetic and geochemical conditions, as well as for extraterrestrial life exploration. Previous
research has mostly explained the formation of bleached textures by the reduction of Fe oxide.
However, if other processes can be elucidated, it is expected that these textures could have the
potential to provide a wider range of information and be used as another marker during element
migration and concentration in the rocks.

As previously stated, there are numerous examples of Fe concentration and dissolution
phenomena in the shallow crust. However, not all of their mechanisms have been explained. While
Fe concentration has been extensively studied, primarily in Fe oxide concretions and Fe
dissolution (bleaching) in red sandstones, other cases have received little attention.

This doctoral research focuses on “zebra rock,” which is also known as Fe oxide banding
texture, to understand the factors that influence element migration and concentration. The rock is
a very fine-grained sedimentary rock found in the eastern Kimberley region of northeastern
Western Australia, with rhythmic Fe oxide bandings and elliptical spots ranging in width from

several millimeters to centimeters (e.g., Loughnan and Roberts, 1990; Mattievich et al., 2002,



2003; Retallack, 2021; Kawahara et al. 2022a). Unlike Fe oxide concretions, which have Fe
concentration at a single point, the Fe oxide bands show spatially wide distribution with high Fe
concentration. There have only been a few previous studies of zebra rock based on modern
petrological and geochemical observations, and the formation process has remained debatable for
almost a century. Furthermore, several bleached textures were observed in zebra rock for the first
time in this study. Zebra rock is an interesting example that allows us to simultaneously examine

and observe the mechanisms of Fe concentration and dissolution.

1.2. Geological background of the zebra rock occurrence

Zebra rock can be reported in the eastern Kimberley region of northeastern Western Australia
as discontinuous lenses or seams of =2 m in thickness within the Johnny Cake Shale Member,
which is interbedded within the Ranford Formation of Ediacaran sedimentary rocks, and the
occurrences are continuously distributed for several tens of kilometers around Lake Argyle across
Western Australia—Northern Territory boundary (Fig. 2; Dow and Gemuts, 1969; Sweet, 1973;
Tyler et al., 1998; Thorne et al., 1999; Dunster et al., 2000, 2013; Bevan, 2001). However, because
the term “zebra rock” refers only to rocks with the characteristic banding pattern of Fe minerals,
the actual distribution of rocks of the same composition as zebra rock without the pattern is
currently unknown.

The Ranford Formation belongs to the Neoproterozoic Duerdin Group and is located on the
eastern margin of the Halls Creek Orogen, extending over tens of square kilometers in northern
Australia (Thorne et al., 1999). The Ranford Formation comprises two subcomponents: the Jarrad
Sandstone Member and the Johnny Cake Shale Member. The lower Jarrad Sandstone Member is
composed of fine-grained dolomitic sandstone, and the upper Johnny Cake Shale Member is

composed of micaceous siltstone and shale (Dow and Gemuts, 1969; Sweet, 1973; Dunster et al.,



2000). Based on his paleopedological research, Retallack (2021) reported the depositional setting
of the Johnny Cake Shale Member, including zebra rock as lacustrine basin similar to a playa or
salt lake. Moreover, using a paleomagnetic study of hematite pigment in zebra rock, Abrajevitch
et al. (2018) indicated that the Johnny Cake Shale Member has not been affected by
metamorphism or diagenesis at temperatures >300 °C after the formation of Fe oxide bands.

In the Duerdin Group, the Ranford Formation conformably overlays the Moonlight Valley
Formation (Tillite), which is composed of glacial deposits and uppermost dolomicrite (Dow and
Gemuts, 1969; Sweet, 1973; Dunster et al., 2000). The Moonlight Valley Formation is a glacigenic
succession in the late Cryogenian, which is correlated with the Elatina Formation in southern
Australia, the representative cap carbonate sequence of the Marinoan glaciation (Corkeron, 2007,
2008). The Moonlight Valley Formation, which is composed of a fine dolomitic matrix, easily
weathers and is mostly preserved as clastic materials (Corkeron, 2008).

The Duerdin Group is unconformably overlaid by the Kalkarindji flood basalt, which is
thought to have been active during the early Cambrian period (Glass and Phillips, 2006; Jourdan
et al., 2014) and to have covered an area of >2.1 x 10° km* in northern Australia (Evins et al.,
2009). The Kalkarindji flood basalt eruption is considered to have caused global environmental
change and has been linked to the Early-Middle Cambrian boundary mass extinction event (Glass

and Phillips, 2006; Jourdan et al., 2014).

1.3. Previous studies on zebra rock in the Kimberley region

Larcombe (1924) first described zebra rock in the Kimberley and proposed that the zebra
pattern was formed by the introduction of hydrated Fe oxides at regular intervals during
sedimentation in a marine environment. Then, the formation process of zebra rock has been

discussed in terms of whether it was a syn- or post-depositional phenomenon: by the accumulation



of Fe minerals in ripple troughs (Geidans, 1981) or by the acidic alteration around primary pyrite
particles (Hobson, 1930). However, these studies were based solely on the appearance of zebra
pattern and not on modern petrological and geochemical analysis.

For the first time, Loughnan and Roberts (1990) used a detailed scientific approach to study
zebra rock, demonstrating mineral assemblages, bulk compositions, and transmission and
scanning electron microscopy observations. They described that zebra rock is composed of quartz,
kaolinite, dickite, a polytype of the kaolin group, sericite, and alunite and that the abundances of
kaolinite—dickite and sericite—alunite tend to be inversely related. In terms of the formation model
of the zebra pattern, they suggest that pH fluctuations in pore fluid caused by pyrite oxidation in
the original sediment formed colloidal hematite (Fe,Os) particles and that the banding pattern
developed through periodic coagulation with the increase in the concentration of precipitated Fe
oxide.

Retallack (2021) recently reported the outcrop occurrence and geochemical investigations
of the Johnny Cake Shale Member, including zebra rock and neighboring sedimentary
beddings. Based on his paleopedological perspectives, he illustrated the depositional setting of
the Johnny Cake Shale Member as a surrounding of a lacustrine setting, such as a playa or salt
lake, under an acidic condition, and concluded that the zebra rock formation was caused by the
soil gleization of acid lacustrine sediments by acid sulfate weathering of primary pyrite, as
proposed by Loughnan and Roberts (1990). He described the Fe oxide band as having
homogeneous Fe-content distributions and considered that the zebra pattern was formed by a
partial reduction of Fe oxide in reddish soils by Fe-reducing bacteria (Chen et al., 2019), rather
than an addition of Fe oxide to reddish bands.

Kawahara et al. (2022a) and Katsuta et al. (2022) demonstrated in their thesis that the Fe oxide

bands were formed by Fe precipitation caused by pH buffering of Fe-containing acidic fluid. The



distribution of zebra rock outcrops is discontinuous, but over a total length of =50 km, a zebra
pattern can be traced for up to 90 m in a single quarry (Retallack, 2022), which suggests that the
Fe precipitation reaction by pH buffering in zebra rock may be related to a regional geological
event. Although zebra rock is not currently regarded as an Fe ore, extensive pH reactions metal
concentrations on a deposit scale may be involved.

Furthermore, Kawahara et al. (2022b) discovered white bleached spots of up to 1 mm in
diameter in zebra rock (Fig. 3). A pH change, rather than a reduction reaction, is possibly an
important mechanism in the spot formation process, as is the formation of Fe oxide bands.
Although certain previous studies proposed that bleached spots could be used as a biomarker for
extraterrestrial life investigation, the results of this study provide important insight into
determining whether the spot is biogenic.

A detailed description and comprehensive petrological and geochemical investigations of
zebra rock were conducted in this study, and zebra rock is a fascinating object of study that
demonstrates the importance of pH changes in both Fe precipitation and dissolution reactions and
retains information in water—rock reactions on a regional scale. The formation processes of both
Fe oxide bands and bleached spots in zebra rock will be clarified in this thesis, and the behavior
of Fe in water—rock reactions in sedimentary rocks will be discussed. This thesis proposes the
significance of pH reaction as a metal precipitation mechanism, the possibility of application to
mineral resource exploration by observing Fe oxide bands and white bleached spots, and the

insight on bleached spots as a biomarker for the extraterrestrial life investigation on Mars.

2. Materials and Methods
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2.1. Descriptions of zebra rock samples

Profs. H. Yoshida, K. Yamamoto, and M. Adachi of Nagoya University Museum obtained
several zebra rock samples for this study in 2008 at the Zebra Rock Gallery in Kununurra, Western
Australia. The samples were directly taken from the zebra rock mine in Lake Argyle before the
mine was abandoned, and they were not processed products for ornaments. The mine’s precise
location, including the coordination of sampling points, has not been disclosed.

This study used nine zebra rock samples in total, with section sizes ranging from =5 cm X 8
cm in minimum to =10 cm X 20 cm in maximum (Fig. 4). The Fe-concentrated part of the samples
exhibit three patterns: banding, elliptical spot, and layered. The width of bands ranges from
several millimeters to =1 cm, which is the almost same as the one in previous studies. The term
“Fe oxide band” in this thesis represents the texture in a cross section, and the bands in a section
are practically aligned plates perpendicular to the bedding plane in 3D. Similarly, the elliptical
spots in a section are extended tubes parallel to the bedding plane. The cross sections of all the
samples were cut perpendicular to the bedding plane in the z-axis and to the direction of the

extension of Fe-concentrated plates and tubes in the x-y plane (Fig. 5).

2.2. Microscopic observations

A polarizing microscope and scanning electron microscope (SEM) were used to examine the
texture of the zebra rock, and energy-dispersive X-ray spectrometry (EDX) was used for
qualitative analysis. Five zebra rock samples were cut into several thin sections. Bleached spots

and associated polygonal dickite pseudomorphs were studied using SEM.

2.3. Mineral identifications

The main mineral compositions of zebra rock were determined using an X-ray diffractometer
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(XRD; Multiflex, Rigaku Co.) in Nagoya University Museum, and the mineral identification of
the micro textures was performed using Raman spectroscopy by Thermo Fisher Scientific Nicolet
Almega XR in Laboratory of petrology in Environmental Study of Nagoya University.

XRD analyses were performed using Cu—Ka radiation (the Cu was subjected to an electron
beam of 40 kV/40 mA) at a scan rate of 4°/min. A microdrill was used to create powdered samples.

Prof. N. Katsuta at Gifu University analyzed oxidation state of Fe oxide in the band using Fe
K-edge X-ray absorption near-edge structure (XANES) spectra in Tsukuba, Japan, to identify
whether the Fe oxide contains only Fe*" or both Fe*" and Fe*” (Murakami et al., 2012; Katsuta et
al., 2019). The spectra of Fe K-edge XANES were obtained using a synchrotron radiation beam.
The XANES measurement was performed at BL9A, Photon Factory, KEK. An incident X-ray
beam was acquired using a Si 111 double-crystal monochromator, and intensity was monitored
using an ion chamber. After being mixed with boron nitride (BN) powder, reference samples were
prepared as powder-pressed pellets and measured in transmission mode. A second ion chamber
was used to measure the intensity of the X-ray after it passed through the sample. The
experimental samples of zebra rock were nondestructively measured in fluorescence mode. The
sample was set on a stage that was orientated at 45° to the incident beam. A Lytle detector installed
at 90° to the incident beam detected the sample’s Fe-Ka intensity. The incident X-ray beam size
was about ~1 mm X 1 mm. The monochromator was scanned at 0.5 eV steps in the range of 7.080
to 7.150 keV to obtain Fe K-edge XANES spectra. Each energy step was counted for 2 s. Energy
calibration was adjusted by assigning the pre-edge peak position of Fe foil as 7.112 keV.

Reference samples such as Fe>O; (hematite), FeO, FeO(OH) (goethite), FeCOs (siderite), and
montmorillonite were used as Fe standards and were prepared as a mixture of a powdered sample
with BN powder to form a disk. Alumina suspensions were polished and used as an experimental

sample. The Fe*" mole fraction was calculated based on the Wilke et al. method using the Fe-K
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pre-edge centroid positions. The spectra were analyzed using REX 2000 version 2.5 software

(Rigaku, Japan).

2.4. Bulk compositions

X-ray fluorescence (XRF) and CHNS elemental analyses for major elemental compositions
(S10,, TiO,, AlLO3, Fe,O3, MnO, MgO, CaO, Na,O, K,O, P,0s, and S) of Fe oxide band and the
white area (i.e., the extent between Fe oxide bands) were conducted by Rigaku ZSX Primus II
equipped using an Rh X-ray tube (50 kV/60 mA) and Elementar Vario EL cube, both in
Environmental Study of Nagoya University. To prepare glass beads, 0.5 g of the sample (crushed
to 125 um or less) was mixed with exactly ten times the amount of lithium tetraborate and heated
to 1,050 °C with 1 drop of lithium iodide as a remover (1 g Lil/2 g ultrapure water). Using a
microdrill for fossil cleaning, the powdered sample was prepared in three parts: Fe oxide band,
white areas, and the area outside the banding pattern (Fig. 6). To obtain the loss on ignition (LOI),
the powdered samples were heated at 1,000 °C for 2.5 hours and then at 150 °C for 2 days to
remove volatile components such as H>O and SO, in zebra rock.

Bulk rock analyses for Fe oxide concretions collected in Mongolia and Jordan, as well as dacite
cobbles with Fe oxide bands studied by Yoshida et al. (2020) were conducted to compare with
other Fe-precipitated rocks. Powdered samples of Fe oxide concretion were collected from the
Fe-precipitated parts of the spherical shell, with the core being weathered carbonate concretion
(Fig. 7a—c). The dacite cobble powder samples were drilled at the Fe oxide band (1~2 mm in
width), white areas, and the core part (Fig. 7d).

Open system mass balance (t) calculations were also performed by comparing the chemical
compositions of Fe oxide bands and white areas. The following equation was used to calculate

mass balance (Anderson et al., 2002):
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T () =(CG, w) xCE p) / (CG, p) x CGw) =1 (1)

where j is an arbitrary element and i is an immobile element, and C(j, w) and C(i, w) represent the
mass concentrations (weight percent) of elements j and i in an Fe oxide band, and C(j, p) and C(;,
p) are the mass concentrations (weight percent) of elements j and 7 in white areas. Titanium was
regarded as an immobile element (7). The mass balance calculation results show the difference in
elemental concentrations between the current white areas and Fe oxide band, not a degree of Fe

addition during band formation.

2.5. Elemental mappings

The 2-D semiquantitative elemental mapping on the surface of zebra rock samples was
obtained by using a scanning XRF analyzer (SXAM; XGT-5200S Horiba Japan) at Nagoya
University Museum to determine the spatial variations of Fe and other chemical constituents of
zebra rock. A 100-m-diameter high-intensity continuous X-ray beam (Rh anode 50 kV/1 mA) was
focused with a guide tube and irradiated the sample’s surface perpendicularly. The samples were
placed on a PC-controllable X-Y stage. A total of eight elements were detected: Si, Ti, Al, Fe, K,

S, Cr, and Sr.

2.6. Trace elemental analysis

A JEOL JXA8800 electron microprobe (EMP) was used to perform quantitative major element
analysis of Fe’" minerals and dickite. The analytical conditions were an accelerating voltage of
15 kV, a sample current of 12 nA, and a beam diameter of =2 um. For Fe’" minerals and dickite,

the counting durations were 20 s on peak and 10 — 20 s on the white areas. The irradiation time
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was shortened because these are hydrous minerals. Natural and synthetic silicates and oxides were
used as standard materials. A total of seven compounds, such as SiO,, Al,O3, TiO,, FeO, MnO,

K50, and SOs, were measured.

3. Results

3.1. Geochemical and petrological characteristics of zebra rock
Comprehensive petrological and geochemical studies of zebra rock have been carried out to
elucidate the zebra rock formation process by investigating the distributions of major elements,

bulk compositions, mineral assemblages, and microscopic observations.

3.1.1. Asymmetric Fe concentration distribution in Fe oxide bands

Figure 8 depicts the results of 2-D SXAM mapping of cross-sections of representative zebra
rock samples. Higher Fe concentration parts correspond to reddish-brown bands. The spectra of
Fe K-edge XANES analysis were performed to confirm the valence of Fe in Fe oxide bands. The
results indicate many similarities with hematite, and the Fe’* mole fraction was greater than 99.5%
(Fig. 9) (Wilke et al., 2001; Murakami et al., 2012; Katsuta et al., 2019).

No other major element is concentrated in the bands, which is common feature for elemental
mappings to all of the zebra rock samples. The white zones between the bands do not show any
specific element concentration.

Dr. Katsuta of Gifu University (Katsuta et al., 2003) analyzed 1-D SXAM profiles extracted
along zebra patterns from 2-D SXAM mapping using a lamination trace technique and found that
they can quantitatively demonstrate this characteristic (Fig. 10). Focusing on one band, there is a

trend in which highest Fe concentration peaks are observed on one side of each band in zebra
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rock, which follows in the same direction consistently within a sample. This study describes for
the first time the asymmetric Fe concentration in the band and the unidirectional trends, which

differs from Retallack’s (2021) argument that denies these features.

3.1.2. Two types of zebra rock based on mineral assemblages

The mineral assemblage of zebra rock is quite simple, consisting mostly of quartz and various
types of clay minerals (Fig. 11a), with minor titanium (Ti) minerals such as rutile (TiO,) and
ilmenite (FeTiOs). In Fig. 11a, hematite peaks were detected only in Fe oxide bands, and there
were no differences in other mineral assemblages between the Fe oxide band and white zones.

According to the clay mineral assemblages, zebra rock can be divided into two types: kaolinite
(Kao) and alunite (Alu). The Kao-type zebra rock is dominant in kaolinite and contains minor
contents of sericite and alunite. However, the clay mineral in the Alu-type zebra rock is only
alunite. This study examined seven zebra rock samples, three of which were Kao type and four
were Alu type (Fig. 11b). Each type of zebra rock has unique characteristics, which are described

as follows:

Kaolinite-type zebra rock

The composition of the Kao-type zebra rock is quite homogeneous, and the lamination of the
Kao-type zebra rock does not appear clearly. In the microscopic observation, most of the quartz
grains are less than 20 um in size, very well sorted, and subrounded to subangular in shape (Fig.
12a, b). No authigenic quartz crystal was observed in this type. Some clay minerals, such as
kaolinite and sericite, have relatively coarse-grained axes that run parallel to the lamination.
Minor rutile and ilmenite are also observed. Hematite fills the space around quartz and clay

minerals in the Fe oxide band part. Within the bands, hematite is not uniformly distributed (Fig.
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12¢).

Alunite-type zebra rock

The Alu-type zebra rock has many characteristics different from the Kao-type zebra rock, and
one of them that is readily recognizable is its hardness. The Alu-type zebra rock is considerably
harder than the Kao-type zebra rock and cannot be easily cut using a rock cutter. The lamination
is very clear, but this zebra rock never breaks easily along the lamination.

The sedimentary rock is described as very well sorted and uniform and is composed of very
fine-grained quartz and alunite of about less than 10 um in size, with minor rutile and ilmenite
(Fig. 13a, b). Particles of both quartz and alunite are so fine-grained that it is difficult to
discriminate each grain under the microscope, and relatively coarse-grained quartz-rich seams are
interbedding (Fig. 13a, b). Because of the higher Fe concentration, the Alu-type zebra rock is
darker in color. Hematite coats around quartz and alunite in the Alu-type zebra rock as well as in
the Kao-type zebra rock.

In microscopic observations, micro-normal fault was found in the Alu-type zebra rock (Fig.
13c¢). The lack of offset in the band despite the microfault crossing the band indicates that Fe oxide
bands were formed after the sediments had solidified.

The Alu-type zebra rock has several types of bleached textures: dickite vein, dumpling-like
clump of sediments, dickite pseudomorph after gypsum, and polygonal dickite pseudomorph (Fig
14). A dickite vein occurs parallel to the sedimentary structure between two elliptical Fe
concentration parts (Fig. 13d and 14b). The dickite vein has a bleached halo, indicating Fe oxide
minerals were dissolved in a certain area (Fig. 13¢). Dickite veins always have bleached texture.

Three types of dickite pseudomorphs were also recognized in this study, each with bleached

textures. The first one is a dumpling-like clump of sediments of several hundred micrometers in
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size (Fig. 14c¢), consisting of relatively courser quartz grains and minor rutile compared to the
surrounding clastic materials, and the matrix is dickite (Fig. 13f, g). The flattened part of the
clump of sediment represents the lower surface when the deposition. Lower seams are also
deformed, indicating that the clump of sediment dropped when the sediment was unconsolidated.

Second, dickite pseudomorphs with a rectangular strip shape and a size of several hundred
micrometers exhibit bleached texture (Fig. 14d, e¢). Kawahara et al. (2022a) described them as
pseudomorphs after gypsum because of their shapes (Tucker, 1976; Lambert et al., 1978; White,
1981). There is a specific layer of dickite pseudomorphs in a mosaic that is several millimeters
wide (Fig. 13h, i). In such layers and around a pseudomorph, the surrounding Fe oxide minerals
are slightly dissolved, and the zone appears white.

The third pseudomorph is a polygonal dickite with bleached spots. They are widely distributed
in the Alu-type zebra rock and come in a variety of shapes, such as hexagonal, pentagonal, and
trapezoidal. This type of pseudomorph will be described in detail later.

Although some zebra rock samples that contains 10~20% of alunite (Sample No. ZR1w In
Loughnan and Roberts, 1990) and those with >30% of Fe,Os in bands (Sample No. R5670R in
Retallack, 2021) have been reported in previous studies, the former coexists with aluminosilicate
mineral, and the latter shows very low value of K,O (0.33%) in the bulk composition, which do
not correspond to the characteristics of the Alu-type zebra rock described in this study. Other
characteristics of the Alu-type zebra rock, such as hardness, microtextures under microscopic
observations and the presence of bleached spots, can be used as indicators when verifying whether

it is the Alu-type zebra rock.

Our samples were classified into the Kao-type and the Alu-type zebra rock which have been

reported by previous studies (Loughnan and Roberts, 1990; Mattievich, 2002, 2003; Retallack,

18



2021). However, our Alu-type sample does not show transitional mineral assemblages different
from that of Loughnan and Roberts (1990). Furthermore, dickite, a polymorph of kaolinite was
identified by previous studies as a major component mineral of zebra rock (Loughnan and Roberts,
1990; Mattievich et al., 2002, 2003). However, in our samples, no dickite was detected in the
Kao-type zebra rock using both XRD analyses and Raman spectroscopy, and it was found in the
Alu-type zebra rock as a vein mineral and pseudomorphs rather than as a major compositional

mineral.

3.1.3. Bulk compositions of zebra rock

In the representative samples of each of the two types of zebra rock, the bulk rock compositions
were determined in the following three parts: Fe oxide band, white zones, and the outer areas
showing a light reddish-brown color in the white zones. The results are shown in Table 3. The
values of Fe>O3, CaO and MgO, and S are so distinctive that their results are described in detail
below.

First, the amounts of Fe,Os in the bands differ significantly between the two types of zebra
rock, with the Alu-type zebra rock having more than three times the Fe concentration of the Kao-
type zebra rock (at 9.31% — 9.46% in the Kao-type zebra rock and 30.1% — 30.5% in the Alu-type
zebra rock). The values of Fe,Os of adjacent Fe oxide bands in one sample are almost the same.
On the other hand, the concentration factor of Fe by comparing Fe oxide bands to the white zones
is 25.6 — 25.9 for the Kao-type zebra rock and 101.7 — 120.4 for the Alu-type zebra rock (Table
4). Because previous research has shown that the amount of Fe>Os in the bands is less than 10%
(Loughnan and Roberts, 1990; Retallack, 2021), which corresponds to the value of the Kao-type
zebra rock, significant Fe concentration is a distinguishing feature of the Alu-type zebra rock. On

the other hand, the amounts of Fe;Oj3 in the white zones are nearly identical in the two types (at
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around 0.3% of Fe>Oj3 in both types).

Second, the amounts of CaO and MgO in zebra rock are remarkably low, with ~0.05% — 0.06%
of CaO in both types, 0.20% — 0.21% of MgO in the Kao-type zebra rock, and 0.01% — 0.02% of
MgO in the Alu-type zebra rock. Sedimentary rocks usually contain carbonate minerals as a
cement to fill the pores among the grains, but no carbonate mineral was found in zebra rock
(Retallack, 2021). This corresponds to the XRD results without detecting any carbonate minerals.

Third, the amounts of S in the white zones, where the effect of Fe,Os is minimal, differ
significantly between both types. Compared to the values in the white zones in both types, the
Alu-type zebra rock contains approximately 100 times more S than the Kao-type zebra rock, with
0.06% — 0.07% in the Kao-type zebra rock and 6.49% — 6.68% of S in the Alu-type zebra rock.
Because no sulfide minerals were found in zebra rock, it is possible that this reflects the amount
ratio of a sulfate mineral, alunite.

Table 5 displays the results of mass balance calculations performed by comparing the bulk
compositions of adjacent white zones and Fe oxide bands. Both types show a high amount of Fe
addition in the Fe oxide band compared with the white zones, whereas other elements indicate

much less addition or depletion compared to the variation of Fe.

3.2. Mineralogical description of bleached spots and polygonal pseudomorphs
Bleached spots and polygonal pseudomorphs are observed only in the Alu-type zebra rock.
Because no other past studies have reported similar texture, this study provides their

comprehensive mineralogical descriptions as follows.

3.2.1. Micro textures of bleached spots and polygonal pseudomorphs

The bleached spots with the pseudomorph are always located at the margin of Fe oxide bands
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with relatively lower Fe concentration (Fig. 15a—j). There is no Fe oxide mineral in a bleached
spot of *100 um in diameter around the polygonal pseudomorph. The bleached area is composed
of quartz and alunite, which is the same mineral assemblage as in the surrounding Fe oxide band
part except hematite. Bleached areas do not form around polygonal pseudomorphs that are located
inside and outside the bands.

A single thin section could contain more than 10 polygonal pseudomorphs. Most of them are
hexagonal in shape, with some pentagonal and minor trapezoidal shapes (Fig. 16). The
pseudomorphs range in size from =50 um in diameter inside Fe-bands to 20—30 pum in diameter
outside Fe-bands.

Raman spectroscopy reveals that the polygonal pseudomorph is composed of dickite and Fe
oxide minerals such as hematite (Fig. 17). [lmenite, a minor titanium mineral, may also be present.
In Fig. 18, the results of the elemental mapping by SEM-EDX are shown in four major elements:
Fe, Si, Al, and S. The images of Fe, Si, Si-Al, and Al-S represent Fe**-minerals, quartz, dickite,
and alunite, respectively. The elemental distribution within the pseudomorph differs greatly from
that of the surroundings; sulfur, which represents alunite, is rarely found within the pseudomorph.

Polygonal pseudomorphs can be classified into three types based on microscopic observations,
Raman spectroscopy, and elemental distributions (Table 6): (1) Fe** minerals (Fig. 16a—c and Fig.
18a), (2) dickite + Fe’™ minerals (Fig. 16d-h and Fig. 18b), and (3) dickite (Fig. 16i-1 and Fig.
18¢).

The type 1 pseudomorph is mostly composed of Fe’" minerals, with minor dickite detected in
the center (Fig. 18a). The pseudomorph has no compositional zonation. The type-1 pseudomorph
is much more rare than the other types and is found only outside the band. They have no bleached
spots.

The type 2 pseudomorph shows characteristic ring-shaped Fe’* minerals in the mantle part,
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and the other part comprises dickite. Type-2 pseudomorph exists both inside and outside the bands.
This type accounts for the majority of pseudomorphs with bleached spots.
The type-3 pseudomorph is mostly composed of dickite, the most common of the three types.

Type-3 pseudomorph can be found both inside and outside the bands.

3.2.2. Mineral compositions of polygonal pseudomorphs

Microprobe analysis was used to determine the mineral compositions of Fe>" minerals of the
type 1 pseudomorph and dickite of the type-3 pseudomorph (Table 7). The type 2 pseudomorph
was not analyzed because separating Fe’" minerals and dickite with a beam diameter of =2 pm is
difficult.

The results of the analysis for mineral compositions correspond to the ones of Raman
spectroscopy. Particularly, it was indicated that Fe*" mineral in type 1 is an aggregation of
hematite and Fe oxyhydroxides such as goethite because the composition is not 100% in total.
Type 1 pseudomorph also contained very small amounts of SiO, and Al,Os as impurities of clay

minerals or quartz particles.

3.3. Bulk compositions of other rock samples with Fe concentration

This study analyzed the bulk compositions of a Fe oxide band in the dacite cobble in Yoshida
et al. (2020) and the crusts of Fe oxide concretions in Mongolia and Jordan to compare zebra rock
to other rocks with Fe concentration. The results are 3.65% of Fe,Os for Fe oxide bands in the
dacite cobble, and 28.3% — 31.9% and 7.03% of Fe>O; for Fe oxide concretions in Mongolia and
Jordan, respectively (Table 8). The concentration factor of Fe for Fe oxide bands in dacite cobbles
is 3.38, while it is 35.8 — 50.6 and 28.1 for Fe oxide concretions from Mongolia and Jordan,

respectively (Table 4).
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4. Discussions

4.1. Zebra rock formation

Loughnan and Roberts (1990) proposed the oxidation of the original pyrite in the primary
sediment and the periodic coagulation of colloidal hematite (Fe,Os) particles via pH fluctuations
in pore fluid as the formation process of zebra rock. Recently, Retallack (2021) proposed another
model of partial reduction of Fe oxide in homogeneously reddish gleyed soils by microbial
activity.

However, previous studies cannot provide a comprehensive explanation for the following
results demonstrated by this study: (1) the two types of zebra rock based on the difference of their
clay mineral assemblages and Fe concentration in the bands and (2) the asymmetry of the Fe
concentration distribution in the bands. Additionally, mass balance calculations indicate a
significant Fe addition in zebra rock, which cannot be explained by the elemental migration in a
closed system. Based on the findings of this study, a comprehensive formation model of zebra

rock is provided here.

4.1.1. Acidic alteration of lacustrine sediments

Based on the results, Kawahara et al. (2022a) concluded that the clay mineral assemblages of
the two types of zebra rock correspond well to the acidic hydrothermal alteration zonation and
proposed a hydrothermal formation of zebra rock associated with undiscovered volcanic activity.
Kawahara et al. (2022a) stated that the Alu-type zebra rock with higher Fe concentrations was
formed near the center of the hydrothermal system, implying relatively higher temperature and

lower pH of the fluid, whereas the Kao-type zebra rock was formed in the outer regions of the
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system. However, Katsuta et al. (in preparation) performed sulfur isotope analysis of both types
of zebra rock samples and obtained negative 5**S values (<—20%o) from both types of zebra rock,
indicating that sulfur in zebra rock is not the origin of volcanic activity (Rye, 2005), but rather the
result of sulfide oxidation in lacustrine sedimentary rocks (Gorjan et al., 2000). Katsuta et al. (in
preparation) proposed that the Fe-containing acidic fluid derived from the oxidation of the original
pyrite was buffered by the lacustrine sediments, resulting in the formation of zebra rock formation.
Later discussion in this thesis follows Katsuta et al.’s model that the external acidic fluid produced
by oxidation of the original pyrite in the surrounding sedimentary rocks has diffusively infiltrated
into the original rock of zebra rock.

The reactions between the sulfuric acidic fluid and primary potassium—aluminum silicate

minerals, such as feldspars and mica minerals, in the original rock are shown in Egs. (2) — (4):

3KAISi;05 + 18H,0 + 280,> + 6H — KAl3(SO4)2(OH)s + 9H,Si04 + 2K* )

Feldspar Acidic fluid Alunite

KAIy(Si3, A)O19(OH), + 6H,0 + 2S04 +4H" — KAIL(SO4)2(OH)s + 3HsS104  (3)

Muscovite Acidic fluid Alunite

2K AISi;05 + 9H,0 + 2H — Aleles(OH)4 + 4H,4S104 + 2K* (4)

Feldspar Acidic fluid  Kaolinite

It is assumed that the difference in the clay mineral assemblages was caused by the acidity of
the fluid (i.e., possibly the distance from the source of the fluid). It is likely that the fluid near the

source would have contained more sulfate and Fe ions and would have produced Alu-type zebra
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rock, which is composed of alunite and has a higher Fe concentration. Far from the source, the
acidic fluid contains less sulfate and Fe ions, resulting in the formation of Kao-type zebra rock
with less sulfate.

On the other hand, the original sedimentary rock of the Kao-type zebra rock is considered to
have been deposited closer to the sediment supply source because of its relatively coarse grains,
while one of the Alu-type zebra rock should have been deposited farther from the source and at
deeper areas because of its much finer grains and distinct laminae. Therefore, it is assumed that
the supply direction of the sediments and the acidic fluid was different.

Alternatively, it is also possible that the two types of zebra rocks reflect different compositions
of the original sedimentary rock prior to acidic alteration. The relationship between the mineral
assemblages and the distinct differences in sedimentary textures and physical properties of these
two types cannot be explained by infiltration of an acidic fluid, indicating that these were
introduced by the two rock types originated owing to differences in alteration as well as types of
original rocks. Furthermore, I consider that the Alu-type zebra rock is contained in a more
different layer than the Kao-type zebra rock, possibly in a stratigraphically lower layer.

To verify these possibilities, a comprehensive field survey is required to confirm the
distribution, provenance, and stratigraphic relationships of the two rock types. However, previous
studies did not provide any additional field geological information regarding the two types of
zebra rocks. Future field research is expected to identify the distribution of the two types of zebra
rocks and the pyrite-containing layers, which may be the source of the sulfuric acid, and to provide
more precise description of the zebra rock’s alteration process.

Furthermore, this study considers the compositional minerals of the original rock before the
alteration. In this study, carbonate minerals were not detected in both types of zebra rock.

Microscopic examinations conducted by Retallack (2021) revealed that neither zebra rock nor the
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adjacent layers contain carbonate minerals. However, as shown in Table 4, the concentration
factor of Fe oxide bands in zebra rock is significantly greater than the one of Fe oxide bands in
the dacite cobbles formed by the pH buffering by compositional silicate mineral of dacite and is
closer to the concentration factor of Fe oxide concretions in Mongolia and Jordan formed around
primary carbonate concretion.

Additionaly, because gypsum has a higher solubility than carbonate minerals, the carbonate
minerals appear prior to crystallizing gypsum. Therefore, it is likely that at least the Alu type
contained carbonate minerals.

Moreover, the deformational texture was observed in the Alu-type zebra rock, indicating that
the laminae are deformed outside the band and that the spacing of laminae outside the band is
smaller than that inside the band (Fig. 19). The ratio of spacing outside the band is ®35% less than
that inside the band. Because the sedimentary structure of the Alu-type zebra rock is undisturbed
(Fig. 19) and micro-faults prior to the Fe oxide band formation have been identified (Fig. 13c),
the primary sedimentary rock was consolidated before Fe oxide band formation. This indicates
that the deformation described previously occurred after the sediments became unconsolidated.
These observations suggest the former presence of carbonate minerals that buffered the pH
sufficiently to precipitate Fe minerals. The carbonate minerals have a stronger pH buffering ability
than siliciclastic materials and may precipitate more Fe than silicate minerals. Given the presence
of carbonate minerals in the original rock, the following process could explain the deformation

texture in Fig. 19:

(1) Acidic fluid diffused into the original lacustrine sediments, and the neutralization reaction
has consumed the carbonate minerals in the rock.

(i) Fe oxide minerals immediately filled with certain parts of pore created by the
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disappearance of carbonate minerals (i.e., band formation), and the initial spaces of laminae
remained.

(iii) The area outside the band retained high porosity due to the consumption of carbonate
minerals. Because Fe minerals filled with pores, the laminae outside bands bent during

compaction over time, whereas the ones inside bands were not easily deformed.

If the unaltered original rock of zebra rock can be found, the detailed compositions of the rock
can be investigated, and quantitative element migration can be estimated by comparing the

chemical compositions between the current zebra rock and the original rock.

4.1.2. Mechanism of rhythmic band formation by pH buffering

Two potential models for Fe precipitation mechanisms are as follows: (1) oxidation of soluble
ferrous iron to insoluble ferric iron or (2) pH buffering that induced the precipitation of ferric iron
in acidic fluid as Fe oxyhydroxide. In the oxidation model, an oxidation agent is required in the
original rock. No such oxidizing agent or remnant of it has ever been found in zebra rock.
Therefore, oxygenated pore water in the original rock is the most likely candidate for oxidizing
agent. The Fe precipitation may have resulted from a reaction between an Fe-containing acidic
fluid and oxygenated pore water in that case. However, because minor traces of pyrite are found
in zebra rock (described in the later section), the pore water in the original rock could be in a
reduced condition.

Fe oxide concretion is a representative example of Fe-precipitation by pH change in the pH
buffering model. As the Fe oxide concretion formation, it is thought that the primary carbonate
concretions have caused the pH buffering (Yoshida et al., 2018). However, in the zebra rock

formation, Retallack (2021) described that no carbonate minerals are contained in both zebra rock
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and the surrounding sedimentary layers. Therefore, the primary pH buffer materials are most
likely siliciclastic sediments, such as primary feldspar and mica minerals, which comprised the
original rock of zebra rock (Katsuta et al. in preparation). Also, as discussed previously, possible
carbonate minerals may have contributed to the pH buffering.

The Fe-containing acidic fluid was produced by the oxidation of the original pyrite in a
lacustrine sediment and infiltrated into the original rock of zebra rock. Through the transportation
process, the Fe’" in the acidic fluid was oxidized to Fe’" at a pH =3 (Jurjovec et al., 2002;

Lottermoser, 2007). The oxidation reaction of Fe*" occurs as shown in Eq. (5):

4Fe*" + 0, + 4H™ — 4Fe™ + 2H,0 %)

The acidic fluid reacted with the unaltered siliciclastic materials. The neutralization of the
acidic fluid by the alteration of plagioclase and muscovite occurs as shown in Egs. (2) — (4).
During the neutralization reaction, precipitation of Fe oxyhydroxide (here represented for

simplicity by ferric hydroxide) occurs as shown in Eq. (6)”

Fe** + 3H,0 — Fe(OH); + 3H" (6)

Combining Egs. (2) and (6), and (4) and (6), the Fe precipitation reaction by the neutralization

can be described as Egs. (7) and (8), respectively;

3KAISi;0s + Fe’" + 18H,0 + 2S04> + 3H"
Feldspar Acidic fluid

— KA13(SO4)2(OH)6 + Fe(OH)3 + 9H4S104 + 2K* (7)
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Alunite Fe* -mineral

2K AISi;05 + Fe3+ + 12H,0 — Aleles(OH)4 + FC(OH)3 + 4H,4S104 + H+2K* (8)

Feldspar  Acidic fluid  Kaolinite Fe’" mineral

The zebra-like rhythmic banding pattern could be caused by the difference in the rates of fluid
diffusion and reaction front (Yoshida et al., 2020; Kawahara et al., 2022a; Katsuta et al. 2022).
While the Fe precipitation was taking place, the diffusion-dominated infiltrating fluid front where
the neutralization reaction occurred preceded the Fe precipitation reaction front, lowering the pH
around the reaction front, inhibiting the Fe precipitation reaction, and abruptly stopping the
formation of the Fe oxide band. When the reaction front caught up with the fluid front, and the
pH around the reaction front returned to near neutral, and the Fe precipitation reaction resumed
to form the next Fe oxide band. The characteristic rhythmic bandings in zebra rock were formed
by repeating this process, and the highest Fe concentration peak in each band indicates the

infiltration direction (Yoshida et al., 2011, 2020).

4.1.3. History of the water—rock reaction to form zebra rock
Based on the previous discussion, the zebra rock formation process in the Kimberley region

can be illustrated as follows (Fig. 20) (Kawahara et al., 2022a; Katsuta et al., 2022):

(1) The oxidation of original pyrite in a lacustrine sediment by oxidation produced Fe-bearing
sulfuric acidic fluid. The acidic diffusive fluid infiltrated the early Ediacaran Johnny Cake
Shale Member of the upper Ranford Formation.

(i1) As the acidic fluid diffused into the original rock, neutralization reactions with siliciclastic
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sediments, such as feldspars and mica minerals (and possibly carbonate minerals), occurred,
and the pH of the fluid immediately increased, causing Fe precipitation as Fe oxyhydroxide
at the reaction front.

(ii1) During the Fe precipitation reaction, the fluid front advanced ahead of the reaction front,
lowering the pH of the Fe precipitation part and inhibiting the reaction (i.e., end of band 1).
When the reaction front caught up to the fluid front, the Fe precipitation reaction resumed
as the pH at the reaction front approached neutral (i.e., the band 2 formation). This stepwise
progression of Fe precipitation formed the rhythmic banding pattern.

(iv) Due to the constant supply of acidic fluid, primary feldspar and mica minerals changed to
acidic alteration minerals such as alunite, kaolinite, dickite, and sericite. The mineral
assemblage of zebra rock varies with the pH of the fluid, reflecting the distance from the
source of the fluid.

(v) As time passed and oxidation progressed, Fe oxyhydroxide (Fe(OH);) in bands changed to

hematite (Fe>O3).

Wang et al. (2015) elucidated the Fe precipitation pattern transition in sandstone by Ostwald

ripening mechanism induced by a change in flow velocity in advection and illustrated the

distribution of Fe oxides in the form of nodules, bands, and relatively uniform spread in order of

increasing flow velocity. Although zebra rock exhibits a similar pattern of transition, fluid

migration is more likely to occur by diffusion because of its much lower permeability than

sandstones. Because the patterns are bounded by sedimentary planes, it is inferred that differences

in diffusion coefficients of each layer reflect on the patterns. However, because zebra rock

underwent acidic alteration and the original texture is not preserved, it is difficult to infer the

original properties.
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Katsuta et al. (in preparation) determined the growth rate of Fe-precipitated band to estimate
the timescale of Fe oxide band formation. The diffusion—formation rate relationship for Fe oxide

bands was applied, as shown in Eq. (9):

D=VxL 9)

where D is the diffusion coefficient (cm?/s), V is the formation rate of each band (cm/s), and L is
the width of two peaks of Fe concentration in bands (cm). The estimated time scale of the
formation of each band was 18.6 years (10~ to 10~ m/a) for the Kao-type zebra rock and 8.7
years (10 to 102 m/a) for the Alu-type zebra rock (Katsuta et al. in preparation). This estimation
of formation time is interesting in terms of the spatiotemporal extent of paleo-water—rock
reactions and it enable us to approximate the reaction rate of alteration zones, despite the fact that
the diffusion—formation rate relationship is usually discussed only in terms of the duration of a

band formation time (Yoshida et al., 2020).

4.2. Bleached spot formation in zebra rock

Some bleached textures in the Alu-type zebra rock range from tens of micrometers to
millimeters. Zebra rock is characterized by unusual Fe concentrations, and it is interesting that
the opposite reaction (i.e., partial Fe depletion) occurred in the same rock. However, because the
Alu-type zebra rock was identified for the first time by Kawahara et al. (2022a), such bleached
textures in zebra rock have never been described in any previous studies, and the formation
mechanism is unknown.

Polygonal pseudomorphs are most likely directly responsible for the formation of bleached

spots in bleached textures. This study focuses on the white bleached spots associated with the
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polygonal dickite pseudomorph that provide a clue when investigating these bleaching
phenomena. The following three points will be discussed to consider the formation process of the
breached spots: What was the original mineral of the polygonal pseudomorph? When was the

bleached spot formed? At last, how the bleached spot was formed?

4.2.1. Original mineral of the polygonal dickite pseudomorph

It is unlikely that the polygonal pseudomorphs, which comprise dickite and Fe’* minerals, at
the center of the spot were clastic materials in the sediments. Although both dickite and hematite
have hexagonal platy crystal forms, one of the reasons is that the crystal plane is not parallel but
perpendicular to the lamination (Fig. 16). If these minerals were deposited as clastic materials,
they should be parallel to the sedimentary structure. Pseudomorphs are also much larger in size
than the surrounding quartz and alunite, and their sides and vertices of pseudomorphs are
extremely sharp and rarely broken (Fig. 16). These findings suggest that after deposition, the
precursor minerals of the pseudomorphs had grown in the sediment.

Based on their mineral proportions, pseudomorphs can be divided into three types (Fig. 18).
The transitional texture from the type 1 to the type 2, showing that Fe’" minerals dissolved and
the voids were filled with dickite, was observed (Fig. 16h), suggesting that the pseudomorphs
changed from type 1 to type 3, and type 1 pseudomorph best preserves the characteristics of the
precursor mineral. Therefore, it is likely that a single, homogeneous Fe mineral was used as the
precursor mineral.

Furthermore, pseudomorphs are mostly hexagonal and pentagonal in thin sections, with a few
quadrangles. The cross sections of the pseudomorphs in all of the zebra rock samples show the
same pattern of shapes, indicating that the precursor mineral is in an isometric system. These

pseudomorph cross sections provide information about the precursor mineral.
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Given these morphological and geochemical characteristics, the most likely precursor of the
pseudomorphs is euhedral pyrite. It generally has a cubic or octahedral shape, with cross sections
corresponding to the shapes of the pseudomorphs when viewed under a microscope. Pyrite is
commonly formed during diagenesis in sedimentary rocks and is easily dissolved under oxidation
conditions. t is currently unknown why the original pyrite began to dissolve at the center and rim,
as seen in the type 1 and type 2 pseudomorphs.

Given the origin of the original pyrite, it is expected that the sulfur isotope fractionation should
be able to determine whether it is biogenic or abiogenic. However, no original pyrite remains in
zebra rock. Because the Alu-type zebra rock containing the pseudomorphs has undergone the
relatively stronger acidic alteration, it is considered that all of original pyrite had been completely
oxidized. The relic of framboidal pyrite, which is characteristic of biogenic origin, has never been

observed in zebra rock.

4.2.2. Timing of the bleached spot formation

The timing of the white bleached spot formation will be discussed in the perspective of pre-,
syn-, or post-band formation by comparing the occurrence of pseudomorphs with and without
bleached spots. As shown in Fig. 15k, the bleached spots were formed only at the margin of Fe
oxide bands with relatively lower Fe concentration, and no spots were found inside the bands.
This indicates that the position of the precursor mineral in the Fe oxide bands determines whether
bleached spots could be formed and that there could be a relationship between the band formation
and the spot formation.

All spots in the band should be overprinted by Fe precipitation if bleached spots developed
prior to Fe oxide band formation. In contrast, if the bleached spots developed after the band

formation, there should be bleached areas around a pseudomorph even inside the bands. However,
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there are no pseudomorphs with such bleached regions inside the Fe band. It is possible that there
was a substance (i.e., oxidant) to prevent the spot formation in the band, but no such substance
has been observed.

Therefore, it is the most likely that the bands formed as a result of the bleached spots being
produced during the Fe precipitation. When comparing the rates of band formation (i.e., Fe
precipitation) reaction and spot formation (i.e., dissolution of Fe oxide mineral) reaction, it is
assumed that the spots could not develop inside the bands due to relatively higher band formation
reaction rate, whereas the spot formation reaction was more dominant at the margin of the bands
due to relatively lower band formation reaction rate. As shown in Fig. 15j, the bleached area closer
to the inner side of the band is smaller than the one closer to the outer side of the band at the
bleached spot. This texture clearly shows that the sizes of bleached spots are decided by the

difference in the reaction rates of Fe precipitation and dissolution.

4.2.3. Formation process of bleached spots by local pH decrease

According to earlier studies, the formation of white bleached spots has been explained by
fluids containing hydrocarbons or carbon dioxide, organic materials as precursor, and microbial
activities (e.g., Curiale et al., 1983; Mykura and Hampton, 1984; Hofmann 1990; Chan et al.,
2000; Parnell et al., 2016). All of these are carbon-related chemical reactions. However, the
original pyrite in the sediments is likely to be a trigger of the formation of bleached spots in zebra
rock discovered in this study. This suggests that the bleached spot formed through an inorganic

process as follows (Fig. 21):

(i) Euhedral pyrite (i.e., original pyrite) was formed in the lacustrine sediments, and acidic

fluid infiltrated into the sediments (t1). The pore water became acidic overall.
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(i1) A neutralization reaction occurred between the acidic fluid and siliciclastic materials in the
sediments. Then, the pH of the pore water increased, and ferric iron in the fluid was
precipitated as Fe oxyhydroxide (i.e., Fe oxide band formation) (t2—1) (Kawahara et al.,
2022a).

(ii1) Simultaneously, the original pyrite was oxidized and dissolved through fluid infiltration,

as shown in Eq. (10):

2FeS; + 2H,0 + 70, — 2Fe’" + 4S04 + 4H" (10)

Pyrite

To the extent that hydrogen ions generated in Eq. (10) diffused, Fe oxyhydroxide was
dissolved in the areas where the pH of the pore fluid decreased as shown in Eq. (11) (t2—

2).

4Fe(OH); + 8H" — 4Fe”" + 6H,0 + 30, (11)

The ferrous iron dissolved into the pore water was transferred by the fluid migration. These
reactions could occur in a relatively short time when the pore water was being neutralized.

(iv) The pore water became acidic once more as the supply of the Fe-containing acidic fluid
was maintained. No Fe oxyhydroxide could be precipitated again in the bleached area
because of the exhaustion of siliciclastic materials (and possible carbonate minerals) in the
original rock. Acidic alteration resulted in a complete transformation of the siliciclastic
materials into alunite (t3).

(v) Over time, oxidation transformed the precipitated Fe oxyhydroxide into reddish-brown Fe
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oxide bands. Alternatively, the areas where Fe oxyhydroxide was dissolved were preserved

as white bleached spots (t4).

The voids due to the dissolution of pyrite were filled by dickite. Based on the ratio of the original
pyrite oxidation level, the pseudomorphs were divided into three types. The type 1 pseudomorphs,
in which the original pyrite was little decomposed, do not have with bleached spots, which

corresponds to the spot formation model described previously.

4.3. Other bleached textures in zebra rock

In addition to polygonal dickite pseudomorphs, other bleached textures in the Alu-type zebra
rock include dickite pseudomorphs after gypsum, dickite vein, and a dumpling-like clump of
sediments (Fig. 14b—e). These bleached textures should be susceptible to the pH changes
mentioned earlier.

When the original gypsum dissolved by the infiltrated acidic fluid, the released sulfuric acid
could decompose the surrounding Fe oxyhydroxide as shown in Eq. (10). The dissolution of the

original gypsum occurs as shown in Eq. (12):

Ca(S04) * 2H,0 + 2H" — Ca*" + H,SO04 + 2H,0 (12)

Gypsum Acidic water Acid sulfate

The bleached areas around the pseudomorphs after gypsum are observed in a white zone with a
little Fe oxide precipitation (Fig. 14e). A gypsum-rich layer of =5 mm in width is strongly
bleached entirely (Fig. 14d). No Fe oxide bands are decomposed around the pseudomorphs after

gypsum, indicating that the acidity caused by the dissolution of gypsum may be weaker than that
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caused by pyrite oxidation.

The dissolution of Fe oxide minerals also bleaches the area around a dumpling-like clump of
sediments. The surrounding laminae are bent in accordance with the shape of clumps (Fig. 13f
and 14c¢), suggesting that the clumps were relatively hard at the time of deposition. Although it is
unknown what the clumps were initially composed of, it is presumed that they were a blend of
fine-grained quartz and gypsum, similar to a desert rose. As described in Eq. (12), dissolution of
gypsum by the acidic fluid formed the bleached texture.

Around the dickite veins, both the Fe oxide bands and the white zone with a little Fe
precipitation were also decomposed (Fig. 13d, e and 14b). Two possibilities for the development

of bleached areas near the dickite veins include the following:

(a) Fe oxide mineral was decomposed by the reduced fluids at a later stage than the band
formation.

(b) During the neutralization reaction (i.e., the band formation) between the acidic fluid and
the original rock, the acidic fluid passed through a fracture parallel to the beddings, in
which the acidic fluid was less buffered because it went through free spaces and rarely
reacted with the rock. To the extent of the diffusion of the unbuffered acidic fluid, the pH
of the pore water decreased in the halo of the vein, and Fe oxyhydroxide in the area was

dissolved.

The bleached textures described in this study are all connected to the dickite precipitation,

indicating that these textures were formed at the same event, although there is currently no

evidence to support the process (b) of bleaching around the dickite veins.
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5. Conclusions

The following conclusions and recommendations can be summed up through this doctoral
study on zebra rock in the Kimberley region, northern Australia, in terms of element migration

and precipitation by water—rock interactions:

(1) One of the main findings of detailed modern petrological and geochemical studies
conducted on zebra rock shows that zebra rock can be classified into two types, Kao and
Alu types, based on mineral assemblages, bulk rock compositions, sedimentary textures,
and physical properties, which may indicate the distance from the source of the acidic fluid.
From the distribution of the two types of zebra rocks, the spacing of the bands, and the
direction of fluid diffusion inferred from the asymmetric Fe concentrations in the bands, it
is expected that the pathways of fluid diffusion, pH changes in the fluid, and timescale of
the Fe precipitation reaction can be estimated, which can illustrate a picture of the spatio—
temporal groundwater system and development of the acidic alteration zone in a regional

scale after Proterozoic (Fig. 22a).

(2) The formation model of Fe oxide bands in zebra rock can be described as pH buffering of
Fe-bearing acidic fluid by neutralization reactions with siliciclastic materials in the
lacustrine sediments. Zebra rock exhibits up to 30 wt% of Fe»Os, which is comparable to
the Fe concentration found in the crusts of Fe oxide concretion. However, it should be noted
that in zebra rock with high grade Fe concentration, Fe oxide bands with high grade Fe
concentration rhythmically repeat every few centimeters and the precipitation reaction is

continuously progressing on a regional scale. The formation process of Fe oxide bands in
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zebra rock highlights the crucial role that pH buffering plays in metal element concentration
over a wide area and at high grades. Zebra rock in northern Australia can therefore be
considered a miniature metal mineral deposit. Conventionally, pH reactions have been
considered as a major mechanism for metal precipitation on a relatively small scale, rather
than for mineralization on a large scale. However, future mineral resource exploration

efforts should pay more attention to the ideal geochemical conditions for pH buffering.

(3) In addition, the Fe oxide band itself could be used for direct mineral resource exploration.
The asymmetrical Fe concentration in each band indicates unidirectional fluid migration,
implying that the metal source is upstream and could be located by tracing back the
direction (Fig. 22a).

In previous studies of metal deposits and alteration zones, Fe oxide bands have never
been described in detail. This could be because the bands are rarely observed, but rather
simply because the bands have not been focused as an important feature of element
migration. Fe oxide bands may become a powerful indicator for mineral resource
exploration if more Fe oxide bands are reported and the relationship between the direction
of fluid diffusion and metal source is clarified in the future. One of the important points to
be confirmed in the upcoming field observations is the source of Fe iron in zebra rock,
which should be verified as a first step toward this application.

Fe oxide bands may also be used to explore mineral resources on Mars. On Mars, the
setting for the zebra rock formation is well established because both acid hydrothermal
activity related to a volcanism and lacustrine sediments are observed (Solomon et al., 2005;
Squyres et al., 2008; Ehlmann et al., 2011a, 2011b). The first mineral resource exploration

activity on Mars would occur if a rover discovers rocks with zebra-like banding pattern and
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traces back paleocurrents (Fig. 22b).

(4) For the first time, bleached spots in zebra rock have been discovered, and it has been
elucidated that the spots represent the extent of localized pH change in the pore water
caused by the dissolution of original pyrite on a microscale. Other bleached textures were
also observed in zebra rock, and they are thought to be formed due to inorganic processes
related to pH changes as well. Although some previous studies have proposed that bleached
spots should be explored on Mars because they can be regarded as indirect evidence of life
(Parnell et al., 2016; McMahon et al., 2018), this study can propose that bleached spots are
not always related to microbial activity, and inorganic process of the spot formation should
be considered. The results of this study do not deny that a bleached spot can be a biomarker,
but they do emphasize the importance of the central material of the spot, which may be a
trigger of spot formation. It is preferable to identify the origin of the central material, such
as heavy metal concretions in red sandstones, for the extraterrestrial life exploration by
following white spots. This spot search is more likely to provide highly reliable evidence

of traces of life (Fig. 22b).

(5) The white bleached spots produced by pyrite oxidation that were observed in this study are
also thought to be useful for evaluating the mineralization potential of sediment-hosted
copper deposits. Sediment-hosted copper deposit is formed in a basinal setting where
copper and other useful metal elements contained in red sandstones are dissolved by high-
salinity basinal fluid circulation and precipitate in redox front, such as a stratum of
sedimentary rock containing organic materials (e.g., Hitzman et al., 2005). It is known that

this type of deposit is difficult to explore because large-scale alteration zones are not

40



developed around the deposit.

Parnell et al. (2021) emphasized the importance of hinterland of red beds for the
mineralization. When red beds are composed of erosion products of a paleo-metal deposit,
the sandstones could contain relatively larger amounts of metals, and the secondary deposit
in redbeds formed by the basinal high-saline fluid circulation will be more economic. They
discussed the correlation between the amount of metal elements contained in hematite gain
coating in red sandstone and the volumes of the deposit. However, it is challenging to obtain
such trace element analysis field results.

It is likely that the eroded sediments would contain clastic pyrite and that white bleached
spots could be created by pyrite oxidation when copper deposits that contain sulfides, such
as chalcopyrite and pyrite, were present in the redbeds’ hinterland. In other words, it can
be said that redbeds with high mineralization potential have a tendency to have more white
spots than those without. Because it is simple to locate in the field, this will be a useful
indicator in an early-stage exploration for sediment-hosted copper deposits (Fig. 22c¢).
However, it should be noted that the spots could also have resulted from organic matter in
the sediment or microbial activities.

It is challenging to determine whether the pyrite was of biogenic or abiogenic origin
because the spot formation assumes the dissolution of original pyrite it is unlikely that any
original pyrite remains in the spot. Pyrite itself or its traces in the center of bleached spot
have not been found in any previous studies. Future research should look for it more
carefully because, if it were to be found, the information extracted from the bleached spot

would be expanded.

As shown in this study on zebra rock, rocks with band and spot patterns, that have not received
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much attention so far, are not only unique ornaments, but important keys recording the
mechanisms of element migration and precipitation. Future research should focus on these
textures because the information they provide is crucial for the exploration of metal minerals and
extraterrestrial life.

Furthermore, the few field investigations that have been done in previous studies of zebra rock,
including this one, have only focused on chemical analysis and petrographic description of hand
specimens of zebra rock. Field investigations using the new findings from this study may help us
understand the history of water—rock reactions in paleo-geochemical events in northern Australia
in more detail. The distribution areas of the Ediacaran formation, which contain zebra rock, in

northern Australia can be used as a model field for the study of band and spot patterns.
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Figures and Tables

<«—— Interacontinental setting ——3» <— Volcanic zone P Seafloar ——»

Fig. 1 Major iron concentration settings in the crust on the Earth (not to scale). The image of porphyry/I[OCG deposits is simplified from Richards and

Mumin (2013).
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Fig. 2 Zebra rock occurrences with related lithologies and simple lithostratigraphy in northern
Australia. The Ediacaran Ranford Formation (brown) of the Neoproterozoic Duerdin Group
(pattern) and the Cambrian Kalkarindji flood basalt (green) have been depicted on the map
(combined and modified from Thorne et al., 1999; Dunster et al., 2000, 2013). Stars in the map
represent zebra rock occurrences (Loughnan and Roberts, 1990; Retallack, 2021).
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Fig. 3 The largest bleached spot in a zebra rock sample. (a) Cross-cut view of hand specimen of
sample ZRY-05 and (b) Close-up of a bleached spot of =1 mm in diameter in (a), and (¢) 2-D
SXAM image of Fe distribution. The value of Fe is relatively higher at the center of the spot.
Black dashed lines emphasize the outline of the bleached spot.
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Fig. 4 Cross-cut views of two types of zebra rock samples in this study. (a) The kaolinite-dominant
type zebra rock: (i) Sample No. ZRY-06, (ii) ZRY-10, (iii) ZRY-02. (b) The alunite-dominant type
zebra rock: (iv) ZRY-07, (v) ZRY-03, (vi) ZRY-04, and (vii) ZRY-05.
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Fig. 5 3-D view of a zebra rock sample. The sample is located in Nagoya University Museum.
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EF a Drilled parts

Fig. 6 Drilled parts of zebra rock samples. (a) Drilled parts of the Kao-type zebra rock and (b)
the Alu-type zebra rock. The powdered samples for the chemical analysis were taken from two
Fe oxide band parts and two white background parts of the two types of zebra rock, respectively.
(c) Powdered samples of Fe oxide bands of the two types of zebra rock. The powder’s color of

the Alu-type zebra rock is much darker than the one of the Kao-type zebra rock.
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Fig. 7 Sample images of Fe oxide concretions and dacite cobble with Fe oxide bands for the
chemical analysis. (a) and (b) Fe oxide concretions from Mongolia. Sample No. Mo-Go-030 and
Mo-Go-032, respectively. A core part was strongly weathered carbonate concretion and was
collected from a drilled hole. (¢) Fe concretion from Jordan. Sample No. Jo-005. Fe oxide
concretions are included in the host rock. (d) Dacite cobble with Fe oxide bands. Sample No.
NGY-01. Powdered samples were collected from the Fe oxide band, Ca-rich core part, and

background (the area between the bands at the outer part) by using microdrill.
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Fig. 8 Elemental mapping of two types of zebra rock. SXAM images of the distribution of Fe, Si,
K, Al, S, Ti, Sr in ZRY-06 (a) and ZRY-07 (b), respectively. (CPS, count per second).
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Fig. 9 Results of XANES for Fe oxide mineral in reddish bands in zebra rock. (a) Spectra of Fe

K-edge XANES for a reddish band in zebra rock and reference samples of Fe oxide mineral. (b)

The iron oxidation state of zebra rock investigated from the detail of Fe K-edge XANES spectra

in the pre-edge part. Blue dotted line represents the spectrum of zebra rock.
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Fig. 10 SXAM profile of Fe oxide bands in zebra rock. Processed 2-D SXAM image (upper) and
1-D SXAM profiles (lower) from Fe oxide bands in ZRY-06 (a) and ZRY-07 (b), respectively. Fe

peaks correspond to Fe oxide band parts, and the asymmetrical Fe distribution represents the

direction of fluid migration.
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Fig. 11 Results of XRD analyses for zebra rock samples. (a) All of the zebra rock samples used
in this study. They can be clearly divided into two types by the clay mineral assemblages.

(continued)

74



(b)

ae Kaolinite-type
Kao |
atz Kao |
‘ ZRY-06w
Ser | ' | Alu Hem - )
: “ H H '
\‘—-'~<_j Aly Ul\..,. ol <W -/\JL) Vi J!V'\—\JL..../" “ a,, 0 |
: | 5
| , } ! ZRY-06r
.".>'_" : "| l H | : Hem
% \.........‘__.,_J:w..-/ \WJWW W'UJVLWNJWVM
E ! |
7 s .
X ! ! :
| 1 | Alunite-type
| ’l :
| A i l : ZRY-07w
! l ‘} Alu| w i AIu
\"““"‘“—;-*————’ Lﬁz l'u‘ ‘\\_,J" : 'L_J'\”V\JL__J“J'\JL__/\_J‘«-___»J
E ' Hem ZRY-07r
: Hem | bw
! WW W ' MWMWMW
| | | |
30° 40° 50° 60°

20 (Cu Ka)

(b) Detail results of representative samples of two types of zebra rock: the Kao-type zebra rock
(ZRY-06; upper) and the Alu-type zebra rock (ZRY-07; lower). “r” and “w” after sample numbers
represent the reddish Fe oxide band and white background, respectively. Alu, alunite; Hem,

hematite; Kao, kaolinite; Qtz, quartz; Ser, sericite.
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Fig. 12 Microscopic observations of the Kao-type zebra rock. (a) Photomicrograph of common
texture of the Kao-type zebra rock (ZRY-06). Clay minerals are arranged along the bedding plane.
Hematite fills the pores around quartz and clay minerals in the Fe oxide band. Plane polarized
light. (b) Photograph of (a) in cross polarized light. (¢) Photomicrograph of the overall width of
Fe oxide band oblique to the bedding plane at a high angle, showing that hematite is not uniformly
distributed (ZRY-06). The side with a higher concentration of Fe oxide minerals in the band is

downstream of the fluid migration. Plane polarized light. Qtz, quartz; Rt, rutile; Ser, sericite.
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Fig. 13 Microscopic observations of the Alu-type zebra rock. (a) Photomicrograph of common
texture of the Alu-type zebra rock (ZRY-05). The texture is dense and shows clear lamination, and
the Fe oxide band is a darker color as compared to the Kao-type zebra rock. Opaque minerals on
the outside of the band are fine-grained ilmenite and rutile. Plane polarized light. (b)
Photomicrograph of (a) in cross polarized light. (¢) Photomicrograph of microfault cutting the
ellipsoidal Fe oxide concentration part. Qtz-rich layer is cut by normal microfault, but there is no
offset in the Fe oxide concentration part, indicating that the Fe precipitation occurred after the
microfault was formed. Plane polarized light. (d) Photomicrograph of dickite vein (ZRY-05). The
vein is parallel to the bedding plane and breaks at the margin of the Fe concentration part. Plane

polarized light. (e) Close-up of (d). At the margin of the dickite vein, the Fe oxide band is partially
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decomposed, forming a bleached area. Plane polarized light. (continued)

Fe-oxide band

b oy - v -
.

Fe-oxide band

(f) Photomicrograph of mudball composed of relatively coarse-grained quartz, dickite, and rutile
(ZRY-05). The flattened part is assumed to be the bottom (stratigraphically lower) part. The
surrounding laminae are bent to fit the shape of a mudball. Plane polarized light. (g) Close-up of
(d). Plane polarized light. (h) Photomicrograph showing dickite pseudomorphs after gypsum
(ZRY-05). The pseudomorphs are distributed in a specific layer with a width of =3.5 mm wide.
They are rectangular in shape, and their orientation of elongated axis is random. Plane polarized
light. (i) Close-up of the dickite pseudomorphs (ZRY-05). The areas with lower refractive index
in the pseudomorph comprise dickite. Plane polarized light. Alu, alunite; Dck, dickite; Qtz, quartz;
Rt, rutile.
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Fig. 14 Bleached textures in the Alu-type zebra rock. (a) Cross-cut view of the representative Alu-

type zebra rock sample (ZRY-05). Lightly colored areas in the background show slight Fe

concentration. (b) The dickite pseudomorph-rich layer in (a). The color of this layer is whiter than

the other background part (i.e., bleached layer). (c¢) Sparce dickite pseudomorphs after gypsum

(ZRY-05). The margin of the pseudomorphs shows tiny bleached area. (d) Dickite vein showing

bleached halo (ZRY-05). (e) Mudballs composed of quartz and dickite in (a). The surrounding

areas are bleached.
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Fig. 15 Microscopic observations of the bleached spot in the Alu-type zebra rock. (a)
Photomicrograph of a bleached spot at the margin of the Fe oxide band. The spot is observed only
in the lower Fe concentration area. Plane polarized light. ZRY-07a. (b) Close-up of the bleached
spot in (a). Six-sided pseudomorph located at the center of the spot primarily comprises dickite
and Fe*" minerals (type 2) and also contains opaque minerals such as Ti-oxide mineral. Plane

polarized light. (continued)
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(c)—(j) Photomicrographs of bleached spots with polygonal dickite pseudomorph. ZRY-05a, 05f,
07a, and 07b. Plane polarized light. White dash lines in (i) represent the shapes of bleached
spots and pseudomorph. In bleached spot in (j), the bleached area closer to the inner part of the
band, where Fe concentrations are greater, is smaller than the one closer to the outer side of the

band. (continued)
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Fe-oxide band l]
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(k) and (1) Photomicrographs of the pseudomorphs under plane polarized light and reflected light,
respectively. ZRY-07a. Three pseudomorphs can be observed inside and outside the Fe oxide band.
Two bleached spots (white dashed lines) are discovered at the margin of the band. (m) and (n)
Close-up of the pseudomorphs inside the band in (1). The pseudomorph in (m) at the margin (type
2) is contained in a bleached spot. Alternatively, the spot does not form around the pseudomorph
located inside the band in (n); thus, it cannot be observed under plane polarized light in (k). The
pseudomorph is unclear due to overprinting of Fe oxide minerals, but it is assumed to be type 3.
Black dashed lines emphasize the outline of pseudomorphs and bleached spots. Reflected light.
(0) Close-up of the pseudomorph outside the band in (1). It comprises Fe** minerals and dickite

(type 2). Reflected light. Alu, alunite; Dck, dickite; Goe, goethite; Hem, hematite; Qtz, quartz.
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Fig. 16 Microscopic observations of polygonal pseudomorphs outside of the Fe oxide bands.
Reflected light. The surrounding matrix is composed of quartz and alunite, with minor ilmenite.
Black dash lines in (d) and (i) represent the margin of the pseudomorphs. (a)—(c)
Photomicrographs of the type-1 pseudomorph. The pseudomorphs mostly comprise Fe**-minerals.
The center part in (a) and (b) is slightly dissolved, and small amount of dickite appears. (d)—(h)
Photomicrographs of the type-2 pseudomorph. Characteristic ring-shaped areas consisted of Fe**-
minerals are observed inside the pseudomorphs. The center and rim part of the pseudomorph in
(h) was starting to be dissolved, showing the transition texture from the type-1 to the type-2

pseudomorph. (continue)
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(i)—(1) Photomicrographs of the type-3 pseudomorph. They are almost replaced to dickite, and are

vary in size.
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Fig. 17 Results of Raman spectroscopy for the type 2 pseudomorph in zebra rock (ZRY-07a). The
spectrum at the center of the pseudomorph ((D: blue line) represents dickite. The one of ring-
shaped part (2): red line) represents hematite. The area of the rim part is too small to obtain the

spectrum.
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Fig. 18 SEM-EDX images of pseudomorphs in ZRY-07a; backscattered electron (BSE) images and elemental mappings of Fe, Ti, Si, Al, and S. Images
of Si, Si-Al, and Al-S represent quartz, dickite, and alunite, respectively. (a) Type 1 pseudomorph comprises Fe’" minerals. (b) Type 2 pseudomorph
with ring-shaped Fe*" minerals. (c) Type 3 pseudomorph comprises dickite. Alu, alunite; Dck, dickite; Goe, goethite; Hem, hematite; Qtz, quartz.
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Fig. 19 Microscopic observation of compaction texture around Fe oxide band. Yellow dashed
lines represent laminae. The laminae outside the band are bent, and their spacing is closer than
the one inside the band. White dashed lines represent horizontal extension of the laminae inside

the band.
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Fig. 20 A schematic model for Fe oxide banding formation.
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t1: Original sedimentary rock t2-1: Fe-oxyhydroxide precipitation t2-2: Diffusion of hydrogen ion and

including sulfide mineral induced by neutralization reaction Fe-oxyhydroxide decomposition
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Fig. 21 Schematic of the bleached spot formation. Alu, alunite; Cbn, carbonate mineral; Dck,

dickite; Fs, feldspar; Goe, goethite; Hem, hematite; Ms, muscovite; Qtz, quartz.
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from zebra-like Fe-oxide bands
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Fig. 22 Application of Fe oxide bands and bleached spots to explorations of metal mineral

deposits and extraterrestrial life (a,b,c). (a) Time, area, and direction of development of alteration

zone from zebra-like Fe oxide bands. Alu, alunite; Kao, kaolinite. “L” represents the space

between bands. (b) Explorations of mineral deposits and extraterrestrial life on Mars. (¢) Bleached

spots as potential marker of mineral deposit related to red sandstone. Py, pyrite.
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(b) Explorations for mineral deposit
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(b) Explorations of mineral deposits and extraterrestrial life on Mars.
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(c) Bleached spots as potential marker of mineral deposit related to red sandstone
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(c) Bleached spots as potential marker of mineral deposit related to red sandstone. Py, pyrite.
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Table 1

Table 1 List of locations of bleached spot occurrence.

Country Area igraphy Age Setting Rock type Reference
Antarctica f:':'(;hem Vietoria Aztec siltstone Late Devonian Fluvial Siltstone McPerson 1979
the Huincul Middle Cretaceous Fluvial deposits developed in a :Tii:;inw{rduced
Argentina Los Chihuidos High ~ Formation, Neuque'n  (late Cenomanian— \al deposi ped i yarocarbon-i Rainoldi etal., 2014
Grou early Turonian) foreland basin alteration in
P 4 continental red-bed
Australia South Australia the Par,durra Mesoproterozoic the Intracratonic Cariewerloo Basin Mudsmnes and Cowley, 1993
Formation siltstones
Marine shallow-water deposits formed
the Komstica in most unstable paleogeographic Red shales,
Bulgaria the Golo-bardo unit Formation, the Late Triassic setting of regressing sea and siltstones and Budurov et al., 1993
Moesian Group separation of local basins and sandstones
environments.
China Danxia Mountain, . ~ Continental Red sandstone and He etal,, 2022
Guangdong conglomerate
The Bunter Fluvial, or a mixture of ephemeral Weibel, 1998; Weibel
Denmark North Sea Basin Sandstone Early Triassic streams and aeolian sand sheets in Sandstone and Friis, 2004;
Formation, sabkha environment Olivarius etal., 2015
Late Cretaceous
Egypt Southern Egypt the Nubia Formation (Coniacian- - Sandstone Hamimi et al., 2018
Santonian)
N the Pont-Réan - .
Brittany . Ordovician Small basins of half graben type - Cogne, 1988
formation
France
the Maritime Alps -
time Alp: . Red shales and Kligfield etal., 1981,
(southeastern - Permian -
slates 1983
France)
- Extensive drowning of the floodplain, .
Western South the Eriksfijord " . X " v : wning . plal Sandstone and Tirsgaard and @
Greenland N Middle Proterozoic resulting in the formation of
Greenland Formation . X - mudstone xnevad, 1998
widespread lacustrine deposition
Antri the Mercia Mudst
Ireland County Antrim, e Mercia Mudstone Triassic Acid salt lake Red mudstone Andeskie etal., 2018
Northern Ireland Group
the Huizachal Grab in th If of Mexico rift
Mexico South of Galeana © ul.zac 2 Triassic-Jurassic rabens in the Gulf of Mexico ri Siltstone Michalzik, 1991
Formation system
Late Paleocene(55
the Murree formation m.y.) to early- Tidal channels in a continuously Sandstones and Bossart and Ottiger,
middle Eocene age subsiding foreland basin shales 1988, 1990
the Hazara—
) ) ) (45 m.y.)
Pakistan Kashmir Syntaxis of
Northern Pakistan P
the Sabatt N
N Y 55-50Myr (latest " " Wells and Gingerich,
formation " The oldest continental sedimentary X
Palaeocene to Mid L N Shale 1987;Najman et al.,
(the Balakot succession in the foreland basin
. Eocene 2001
Formation)
the Lower Glarus the Verrucano and
Switherland Nappe complex of Quartenschiefer Permian-Triassic - Deformed shale Hirtetal., 1986
the Helvetic zone formations
Wales - Cambrian Welsh Lower Paleozoic Basin Slate Wood etal., 1976
UK. : : . .
C Antr the M Mudst . Shall | saline lak d .
ounty ntrim, e Mercia Mudstone Triassic al OIW perenﬁla saline lakes an Mudstone Andeskle, 2016
Northern Ireland Group associated environments
Soufh eastern New the Plgrce Canyon Permian the Delaware basin Sandstone Miller, 1966
Mexico formation
Red, quartzose to
subarkosic, variably
the .Wyomlng the Ank.areh Triassic Sedimentary basin micaceous to Weil etal., 2010
Salient Formation calcareous
sandstone and
mudstone
USA
the Colorado . " - " Mudstone and
R the Chinle Formation Late Triassic Continental u Olsen etal., 2018
Plateau, Arizona siltstone
the Rock Point -
Northern N N Late Ti " P
° N om New Formation of the ate ryassm Continental interior Mudstone Cleveland etal., 2008
Mexico . (Rhaetian)
Chinle Group
lonia, Michigan the Pevyamo Holpcene and Eolian desert Eolian quartz Benison etal., 2011
Formation Pleistocene sandstone
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Table 2

Table 2 List of locations of heavy metals concretion occurrence. All of the concretions are found in bleached spot.

Enriched

Country Area Stratigraphy Age Setting Rock type Reference
Australia near Kalbarri, " the Tumblagooda Ordoylman—lower Basin Sandstone Fe, Ti,U Fox et al., 2020
Western Australia Sandstone Silurian
McArthur Basin, Late
Northern Australia the Tawallah Group Palaeoproterozoic ) ) ) Panell, 2018
. Conglomerat
Gleyed horizons and X
Dorchester Cape, Late . es, Cu, Ag, Fe, Ti, .
Canada New Brunswick the Hopewell Group Carboniferous calcretes, and partially a sandstones, U,V and REE Lines etal., 1996
playa lake
mudstones
Ontario the Sibley Group Mesoproterozoic - - - Parnell, 2018
China Jiaolai Basin - Cretaceous - Sandstone V, Fe, Pb Yang etal., 2019
the Liné formation, Pesek and
Czech Bohemian Massif the Vrchlabi formation Upper Paleozoic Continental basin Mudstone V,uU
sy Skocek, 1999
Wei th
eitenau, southem Rotliegendes Permian - - V) Hofmann, 1991a
Germany
Germany
Helgoland the Bu,mer Sandstone Triassic - Sandstone B Hofmann, 1991a
formation
Oman Al Hammnah the Warah formation Jurassic- - - - Hofmann, 1991a
Range Cretaceous
Northern Mudstone V, U, Ni, Co, Hofmann, 1989,
Switzerland . Oberrotliegendes Permian Tectonic graben, fluvial ’ As, Cu, Se, Pb, 1990, 1991b,
Switzerland Sandstone
S 1993
Midland Valley in the Kelly Burn Devonian Fluviatile facies in Sandston U, Se, Mo, Cu, Spinks et al.,
Scotland Sandstone Formation evonia continent andstone \ 2014
Parnell, 1985;
P 1l
Dingwell, Scotland Old Red Sandstone Devonian - Sandstone U, REE arr.1e and X
Eakin, 1987;
Hofmann, 1993
Perutz, 1939;
Durrance et al.,
1978, 1980;
River channel. flood Kemp et al 1994,
Sidmouth. D the Littleham Late Permian o abikiive Mudst U,V,Ni,Co,Cr,  1996; Milodowski
‘dmouth, Devon Mudstone Formation Early Triassic asin, or.ep emera uastone Cu, As, Ag etal., 2000,
lake environments ;
2002; Harrison,
2010; Yoshida et
al., 2015; Parnell,
2016
Coarser
Late rained marl Mykura and
UK Warwick the Enville Group Carboniferous- - g Cu,V,U Y
A ) and Hampton, 1984
Early Permian
sandstone
the Bay of Stoer Sandstone, Spinks et al.,
NW Scotland Formation, the Stoer Pernian-Triassic Fluvial and lacustrine siltstone and \ 2010; Perell et
Group shale al., 2016, 2018
: Parnell, 1988;
he M M ! !
Northern Ireland the Mercia Mudstone Triassic - Mudstone \ Spinks et al.,
Group
2010
East Midland, near the Mercia Mudstone L Parnell etal.,
Nottingham Group Triassic - Mudstone V, Te, Se 2016
Knowle, West the Mercia Mudstone i ssic - Mudstone U,V,Ni,Co,Cu  Hofmann, 1993
Midlands Group
G'?sy Lane Brickpit, the Mercia Mudstone Triassic - Mudstone U, Cu, Ni, Co Hofmann, 1993
Leicester Group
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Table 2 (continued)

Grand Canyon,

A the Hakatai formation Precambrian - - - Hofmann, 1991a
Arizona
Shanleswllg, the Ha.mburge Ordovician - - - Hofmann, 1991a
Pennsylvania formation
Climax, Colorado the Minturn formation Carboniferous - - - Hofmann, 1991a
Lyons, Colorado the Fountain formation Permo-_ - - - Hofmann, 1991a
Carboniferous
. . Curiale etal.,
US.A. Kiowa Country, the Hennessey Group Permian Nearshore deposit Siltstone U, Ni, Co, As, 1983; Hofmann,
Oklahoma Pb, Se
1991a, 1993
Oklahoma Co,, the Gar.ber Sst Permian - Siltstone - Hofmann, 1991a
Oklahoma Formation
. Mid-Permian Continental basin . Benison and
thern K the N Il Itst -
Southern Kansas e Nippewalla Group (Leonardian) (lake and saline pan) Silistone Goldstein, 2001
Bedrock, Paradox the Chinle formation Triassic - - - Hofmann, 1991a
Valley, Colorado
the Spokane
Montana Formation in the Belt Mesoproterozoic - - - Parnell, 2018

Supergroup
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Table 3 Representative bulk compositions of zebra rock. Total Fe as Fe,O3, LOI*: (initial LOI (: loss on ignition)) — (S (%)), r: reddish band, w: white

background, o: outer part of zebra pattern. Sampling points refer to Fig. 8a, b.

Sample No.  SiO, TiO, AlL,O3 Fe,03 MnO MgO CaO Na,O KO P,03 S LOI* Total
ZRY-06w1 63.7 0.99 24.1 0.36 0 0.21 0.06 0.10 1.78 0.10 0.07 8.97 100.4
a2
é ZRY-06r1 59.1 0.96 21.1 9.31 0 0.20 0.06 0.12 1.76 0.10 0.07 7.91 100.7
% ZRY-06w2 64.2 1.02 24.4 0.37 0 0.21 0.07 0.11 1.81 0.10 0.06 8.84 101.2
=
g ZRY-0612 59.5 0.97 21.3 9.46 0 0.21 0.06 0.10 1.77 0.10 0.08 7.66 101.2
i ZRY-060 64.3 0.91 24.6 0.34 0 0.20 0.06 0.11 1.76 0.11 0.07 8.19 100.6
ZRY-07wl 55.3 0.62 16.7 0.25 0 0.01 0.05 0.93 3.55 0.08 6.49 17.1 101.1
—é ZRY-07r1 41.8 0.61 10.9 30.1 0 0.02 0.06 0.57 2.09 0.06 3.94 11.0 101.2
% ZRY-07w2 54.8 0.63 16.9 0.30 0 0.01 0.06 0.94 3.58 0.08 6.68 16.8 100.8
o
;Z ZRY-07r1 423 0.61 10.8 30.5 0 0.02 0.06 0.56 2.06 0.06 4.14 10.8 101.8
ZRY-070 42.8 0.64 223 1.66 0 0.01 0.06 1.14 4.14 0.10 7.48 20.6 101.0
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Table 4 Concentration factor of Fe concentration parts of zebra rock, Fe oxide concretions, and

Fe oxide band in dacite cobble.

Fe,03 (wt%) Fe,03 (wt%)
Sample No. Concentration factor
of background of Fe concentration part
ZRY-06-band1 0.36 9.31 259
A
§ ZRY-06-band2 0.37 9.46 25.6
<
8 ZRY-07-bandl 0.25 30.1 120.4
ZRY-07-band2 0.30 30.5 101.7
Mo-Go030 0.79 28.3 358
3 5
& 5 Mo-Go-032 0.63 31.9 50.6
Jo-005 0.25 7.03 28.1
NGY-01 1.08 3.65 3.38

Fe oxide bands
in dacite cobble
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Table 5 Results of mass balance calculation (1) for major elements in zebra rock. Tau (1) of ZRY-

06-1 is calculated by comparing ZRY-06w1 and ZRY-06r1 in Table 3, and so forth.

T (Si) T (Al) T (Fe) T (Mg) 1 (Ca) T (Na) T (K) T (P) T(S)
ZRY-06-1 0.0 —0.1 26.0 0.0 0.0 0.1 0.0 0.0 0.0
ZRY-06-2 0.0 —0.1 25.8 0.1 —0.1 0.0 0.0 0.0 0.4
ZRY-07-1 -0.2 -0.3 121.4 1.2 0.1 —0.4 —0.4 —0.2 —0.4
ZRY-07-2 —0.2 —0.4 103.4 1.2 0.3 —0.4 —0.4 —0.2 —0.4

Table 6. Characteristics of three types of pseudomorph.

Occurrence
) Bleached
Mineral assemblage
Outside ~ Margin Inside spot
band of band band
Type-1 Hem + Goe +
Type-2 Hem + Goe + Dck + + +
Type-3 Dck + + +) +

Dck, dickite; Goe, goethite; Hem, hematite. “+” represents present.
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Table 7 Representative microprobe analysis of type 1 and 3 pseudomorphs in ZRY-07a.

Typel-1 Type3-1 Type3-5 Type3-7 Type3-8

Si0s wt% 222 44.0 459 46.3 46.0
ALOs 0.48 37.8 38.7 39.8 39.7
TiO, 0.05 1.22 0.02 0.04 0.00
FeO 71.8 0.22 0.33 0.06 0.09
MnO 0.00 0.00 0.00 0.00 0.00
KO 0.05 0.05 0.06 0.14 0.13
SO3 0.17 0.05 0.04 0.10 0.04
Fe,0; (¢) 79.8 0.24 0.37 0.06 0.10
Total 82.7 83.4 85.0 86.4 85.9
Oap.fu 3 7 7 7 7

Si 0.07 1.96 2.00 1.98 1.98
Al 0.02 1.99 1.98 2.01 2.02
Ti 0.00 0.04 0.00 0.00 0.00
Fe3* 1.88 0.00 0.01 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00
K 0.00 0.00 0.00 0.01 0.01
S 0.00 0.00 0.00 0.00 0.00
Sum cation 1.97 3.99 3.99 4.00 4.01

(c): calculated value
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Table 8 Representative bulk compositions of Fe oxide concretions in Mongolia and Jordan, and Fe oxide bands in a dacite cobble in Nagara river, Gifu

Prefecture.
Drilling . .
Sample No. point SiO, TiO, AlLO; Fe,0; MnO MgO CaO Na,O KO P03 LOI Total
Mo-Go030 Crust 53.5 0.15 6.53 28.3 0.36 0.57 0.73 1.48 2.10 0.09 6.34 100.1
" Mo-Go030 Core 80.0 0.21 10.4 0.79 0.01 0.44 0.83 232 3.25 0.03 2.17 100.4
g
5 Mo-Go032 Crust 51.8 0.13 5.86 31.9 0.28 0.49 0.58 1.28 2.09 0.08 6.36 100.8
g
é Mo-Go032 Core 82.1 0.22 9.77 0.63 0.01 0.42 0.61 2.17 3.29 0.03 1.89 101.1
2
Jo-005 Crust 80.5 0.38 7.29 7.03 0.03 0.22 0.42 0.05 0.08 0.29 422 100.5
Jo-005 Matrix 87.8 0.38 8.39 0.25 0.00 0.05 0.39 0.04 0.07 0.17 3.35 100.9
g o NGY-01 Band 71.5 0.11 13.6 3.65 0.08 0.15 0.13 2.94 3.79 0.04 242 99.1
g =
g3 4
°S 8 White
o o NGY-01 72.9 0.09 153 1.08 0.03 0.16 0.14 3.45 3.93 0.03 2.24 99.3
s 2 background
23
<
i NGY-01 Core 71.5 0.18 14.4 1.77 0.06 0.17 1.30 3.05 3.90 0.05 3.36 99.7

Total Fe as Fe;O3, LOI, loss on ignition.
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